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CHAPTER ONE: REVIEW OF CURRENT STATE OF THE ART 

The research presented in this paper encompasses phase one of a long 

term research project set forth by the author.  The long term goal of this project is 

to develop hand held instruments, canopy level sensors, and aerial sensor 

platforms which can detect and quantify salinity and drought stresses in crops.  

Since there presently does not exist a remotely sensed index which is designed 

to detect and assess salinity stress, phase one of this project is to develop 

remotely sensed indices which can detect and assess salinity stress.  Therefore, 

in phase one, the objectives were to develop such indices and test these indices 

against known salinity and drought conditions.  These objectives were carried out 

at top of leaf scale in a controlled environment, in order to ensure the only stress 

to the plant were those designed, and so atmospheric scattering and absorption 

as well as soil background effects would not corrupt the data. 

Introduction 

Good quality low electrical conductivity water is increasingly becoming a 

scarce resource throughout the world, especially in semiarid and arid settings.    

Irrigation is, and is expected to remain, the largest single allocation of water, but 

its share of world water utilization is anticipated to decline with growth in 

industrial and urban water requirements.  This is evidenced by the recent 

decision in California to render nonproductive thousands of acres of agriculture, 

in order to divert this water for use in the growing metropolitan regions of 

southern California (DeAlessi, Michael, 2002).   
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It is becoming apparent that nonagricultural water demand is growing 

more rapidly in absolute terms than water demand for agriculture itself.  This has 

led to a dilemma: while the available water to agriculture declines, the demands 

on agriculture increase.  In fact, the United Nations Food and Agriculture 

Organization (FAO) projects that world food production needs to be increased by 

around 60% to feed an additional 2 billion people by 2030 (Northoff, 2003).    

Further, the FAO has noted that, agriculture will need to produce more crop per 

liter of water, promote equitable access to water, promote reuse of water, 

promote use of lower quality water, conserve precious water resources, and 

increase the efficiency of agricultural techniques (Northoff, 2003).    

This predicament is further exacerbated by the impact of salinity. Salinity, 

defined as total dissolved solids (TDS) and measured by electrical conductivity 

(EC), has an increasingly significant effect on the agricultural application of water 

in the United States.   In the U.S. alone, agricultural losses from salinated waters 

were estimated as 2 billion US dollars in 2000 (USDA ARS, 2000).  In fact, 

irrigation-fed agriculture is most susceptible to salinization;  about half the 

existing irrigation systems of the world are affected by salinization (Szabolcs, 

1994). Nonetheless irrigated land still has at least twice the productivity of rain-

fed land, currently produces one-third of the world’s food supply, and is expected 

to satisfy the majority of the increasing demands on agriculture.  Controlling the 

effects of salinization on irrigated lands and increasing the use of low-quality 

waters is therefore a matter of global importance.   
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Current “Precision Agriculture” techniques are utilized to maximize yield and 

financial advantage, and minimize inputs and the environmental impact.  

Precision agriculture involves a feedback loop with the following components: 

data collection during soil operations, plant growth, and harvest, mapping of this 

data, analysis, and then site-specific treatments (fertilization, water, salinity, 

pesticide, herbicide, etc…).  The two components of data analysis and mapping 

can be accomplished by a number of software packages and technical expertise.  

Site-specific treatment has been addressed successfully by implementation of 

Micro Irrigation Systems, in which precise quantities and qualities of inputs (water, 

fertilizer, salinity, and so forth) are applied to precise areas within a site.  

Currently, the data collection component is in need of further development.   

To this end, the emerging technology of remote sensing holds the promise 

of providing spatial information economically and efficiently.  Studies have 

identified remote sensing as a technology of national need, and development of 

accurate techniques utilizing this technology has become essential to agricultural 

development (Barnes, et al., 1996). It is sort of weird to quote a 1996 paper as to 

current needs. I would just get rid of that sentence. It is the purpose, therefore, of 

this project to develop a remotely-sensed index to assess plant response to 

salinity. 

Remote sensing is acquisition of information about a target with a sensor 

that is not physically or directly in contact with it.  Current remote sensing 

platforms include satellites, airplanes, tractors, and smaller hand-held systems.  
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Remote sensing from an agricultural point of view is an inexpensive source of 

data for site-specific crop management (Moran et al., 1997).  Substantial 

research has been done on the uses of satellite-acquired data in mapping of 

vegetation and certain plant responses.  New developments in satellite and 

aircraft remote sensing systems, computers and geographic information systems, 

global positioning systems, ground-based sensors, and yield monitors have led 

to the increase of site-specific or precision agriculture. For example, seasonal 

applications of fertilizer on some farms have been decided based on yield 

monitor maps and/or other site-specific data. However, real-time information on 

plant nutrient and water status has generally been unavailable because of cost, 

data-turnaround time issues, an inability to distinguish among different causes of 

plant stress, atmospheric conditions, and problems in measuring nutrient and 

water status during the early phase of the growing season. Monitoring a crop 

during the growing season with satellite-based sensors and adjusting 

management practices accordingly has hither to been nearly impossible.  This 

has resulted in increased interest in ground-based remote sensing systems. 

Thus, there is a critical need to develop ground-based remotely sensed indices 

for various crops and conditions.  There is a further need to develop indices that 

can distinguish among types of stress: many studies have focused on developing 

these indices (Blackmer et al., 1996, and Barnes et al., 2001).   

This project will develop an accurate index for sensing plant response to 

salinity stress and differentiate it from water stress.  This index is intended to be 
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able to detect salinity stress throughout the growing season, with specific 

capabilities of detection early in the season.  The indices developed are intended 

to exclusively detect salinity (osmotic) and drought (matric) stresses without 

interferences by other stresses.   Thus, a drought stress index will only detect 

and assess matric or water stress, while the salinity stress index will only detect 

osmotic or salinity stress.  This will allow specific application of crop management 

remedies to alleviate these stresses.  To date, several studies have been 

completed, which  found that the passive reflectance of wavelengths within the 

shortwave infrared (SWIR) region of the electromagnetic spectrum can indeed 

detect salt stress in crops.  This provided the foundation for the successful 

development of an index designed for assessment of salinity stress in crops, 

which is presented in paper 1 (Appendix A).  In the second stage of this phase of 

the project, the developed indices were compared to existing indices in a study 

where salinity and drought stress were applied to a crop over several cropping 

seasons, and these stresses were measured using the indices and compared to 

physical data (soil salinity and yield) (Appendix B).  During stages one and two, 

an anomaly in the indices was noted for sodic waters.  To obtain a better 

understanding of this a third stage was completed, in which waters with different 

ion concentrations were compared using a variety of indices, in order to 

determine whether the indices were able to differentiate between the ion effects 

on the crop (Appendix C). 

Background and Rationale 



 

 

23 

Water Scarcity, Reuse, and Salinity 

“The nation’s growing water scarcity and demand in the United States -

 leading some to call water the “oil” of the 21st century - will be the focus of a 

Congressional hearing on Thursday”, suggests US House Committee on 

Transportation and Infrastructure Chairman in a press release in the summer of 

2003 (Young, 2003).  The hearing stems from a growing problem across the 

United States: current available supplies of water cannot meet the demands of 

growing metropolitan areas.  Insufficient water supplies mostly trouble the 

southeast and southwest regions of the United States.  The problem is especially 

critical in the southwest where water supplies are minimal and population/ 

economic growth rates have skyrocketed. The expansion of metropolitan areas in 

the southwest has resulted in tremendous competition for access to the same 

water.  This shortage is progressively changing the way water is viewed.  Where 

water was once seen as a ubiquitous, free resource, it is now becoming known 

that water is a finite commodity in light of its transformation into a market-

controlled good. 

As the population in urban areas of the United States and the world 

continue to grow, increasing demands will be made on finite water resources.  As 

the demand increases, the price for good quality water will also increase.  

Municipalities will pay more for water than ever before and, the costs should 

continue to escalate in the future.  When a good is distributed by market 

mechanisms, it finds its way to the parties that offer the most.  An illustrative 
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example is seen in the Imperial Valley of California where water is being diverted 

directly from agriculture to municipal use.  This can be explained by simple 

economics: agriculture currently pays less than one hundred dollars per acre-foot 

while water stressed municipalities are generally willing pay several hundred 

dollars per acre-foot.  Agriculture cannot afford to pay more for the water than is 

justified by the market value of crops.  Agriculture must instead turn to other 

sources of water, and be willing to irrigate with lower quality waters. 

Industrial and municipal wastewaters, and agricultural drainage water, are 

viable alternate sources.  Wastewaters and drainage waters exist in ample 

supply in many areas and have good potential for selected crop production, 

although they are not often used presently in agricultural irrigation.  It is the use 

of such waters, whose main drawback is excessive salinity, which is the major 

focus of ongoing research.  The scarcity of fresh water in arid regions makes 

saline water a valuable alternative for irrigation. Saline water has an agricultural 

potential but it is necessary to develop special management procedures to obtain 

maximum yield and high product quality (Oron, et al., 2002, and Qadir, M. and 

Oster, J. D., 2004).   

Some of the issues that need to be addressed in management practices 

for use of saline waters include: proper crop selection, estimation of crop water 

requirements, adoption of improved irrigation methods, reduction in crop income 

from using drainage saline waters, rates of mixing good quality water, and crop 

yield response to water quality (Datta, et al., 1998, and Ghulam Hussain and 
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Adnan J. Al-Saati, 1998).  Further, the sustainable use of saline water in irrigated 

agriculture requires not only the control of soil salinity at the field level and 

awareness of a decrease in the amount of drainage water, but also the disposal 

of the irrigation return flows in such a way that minimizes the side effects on the 

quality of downstream water resources (Julián Martínez Beltrán, 1998).  To 

accomplish these objectives, a defined management plan needs to be developed 

implementing many aspects of precision agriculture.  To develop such a 

management plan, it is necessary to track changes in salinity and anticipate 

further degradation, and monitoring is needed so that proper and timely 

modifications can be made to the management practices.  The development of 

reliable, easy-to-use, low-cost remote sensing methods for monitoring and 

mapping of salinity conditions in irrigated areas would provide the agricultural 

sector a valuable tool to manage salinity in irrigated lands (Smedema, 1993, and 

Steven, M.D., et al., 1992).  

Remote Sensing 

Electromagnetic radiation emitted from the sun that reaches the surface of the 

earth reflects off the objects it reaches.  In agriculture, the reflectance of this 

radiation by plants and soil can be detected, and then used to discern information 

about quantity and quality of both plants and soil (Moran, 1994, Blackmer et al., 

1996, and Barnes et al., 2001).  Particularly, this reflectance can be measured to 

determine soil characteristics and plant health, as well as effects of stress from 

such things as nutrient deficiency, drought, salinity, disease and insect infestation 
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(Jackson, 1984).  Measurement of this reflectance may be undertaken with 

remote sensing using airborne, satellite, and hand held sensors.  Data useful to 

agricultural research and management acquired by satellites is limited by 

infrequent satellite coverage of a particular area, effect of cloud cover, and the 

extended time required for acquiring and processing the data. Additionally, 

ground-truthing and relating satellite-acquired data to actual field conditions and 

plant responses is fraught with complications: expense, national security 

concerns, angle of acquisition, variable cloud cover, smog, inconsistent access to 

the satellite, and other variables.  There is therefore a need for economical, easy-

to-use ground- and aerial-based remote sensing instruments and systems.   In 

order to fully utilize ground-based sensors, it is necessary to ascertain 

relationships betwen spectral data and plant stress response and general plant 

health.   

Obtaining spectral data over multiple plots can illuminate such 

relationships where crops are carefully monitored and where researchers can 

control such variables as water application, nutrient inputs, and water quality.  

The portability, accessibility, and flexibility of ground-based sensors are ideal for 

this type of experiment.  Many measurements can be made rapidly in 

experimental fields otherwise inaccessible to vehicles or too small to be included 

in the resolution of aircraft- or satellite-based sensors (Tucker, 1978).  To date, 

substantial research into these relationships has been conducted in the realms of 

drought and nutrient deficiency.  These have led to the development of the 
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currently accepted remote sensing indices, which include Ratio Vegetation Index 

(RVI), Normalized Difference Vegetation Index (NDVI), Canopy Chlorophyll 

Content Index (CCCI), and Crop Water Stress Index (CWSI). 

Plant stress factors include but are not limited to water stress, nutrient 

stress, pest stress, and salinity stress.  This list of indices highlights the existence 

of a gap in plant stress response and focus  primarily on vegetation, water, and 

nitrogen status.  The well known NDVI and RVI vegetation indices do provide a 

general indication of ‘healthiness’ of the plant, but cannot distinguish among 

types of stress or express relative degrees of stress caused by a particular stress 

factor.  The CWSI does a reasonable job of assessing and quantifying the broad 

category of water stress: however, it cannot delineate between osmotic (salinity) 

and matric (drought) stresses.  The CCCI is an acceptable index for use in 

detection of nutrient stress.  None of these or other existing indices can detect 

salinity stress without also detecting water stress, or vice versa.  Since the 

management practices to actually remedy these different stresses are 

themselves different, it is necessary to apply the right management technique to 

the right stress.   An index that can detect salinity stress without detection of 

water stress is therefore crucial to site-specific management of salt-affected 

crops.  In addition, current indices provide only a qualitative indication of health, 

whereas a quantitative indication of stress level is truly required to allow correct 

application of management practices.  Salinity is corrected by application of good 

quality water or application of amendments to the soil.  These are applied as a 



 

 

28 

function of the quantitative level of salinity found in the soil and soil water. To 

effectively treat these stresses, a precise assessment of the stress is needed to 

utilize effectively the most appropriate management technique. 

Remote Sensing Scale 

The prevailing hypothesis for remote sensing is that radiation reflected 

from a surface transports information about the state of the surface.  Remote 

sensing can also be defined as the acquisition of information about a target with 

a sensor that is not in direct contact with it. Remote sensing from an agricultural 

point of view is a relatively inexpensive source of data for site-specific crop 

management (Moran et al., 1997). Ample research has been done on use of 

satellite-acquired data for use in mapping of vegetation and certain plant 

responses.   In agricultural applications, spectral vegetation indices (SVI) are 

synthesized from spectral reflectance factors using a variety of techniques. 

These techniques include; summing, differencing, and ratioing of vegetation 

spectral reflectances at two or more wavelengths.  Empirical and theoretical 

evidence suggests that these indices are related to several vegetation 

parameters such as ground cover, leaf area index, radiation absorption, canopy 

photosynthesis, and canopy conductance. These indices allow for the rapid 

processing of large amounts of remote sensing data.  Remote sensing data 

acquisition can be said to occur at three accepted distances from the plant.  

These include; top of leaf (TOL), top of canopy (TOC), and top of atmosphere 

(TOA).  These acquisition levels have associated disadvantages and advantages.   
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Top of atmosphere (TOA), or aerial/satellite platform image acquisition, is 

the most commonly used form of remote sensing.  This acquisition level provides 

information about large areas, with the lowest level of resolution.  Acquisition at 

this level has many complications associated with the significant distance 

between the sensor and the subject. In the remote sensing of vegetation from 

TOA, several warnings are in order. TOA image acquisition includes the following 

complications and errors, which require mathematical and some arbitrary 

rectifications; 

1. Differences in radiance observations measured at different solar and view 

angles are not necessarily attributable to changes in the surface. The 

differences may be due to bidirectional effects of the radiance field. 

2. Net atmospheric effects include aerosol scattering and absorption. 

3. The architecture of a leaf canopy, for the purposes of studying radiation 

transport, can be characterized by the canopy height, leaf size, orientation 

and density distribution. Leaf size distribution and canopy height 

determine the amplitude and width of the vegetation. 

4. The surface albedo of a vegetated land surface can vary widely depending 

on soil brightness. 

5. The radiative transfer problem is linear in incident radiation, but nonlinear 

in scattering. These effects are important in the remote sensing of leaf 

biochemical constituents, where changes in constituent concentration 

translate into changes in leaf optical properties. 
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Spatial distribution of the radiance field and associated processes is 

affected by spatial heterogeneity of the vegetated surface.  The radiance field 

measured by a remote sensor may contain contributions from areas adjacent to 

the target of interest because of scattering in the atmosphere within the field of 

view. The adjacency effects result in a loss of contrast when ground areas of 

varying reflectivities are observed.   

It has long been recognized that topography can significantly modulate 

remotely sensed radiances, leading to errors in retrieved surface reflectances.  

The total radiant intensity can be written as the sum of unscattered, once-

scattered, and multiply-scattered radiant intensities. With respect to the problem 

parameters, such as incident and observation angles, leaf area index (or, optical 

depth), canopy single scattering albedo, and soil reflectance, the equation is 

nonlinear because of the multiple scattering term.  All measurements taken from 

the TOA must be corrected using extensive correction algorithms. 

Top of Canopy (TOC) is also commonly used for assessment of stresses 

affecting crops by remote sensing techniques (Jackson et al., 1980).  This 

acquisition level provides information about small areas, with a higher level of 

resolution.  Composites of LAI, multi-layer biomass, leaf structure, multiple 

scattering from multiple levels of plant biomass, and shadow alter the spectrum 

from leaf to canopy.  So, TOC data must also be corrected, but not to the same 

degree as TOA.  It has been suggested that leaf biochemical information is 

transmitted virtually unchanged in near-infrared wavelengths. The leaf angle and 
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LAI determine how well this biochemical information is transmitted. High LAI 

canopies have been found to enhance weak leaf-level biochemical information 

via multiple scattering, while low LAI canopies result in decreased expression of 

leaf optical properties.    

Less commonly utilized, Top of Leaf (TOL) remote sensing provides the 

highest resolution of the smallest area.  TOL data require few corrections, with 

the angle of the sun at time of measurement, being the primary correction 

necessary.  TOL laboratory measurements and model simulations have shown 

that the use of reflectances can provide an estimation of leaf water content 

expressed in quantity of water per unit area (g cm-2) and not in terms of moisture 

content expressed in quantity of water per quantity of fresh or dry matter (%) 

(Ceccato et. al., 2001). In addition, these authors showed that both the 

shortwave infrared (SWIR) and the near infrared (NIR) wavelength ranges are 

necessary for retrieving water content at leaf level. 

Plant Response to Salinity Stress 

Soil salinity is a measure of the total amount of soluble salt in soil.  This is 

generally measured by determining the electrical conductivity of the saturation 

paste extract.  This solution is abbreviated ECe (Electrical Conductivity of the 

extract) with units of decisiemens per meter (dS m-1) or millimhos per centimeter 

(mmhos cm-1).  As salinity levels increase, plants extract water less easily from 

soil, aggravating water stress conditions. High soil water salinity can also cause 

nutrient imbalances, accumulation of toxic elements, and reduce water infiltration. 
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General characteristics of salt-affected plants include: stunted plants with dark 

green leaves, thicker leaves, more succulent leaves, leaf burn, and defoliation.  

Salinity can also reduce yield, decrease the leaf-to-stem ratio, and cause 

accumulation of salts in older leaves and/or fruits.  The degree to which salinity 

will affect a crop depends on that crop’s salt tolerance.  Generally, fruits, 

vegetables, and ornamentals are more salt-sensitive than forage or field crops.  

All plants can be more sensitive to high salinity during seedling stages, 

immediately after transplanting, and when subject to other deficiencies (e.g., 

disease, insect, nutrient).  Climate and irrigation also influence salinity tolerance. 

As soil dries, salts become concentrated in the soil solution, increasing salt 

stress. Therefore, salt problems are more severe under hot, dry conditions than 

under cool, humid conditions. Increasing irrigation frequency and applying water 

in excess of plant demand may minimize salinity stress, but this not practicable in 

a water-starved world.  

The negative effects caused by salinity generally occur in 2 stages: short 

and long term.   During a short exposure to excessive salinity, there will be a 

significant decrease in growth rate.  When plants are exposed to salinity in 

laboratory experiments, there is a rapid and temporary drop in growth rate 

followed by a gradual recovery to a new but reduced rate of growth. The 

temporary effects are clearly due to rapid and often transient changes in plant-

water relations (Munns, R., 2002).  After many days of salt-induced stress, there 

is evidence to suggest that it is hormonal signals, and not leaf water deficit or ion 
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toxicity, that control growth in saline soils (Munns et al., 2000).  A plant’s 

response to salt stress involves nearly every aspect of plant physiology and 

metabolism. There exists a complex signaling network underlying plant 

adaptation to these adverse environmental conditions (Zhu, 2001a).   

Soil salinity creates both ionic and osmotic stresses for plants. The ionic aspect 

of salt stress is clearly distinct from other abiotic stresses such as drought and 

cold, and plants have signaling pathways dedicated specifically to deal with ionic 

stress (i.e. excess sodium and associated potassium deficiency) (Zhu, 2001b).  

This has led agriculturalists and researchers to consider time and the different 

mechanisms that may control growth at different periods of time as a factor in 

salt-affected plant growth. 

Current research indicates that plant response to salinity over time 

involves hormonal and metabolic changes within the plant (Russel et al., 1998, 

Munns, R., 2002., and Zhu, 2001b).  The specific monitorable changes that occur 

include: ion accumulation, photo-assimilate translocation, protein generation, and 

amino acid expression (Hester, Mark, et al., 2001, Santa Cruz, et al., 1999).  

Specifically, plants have been shown to produce polypeptides, carbohydrates, 

and sugar alcohols while experiencing salinity stress (Small and Yitzchak, 1992, 

Klages, et al., 1999, Nguyen and Lamant, 1988, Keller and Ludlow, 1993, and 

Everard et al., 1994).  Also, in many plant species, the effect of salt stress has 

resulted in a general increase in amino acid levels, especially Pro, which seems 
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to be an adaptative response to salinity in the short-term (Bourgeais-Chaillou and 

Guerrier, 1992, and Venekamp, et al., 1989). 

The knowledge of the many biochemical responses initiated by a plant as it 

adapts to salinity stress allows for these stresses to be detected and monitored 

using remote sensing techniques.  If a correlation between protein or photo-

assimilate production and spectral response can be shown, then it is possible to 

use the evidence of this relationship to monitor plant response to salt. 

Remote Sensing of Plant Response to Salinity 

The direct monitoring of plant response to salinity is complicated by spatial 

variability within a field, and numerous samples are needed to characterize a 

small area.  This direct monitoring is also complicated by the dynamic nature of 

plant response to climate, management practices, irrigation scheduling, and 

water quality.  When the need for repeated measurements is multiplied by the 

extensive requirements of a single sampling period, the expenditures of time and 

effort with conventional monitoring procedures increase proportionately. A simple, 

practical method for measuring or predicting field salinity and plant response to 

salinity is therefore needed (Rhoades, 1990, Rhoades and DInar, 1991, and 

Rhoades et al., 1992).  Procedures are also needed for delineating 

representative areas within irrigation projects where periodic measurements can 

be made for monitoring, as are procedures for producing salinity effect maps 

rapidly.  New instruments for monitoring salinity should as a consequence be 

developed and coupled with mobile transport vehicles, remotely-sensed imagery, 
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and computer-mapping techniques into an integrated system to inventory and 

monitor soil salinity.  If integrated with a geographic information system for 

salinity assessment and management needs, then a more comprehensive tool 

would result.  An instrument based on remote sensing techniques can address 

the above concerns, if the aforementioned biochemical responses to salinity can 

in fact be assessed using spectral data. 

The following table depicts biochemicals that have been detected using 

spectral data, and shows the spectral response area for these biochemicals 

(Curran, 1989, and Elvidge, 1990).  The table indicates wavelength (units are 

nanometers) and associated plant biochemicals. 
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From this table and other research conducted on sensing biochemicals in 

plants remotely, it appears feasible to use remote sensing instruments to monitor 

the biochemical plant response identified in the previous section (Wesley and 

Blakeney, 2001, Lewis, et al., 2001, and Zude, 2003). 

Higher order plants generally create their own food source through 

photosynthesis.  This process creates photoassimilates, also generally defined 



 

 

36 

as carbohydrates.  Carbohydrates are organic compounds with a general formula 

of Cn(H2O)n. These are subsequently classified as mono- (one), di- (two), or poly 

(many) saccharrides, indicating the number of functional sugar groups within the 

compound.  Photoassimilates are transported through the phloem from source 

leaves to other areas throughout the plant. Phloem tissue expands as the 

quantities of translocated photoassimilates increase. This structural change 

further increases the transport of photoassimilates into the growing source 

tissues (Koch and Avigne, 1990).   Unlike transpiration's one-way flow of water 

sap in the xylem, sugars in phloem sap can be transported in any direction 

needed as long as there remains a source of sugar and a sink able to use, store, 

or remove the sugar. The source and sink may be reversed depending on the 

season, or the plant's needs.  The accepted mechanism for the translocation of 

sugars from source to sink is called the pressure flow hypothesis.  

Initially, glucose from photosynthesis is converted to sucrose within the 

cell. The sucrose sugar is then moved into companion cells and into the living 

phloem sieve tubes by active transport. This process of loading at the source 

produces a hypertonic condition in the phloem, and water in the adjacent xylem 

moves into the phloem by osmosis. As osmotic pressure builds, the phloem sap 

moves to areas in the phloem with lower pressure. At the sink, osmotic pressure 

in these parts of the phloem is reduced by the active transport that is moving 

sucrose into adjacent cells that will use this sugar. As these sugars are removed, 

the osmotic pressure decreases and the cycle of transport on the phloem 
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continue. As sugars are actively transported from the phloem to the sink, this loss 

of solute makes the water potential in the phloem less negative and water then 

moves passively, by osmosis, back to the xylem. 

Since plants create and store more sugars/starches under salinity stress, 

and since these sugars/starches can be detected using the wavelengths 

presented above, it was this  researcher’s hypothesis that an index could be 

developed to detect these sugars/starches.  This can be correlated to the level of 

salinity stress on a crop, and an assessment of salinity stress can be thus 

determined using an index which views the reflectance associated with 

sugar/starch.   Because sugars/starches absorb the energy at these wavelengths, 

one would expect that a crop with more starches would have a lower reflectance.  

This would entail creating baseline measurements for crops that indicate which 

response for the index would define a “normal”, healthy plant.  Thereafter, 

responses less than the “normal” would be categorized as having salinity stress.  

Using this basis, an index could be determined to assess salinity stress. 

Project Design Considerations 

Having made the determination that it may be possible to use remotely 

sensed reflectances from a crop to assess any salinity stress impacting the crop, 

it became necessary to design an experiment that induced levels of salinity 

stress in crops in order to test this hypothesis. .  . 

Managing Saline Soils 

General Salinity Types 
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Generally it is necessary to first assess the soil and soil profile of a field 

before salt-affected soils can be reclaimed.   The soil profile is examined, and a 

soil survey conducted.  This is necessary in that it helps determine the soil 

permeability which is helpful when leaching away salts.  From this information a 

determination of the necessity of facilitating drainage through installation of tile 

drains or open ditches can be made.  In addition the assessment will determine if 

the salt problem can be eliminated or merely reduced, as defined by whether or 

not the salt source can be addressed through reclamation techniques.   From this 

information, it can be shown that if an index were designed to assist in this 

process, it would need to be able to provide information about the soil’s salinity 

status. 

Salt-affected soils are classified into three groups based on the amounts 

and kinds of salts present. Classification depends on total soluble salts 

(measured by electrical conductivity, E.C.), soil pH, and the sodium absorption 

ratio (SAR). Table 2 summarizes these categories: saline, sodic, and saline-sodic. 

The difference between these salt-affected soil types is critical, as the factors 

determining the soil type define how the soil should be managed and reclaimed. 
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All soils contain some water-soluble salts, but when these salts occur in 

amounts that are detrimental to crop growth, they are called saline. Saline soils 

are generally thought of as the easiest of the salt-affected soils to reclaim, when 

good quality water is available and the site is well drained. Saline soils are in 

normal physical condition with good structure and permeability. The physical 

characteristics of saline soils are:  irregular plant growth and salty white crusts on 

the soil surface. The salts found in saline soils are mostly sulfates and/or 

chlorides of calcium and magnesium.  

Sodic soils are low in total soluble salts but high in exchangeable or 

absorbed sodium. High levels of sodium and low total soluble salts leads to soils 

with dispersed soil particles. The physical characteristics of these soils include: 

sticky when wet, nearly impermeable to water, and the soils look slick. As these 

sodic soils dry, they are seen as hard crusty clods of soil. 

Reclamation of Saline Soils and Saline Types 

Saline soils can be reclaimed through application of adequate quantities of 

good quality low soluble salt water, or rainfall.  This is contingent on adequate 

drainage within the field being reclaimed.  Saline soils are generally not 

reclaimed using soil chemical amendments, conditioners, or fertilizers.   Instead 

reclamation consists of application of good quality water (low salt content) being 

applied periodically to leach the excess soluble salts out of the soil: water is 

applied sequentially, to allow time for the salts to drain from the soils after each 

application.  The quantity of water necessary for reclamation varies with initial 
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salt level, desired salt level, irrigation water quality, and how the water is applied.  

Again, a remotely sensed index could assist in the assessment of the salt level of 

the soil before reclamation  

Reclamation of Sodic Soils 

Reclamation of sodic soils is more complex; excess sodium must be 

exchanged by another cation and then leached with good quality water. Sodic 

soils are generally reclaimed by exchanging sodium with calcium from a soluble 

source. Gypsum is considered the cheapest, soluble calcium source for 

reclamation of sodic soils.  On calcareous soils (soils with excess CaCO3 

present), elemental sulfur may be added to furnish calcium indirectly through 

oxidation of sulfur to sulfuric acid which reacts with calcium carbonate to form 

gypsum. When the appropriate soil amendment is applied and incorporated, then 

adequate good quality water is sequentially applied to leach the sodium from the 

root zone. Initiating growth of a salt-tolerant crop in the early stages of 

reclamation and disking in crop residues adds organic matter to the soil.  The 

addition of the organic matter increases water infiltration and permeability, 

accelerating the reclamation process. 

Salinity Types as determined by Specific Ion. 

Salinity exists if salt accumulates in the plant’s root zone to a 

concentration that causes yield loss. In irrigated agriculture, salts often originate 

from a saline, high water table or from low quality applied water.  Salinity can 

result in reduction of water uptake in crops, and if this water uptake is 
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significantly reduced, the plant’s growth rate is reduced. The plant’s physical 

responses are similar to the physical characteristics of drought: to include wilting, 

darker, bluish-green color, and thicker, waxier leaves. Symptoms vary by growth 

stage, and are more noticeable during the early stages of growth. Mild salt 

effects can go undetected as there is a uniform reduction in growth across the 

field. 

Infiltration problem related to water quality occur when the infiltration rate 

for the applied water is reduced and water remains on the soil surface or 

infiltrates too slowly to supply the crop system’s evapotranspiration requirements. 

Infiltration rates of water into soil varies, and is influenced by the quality of the 

irrigation water, soil properties including structure, compaction, organic matter 

content, and chemical concentrations.  The water quality factors which influence 

the infiltration rate of the soil are the salinity of the water (total quantity of salts in 

the water) and its sodium content relative to the calcium and magnesium content. 

High salinity waters can increase infiltration, while a low salinity water with high 

sodium to calcium ratio can decrease infiltration.   This introduces the need to 

specify and determine the specific ions within the saline system being 

investigated. 

In addition to infiltration problems as a function of ion type, toxicity 

problems can occur if ions accumulate to concentrations high enough to cause 

crop damage. Damage to a crop depends on its tolerance to these ions or crop 
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sensitivity and the uptake of the ion by the crop. This toxicity is first evidenced by 

marginal leaf burn and interveinal chlorosis.  

The ions found to be of primary concern are chloride, and sodium.  

Damage to crops results when the potentially toxic ions are absorbed and the 

absorbed ions are transported to the leaves and accumulate during transpiration. 

These ions accumulate most, in areas where water loss is greatest.  

Accumulation of these ions to toxic concentrations takes time and visual damage 

is usually not visually noticed until significant damage to the crop occurs.  

Toxicity problems are different from a salinity problem in that they occur within 

the plant and are not a symptom of reduced water uptake.  Toxicity can 

accompany or complicate a salinity or infiltration problem, although it may appear 

even when salinity is low. 

Assessing chloride toxicity is most often conducted through chemical 

analysis of plant tissue.  In irrigated agriculture, chloride uptake depends on the 

water quality and soil chloride.  The concentration of soil chloride is controlled by 

the leaching that has taken place and a crop’s selective exclusion of chloride.  

Sodium toxicity is not easily diagnosed.  Leaf tissue analysis is used in 

combination with information about soil and water sodium concentrations to 

detect sodium toxicity.  Sodium toxicity has been found to correlate well with high 

SAR values for the soil water or applied water.  Symptoms of sodium toxicity 

include: leaf burn, scorch, and dead tissue along the outside edges of leaves.   

These symptoms generally take an extended period to manifest and occur in 
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older leaves first.   Where chloride toxicity is assessed using leaf tissue analysis, 

sodium toxicity is usually suspected when high SAR occurs in the soil water or 

applied waters.  This results in difficulty in assessing sodium toxicity, as high 

SAR in the field also results in infiltration problems, which in turn cause water 

uptake reduction.  In this scenario, the plant will exhibit drought related 

symptoms in advance of any plant response to sodium toxicity. 

Taking into consideration the various salinity types (saline, sodic, and 

saline-sodic), as well as specific ion toxicity (sodium and chloride), any index 

developed to assess salinity stress, would preferably also be able to distinguish 

between these salinity types. 

Managing the Use of Saline Waters. 

Currently if one wishes to include highly salinated (salinized or salinated?) 

waters in agriculture, one must adhere to the following protocols: 

1. Determine the salinity thresholds of the crops in question. 

2. Determine the existing salinity state of the soil and soil water. 

3. Apply saline water at a maximum level, as defined by the salinity threshold 

of the crop. 

4. Monitor soil and soil water salinity throughout production and between 

production cycles. 

Following these protocols requires a great deal of time and sophistication.  

One needs to be educated on the various crop thresholds, various types of 

waters, various types of specific ion stresses, various types of soils, and among 
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other things the various types of soil water interactions.  In fact most soil and 

water specialists are incapable of following these protocols, not as a 

consequence of knowledge but rather as a consequence of inadequate 

technology.  Worse, determination of soil and soil water salinity levels is time-

consuming and a point measurement.  Given a 640-acre field, in order to get 

resolution down to an acre, you would need to take soil samples for every acre, 

and conduct 640 salinity assessment tests in a laboratory.  On average these 

tests take five to ten minutes per sample in the laboratory:  it would take between 

53 and 107 hours to conduct one assessment of the in-field saline conditions.   

It is important to realize also that all that has been accomplished during 

these weeks of sampling was to determine what the soil was like: nothing is yet 

known directly about the plant’s stress.  This time requirement is one reason that 

there is such loss in yield from salinity in agriculture; it takes too long to assess 

the problem effectively.   

Given an index effective in determining relative salt stress, it would take 

less than a day to assess the salt stress of the plant and the attributable salinity 

state of the soil and soil water.  This project seeks to determine a correlation 

between yield, soil salinity, and a developed index.  Thereafter, the index could 

be used to assess salinity stress conditions in a field, and provide results within a 

day. This is a significant reduction in time over existing methods; it would take 

roughly 8 –16 % of the time previously needed to create an assessment of field 

salinity conditions. Considering salinity management strategies, a rapid and real-
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time measurement like this is appropriate since salinity can be reduced almost 

immediately by a heavy irrigation. In addition a proper calibration of the index to 

specific crops would generate an index and related maps, all easy to understand 

and requiring no specific scientific expertise.  As an example, maps could be 

made with color isopleths: green areas meaning no salt stress, yellow indicating 

moderate, and red depicting substantial salt stress.  Follow-on management of 

the remediation of the salt-stressed areas could also be “canned” for a given crop.  

If the salinity in the field and the salinity of the irrigation water are known, 

appropriate remediation techniques are determined simply.   

Salinity management techniques are well-defined for many crop varieties 

in a myriad of existing technical publications.  These techniques generally only 

need the salinity state of the field and the salinity of the irrigation water in order to 

determine appropriate management strategies.  Such an instrument, or more 

importantly, an index, could be used to remotely sense the salinity state of the 

field and allow for near real-time management of crops grown under salinity 

related conditions. 

Use of Saline Waters to Improve Crop Quality. 

As noted earlier, plants undergoing salinity stress translocate photo-

assimilates to sinks within the crop.  These photo-assimilates refer generally to 

sugars and/or starches.  These sugars/starches are commonly used as the basis 

for determination of crop quality; a sweeter tomato is preferred over a bland 

tomato.  This is the current prevalent failing of many hydroponically grown 
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greenhouse crops.  Greenhouse plants are often protected from stress in order to 

generate maximal yield.  The result is a bland product.  Utilizing the naturally 

occurring translocation of sugars as a reaction to salinity stress, it may be 

possible to grow tomatoes with higher sugar levels and better quality through 

application of saline waters.  In order for such a method to be applied, an 

individual assessment of proper saline levels is required.  To this end, an index, 

which could assess relative salt stress effect, without intensive laboratory 

analysis, would optimize the commercial potential of greenhouse grown crops for 

sugar production due to salt stress. 

If the two areas are combined, then the index can be used to successfully 

employ saline waters to grow crops with a resulting increased commercial 

potential.  Thus, the project has the potential to create an instrument, which can 

increase the commercial potential of U.S. grown produce, as well as allow 

increased use of saline waters for agricultural production. 

Project Objectives 

The project has determined through its background research, that remote 

sensing holds the promise of assessing salinity.  It seems possible to detect 

salinity stress in plants through monitoring wavelength reflectances at specific 

wavelengths associated with biochemicals within the plant.  The project has also 

defined the end use of such an index.  The end use of this index requires that 

such an index fulfill the following functions: 

1. Assess the salinity state of the soil. 
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2. Assess the plant’s response to salinity stress. 

3. Assess yield reduction as a result of salinity stress. 

4. Distinguish between the types of salinity in order to determine an 

appropriate reclamation strategy. 

From these requirements the primary objective of this project is to develop 

and demonstrate a remotely sensed index for monitoring plant response to 

salinity. Phases of development of this index will be directed by the criteria set by 

the project for creation of a functional index.  These criteria are: 

1. Index accurately detects plant response to salinity independently from 

water-induced stress. 

2. Index will be able to detect salinity stress throughout the growing season, 

with specific capabilities of detection early in the season.  

3. Index will be narrowed to several key wavelength areas.  

4. Index will be able to distinguish salinity and sodicity. 

The task based phases will include:  

1. Monitoring of salinity stressed crops with remote sensing. 

2. Development and refinement of index  

3. Monitoring salinity and water stressed crops using refined index. 

4. Monitoring crops affected by a variety of salinity types to determine index’s 

effectiveness in differentiating the type of salinity affecting the crop. 

 

Role of Dissertation Author in this Research 
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The author of this dissertation created, conceptualized, conducted, and 

wrote all facets of the entire research presented in this dissertation and 

appended publications.   
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CHAPTER TWO: PRESENTATION OF CURRENT RESEARCH 

Present Study 

The methods, results, and conclusions of this study are presented in the 

papers appended to this dissertation/thesis. The following is a summary of the 

important findings from this research project. 

Project Materials and Methods 

The purpose of this research is to construct an index that is optimized for 

retrieving salinity stress response in vegetation. The index should provide an 

operational method for quantitatively retrieving vegetation salinity stress 

response at local and global scales in a rapid and reliable manner.  This index 

will be developed at TOL, in order to avoid the various distortions of the 

reflectance as the sensor moves farther away from the target. 

Standard Trial Methods 

In order to isolate drought and salinity stress, it was necessary to choose 

a locale for the experiment where other variables could be monitored and 

controlled.  To this end, the project was carried out at the National Taiwan 

University Phytotron Facility.  This facility has various rooms with a selection of 

controlled environments.  These rooms have the ability to monitor and control 

pest intrusion, humidity, temperature, and solar radiation.  The room chosen for 

the experiment has a semi-circle, glass roof facing north; the temperature was 

maintained at 22 degrees Celsius.  The humidity was maintained at 75 percent 

relative humidity.    
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The plant chosen for the experiment was pak choi Chinese cabbage 

(Brassica rapa L. var. chinensis (Rupr.) Olsson), a fast-growing, ornamental 

vegetable of economic value in Asia.  Pak choi generally grows to marketable 

harvest in 6-7 weeks inside a controlled environment.  Salinity is one of the major 

concerns in the commercial production of this vegetable because pak choi is 

quite sensitive to salinity. 

Seeds were planted in rectangular growth trays and placed in a growth 

chamber within the Phytotron Facility.   These seedlings remained in the growth 

chamber until a minimum of two leaves had emerged from the soil.  The 

seedlings were then transferred to 9 cm-diameter, 9 cm-deep pots.  These pots 

were arranged in pot carriers with spacing between pots of 18 cm in length and 

width from each pot, and each carrier held 20 pots.  The carriers were placed on 

trays on the top of aluminum carts approximately 76 cm from the floor of the 

growth room. 

The soil was BVB TS Professional mixed with local top soil.  The electrical 

conductivity (EC) of the soil was 0.85 mS cm-1.  The soil had a starting mix of 

fertilizer with a ratio of 12/14/24 (N/P/K).  The pH of the soil was 5.7.   The soil 

moisture holding capacity (SMHC) was determined using a pressure plate within 

an air tight chamber, while taking soil moisture measurements at various 

pressures from 100 to 1500 kPa.  Infiltration rate and saturated hydraulic 

conductivity were determined for the soil used for the experiment.  
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A standard nutrient solution was made using 100-fold, diluted Hyponex 

liquid fertilizer (6-10-5 for all purposes; HYPONEX JAPAN Corp., Ltd., Osaka, 

Japan).  This solution had an EC of 0.3 after the liquid fertilizer was added to 

deionized water. 

Several sets of ten plants were arranged for use in the experiment.  Each 

treatment type was assigned a set of ten plants.  Each set was assigned a place 

randomly in the trays and on the bench using a random number generator 

provided in the statistical package R.  

To achieve comparison of salinity-induced stress, it was necessary to 

pinpoint what levels of salt application would result in equivalent yield reductions. 

Salt tolerance of various crops is well-documented.  FAO Irrigation and Drainage 

Papers – 29 (FAO IDP 29) provides numerous salt tolerances for a variety of 

crops (Ayers and Westcott, 1994).  However, there is no specific salt tolerance 

available for pak choi.  The experiment compared similar crops, principally 

cabbage and lettuce, from the FAO IDP 29 to determine possible salt tolerances 

for pak choi.  A simple average of lettuce and cabbage for the irrigation water 

salinity resulting in various yields was determined in order to specify the salinity 

levels for different treatments.  Table 3 below shows these irrigation water 

salinities and associated yield, as well as the averaged value for each yield.   

�
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The ECe value for pak choi and the appropriate yield are obtained from Table  3 

above, and Equations 2, 3, and 4 are used to determine the depth of water to 

apply to the crop.   This is method was used to create drought treatments 

equivalent to 100 %, 75 %, 50 %, and 30 % yield for pak choi.   

NaCl and CaCl2 were added to the nutrient solution to create saline water 

with ECs set to provide the representative yield.  The following rule-of-thumb 

equation was used to allow equal amounts of NaCl and CaCl2 to be added to the 

nutrient solution when creating saline waters: 

EC (dS/m)  X 10 = sum of cations (or anions) in meq/L  Equation 1 

This was done to avoid Na-specific toxicities and soil permeability-related 

problems (Ayers and Westcott, 1994).  The specific concentrations of each 

chemical were determined and added to the nutrient solution.   

The waters used for each trial varied  the method was refined through the 

first three trials, and a different test was undertaken in trial four. 

For trial one, three saline solutions (100 % yield Salinity (100), 75 % yield 

Salinity (75s), and 50 % yield Salinity (50s)) were created and stored in a dark, 

cool chamber between applications.   Trial two employed the same drought 
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based applications, with the following salinity waters; 40s (40 % yield), 50s, and 

75s. 

Trial three employed saline waters made with EC levels of 0.3, 2, 3, 4, and 

6 (labeled 100, s2, s3, s4, and s6).   This was done in order to determine how 

closely saline response could be measured. 
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For the fourth trial run, two saline waters were created.  One water (water 

one (W1)) had the same chemical composition as the saline water created for 

trial 1 (Ca, Na, and Cl), the second water (water two (W2) added additional 

cations and anions in an effort to avoid plant toxicities associated with Cl (Ayers 

and Westcott, 1994).  This second water contained the following ions: Na, Ca, 

Mg, K, SO4, Cl, CO3, PO4.  The eight saline solutions (W1 solutions (s0, s2, s4, 

s6) and W2 solutions (2s0, 2s2, 2s4, 2s6)) for the two water types and at the 

saline levels of 0.31 dS m-1, 2 dS m-1, 4 dS m-1, and 6 dS m-1 were created and 



 

 

54 

stored in a dark, cool chamber between applications.  The measured 

reflectances from the two 0.31 dS m-1, or 100 % yield waters were averaged to 

create a base line value for comparison (100).   
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The leaching fraction for the soil was determined by applying the nutrient 

solution to the soil, collecting soil leachates, and using Equation 2.  The leaching 

fraction was determined to be 0.31. 

dw

a

EC
EC

LF =
� � � � � � � � � $�������%�

where:  

ECdw = salinity of the drainage water percolating below the root zone (equal to 

salinity of soil-water, ECsw)  

ECa = salinity of the applied irrigation water  
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LF = leaching fraction 

The necessary leaching requirement can be estimated for a particular crop 

using the leaching requirement equation (Rhoades 1974; and Rhoades and 

Merrill 1976): 

we

w

ECEC
EC

LR
−

=
)(5

� � � � � � � $�������;�
 

where:  

LR = the minimum leaching requirement needed to control salts within the 

tolerance (ECe) of the crop with ordinary surface methods of irrigation  

ECw = salinity of the applied irrigation water in dS/m  

ECe = average soil salinity tolerated by the crop as measured on a soil saturation 

extract.  

The total annual depth of water that needs to be applied to meet both the 

crop demand and leaching requirement can be estimated from Equation 4. 

LF
ET

AW
−

=
1 �� � � � � � � � $�������9�

 

where:  

AW = depth of applied water (mm/year)  

ET = total annual crop water demand (mm/year)  

LF = leaching fraction. 
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To achieve appropriate yields under these simulated irrigation conditions a 

standard formulation was used (Vaux and Pruitt, 1983). This equation relates 

four parameters to a fifth; the yield response factor, which links relative yield 

decrease to relative evapo-transpiration deficit. 
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where:Ya=actual yield (kg/ha) 

Ym=maximum yield (kg/ha) 

ETa=actual evapotranspiration (mm) 

Etm=maximum evapotranspiration (mm) 

ky=yield response factor 

Calculations of Ym, ETm and ETa are documented (FAO, 1977; and FAO, 

1998) and the literature has provided values for ky (FAO, 1977).  ky is a crop yield 

response factor that varies depending on species, variety, irrigation method, and 

management, as well as growth stage when deficit evapotranspiration is forced. 

The crop yield response factor gives a signal as to whether a crop is tolerant of 

water stress (Kirda et al., 1999a). From this derivation, the system was 

rearranged to solve for amount of ETa to apply to obtain a certain yield. 
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Using this equation and FAO’s CROPWAT computer based irrigation 

model, irrigation schedules were determined that would provide the yield 

reductions desired.  FAO Deficit Irrigation Practices WATER REPORTS 22 (DIP 

WR22) demonstrated that the FAO CROPWAT model could be useful in 

improving the design of experimental methods in research studies and in 

identifying inconsistencies in procedures and results (FAO, 2002).  The model 

permitted a systematic analysis of results, a more uniform presentation of data, 

and a greater compatibility of results.  In addition the model accurately accounted 

for changes in the ky as a function of growth stage and irrigation method.  Soil, 

climate, rainfall, ETm, and crop information were inserted into the computer 

model to determine irrigation scheduling for the salinity treatments and 100 % 

yield irrigation treatment.  Crop response factors from FAO DIP WR 22 were also 

used in the model.  

Using this model and the previous equations, drought simulating 

treatments were determined and applied for each trial.  Trial one employed two 

drought treatments simulating 75% and 50% yield reduction.  Trial 2 used 

drought treatments simulating 75%, 50%, and 30% yield reduction.  Trials 3 and 

4 used only a 30% yield reduction treatment. 

During the experiment, the following measurements were made: ECe, ECiw, 

and spectral reflectances in the wavelengths from 350 nm to 2500nm.  
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Furthermore, at completion, dry weight mass was measured as an indicator of 

yield. 

The irrigation water was collected from the nutrient solution containers. 

The electrical conductivity of the water applied to each plant was measured with 

a YSI 32FL conductivity meter on each day spectral reflectance measurements 

were made.  During these daily reflectance measurements, soil samples were 

collected from the root zone. Distilled water was added to soil samples until 

saturation (saturated paste extract); subsequently, vacuum filtration took place 

with a Buckner funnel, flask, filter paper, vacuum pump, and beaker (as extract 

container).  Extracts were analyzed for electrical conductivity (dS/m) with the YSI 

32FL conductivity meter. 

A GER 2600 spectroradiometer was used for spectral measurements.  

The GER 2600 (Geophysical and Environmental Research Corp.) is a three-

dispersion, grating spectroradiometer using Si and PbS detectors with a single 

field of view. The wavelength range is 350 nm - 2500 nm with a resolution of 1.5 

nm in the 350 nm - 1050 nm, 6.2 nm in the 1050 nm - 1900 nm range and 9.5 nm 

in the 1900 nm - 2500 nm range.  A fiber-optic, cable sensor was attached to the 

GER 2600.  The fiber-optic cable was mounted on a stand at a fixed position of 

15 cm from the plant at the nadir position.  The focus of the sensor was entirely 

on a single leaf of the plant being assessed.  This was done to avoid problems 

associated with canopy level measurements.  When taking canopy level 

measurements, the sensor also often receives reflectances from the bare 
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surfaces surrounding the plant.  As such the reflectance values received by the 

sensor do not only originate from the plant.  This causes erroneous reflectances 

from the surrounding surfaces to corrupt the reflectance measured, resulting in 

incorrect data.  To avoid this problem, the sensor only focused on a single leaf 

for each measurement, and thereafter it was moved to focus on other leaves on 

the same plant.  These measurements were averaged to obtain the 

measurement used for the plant in question. 

Then, each pot was placed on a fixed tray, directly under the sensor.  The 

pots were rotated 30o every second measurement in order to prepare an average 

of the differences in canopy orientation on each pot. The radiance was converted 

to reflectance using scans of a Spectralon reference panel. Three target 

measurements were made after measuring the reference (spectralon) panel.  

The data acquisition program included with the GER 2600 digitized the voltages 

and recorded reflectance percentages at each of the selected wavelengths, 

having been corrected for sun-angle and temperature effects.  To decide the 

scanning area, the surface of each plant was divided into three sections and the 

scanning area was selected in each section. Plot number, time, incident 

irradiance, and temperature within the radiometer were recorded, and the time of 

each scan was recorded in the RAM file with each scan. The sensor averages 

several scans during a single sampling session and provides an average value.  

Radiometer sensor millivolt readings were logged in the GER 2600.  Scans were 

taken at 3:00 p.m. on days with no cloud cover, which was approximately 8 hours 
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after irrigation. The radiometer was allowed to warm and then to equilibrate its 

temperature with the outside environment before readings were made.  Java 

macros were used to retrieve the data from the unformatted GER ASCII files, and 

to process the retrieved data to calculate percent reflectance. Output reflectance 

data files were ASCII text files, comma delimited, for easy import into 

spreadsheet programs for subsequent data analysis and graphing.   Microsoft 

Excel was used for data analyses and graphs. The data was analyzed using the 

Kendall’s Tau Coefficient, the Spearman’s rank correlation coefficient, and linear 

regression in R (Ross and Robert, 1996).  

After six weeks, all standing biomass from each pot was clipped and dried 

for 24 hours in an oven at 120 degrees Celsius then measured using a digital 

weighing scale.  Yield was determined by dividing the weight of the harvested 

and dried pak choi by the surface area of the pots (expressed as g cm–2).  The 

entire process was repeated three times (Trial 1, Trial 2, and Trial 3) to provide 

multiple crop cycles for analysis.  A fourth trial was completed to compare 

various saline waters, with varying chemical composition, to examine the indices 

ability to monitor specific ion toxicities, and other problems associated with 

salinity but not salinity itself. 

Results 

Determination of Index  

This project incorporated and adopted the methods and conclusions of 

recent published research, and initiated original feasibility studies of viable 
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reflectance wavelengths useful as indicators of plant response to salinity stress.  

Desired wavelength capabilities were; early detection of plant response, 

delineation from water stress, and full-season detection capability. 

 Thereafter the project continued with these feasibility studies to determine 

whether an index or any wavelengths matched the predetermined criteria.  A 

series of tests were conducted in which pak choi (Brassica rapa L. var. chinensis 

(Rupr.) Olsson) was subjected to defined levels of water and salinity stress.  In 

these subsequent studies, wavelengths associated with the expected 

biochemical responses to salinity were monitored.  The results were supported 

by the previously discussed, known plant responses to salinity, and salinity stress 

was detected by observation of wavelengths related to the proteins, sugars, and 

starches produced by the plant during these stresses. 

Curran (1989) and Elvidge (1990) determined the spectral response 

regions (Table 1) for many biochemical compounds.  Of specific interest for this 

study are those biochemicals whose concentrations change under salinity stress. 

As noted earlier, concentrations of proteins, sugars, and starches are the 

predominant biochemicals to change when a plant undergoes stress from salinity.  

Charts were created which displayed the wavelengths of interest, organized by 

treatment type for each day a measurement was made.  Figure 1 provides an 

early season depiction of the reflectance, while Figure 2 shows late season 

results.  These charts did not provide any concrete basis for creating a remotely 

sensed index to monitor salinity stress, especially in the visible and NIR spectral 
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regions.  However, in the late season a general response was observed in the 

1480 nm range, with saline treatments reflecting less than drought stressed and 

nonstressed treatments.  This observation became clearer when charting all 

wavelengths for a late season measurement (Figure 3).  In this full scan chart, 

saline treatments consistently reflect less than nonstressed treatments in the 

region of 1450 to 1800 nm.  From this observation specific assessment of 

biochemical related wavelengths was conducted. 

 The monitoring of protein response wavelengths generated results that 

illustrated that salinity-stressed plants emit reflectance that can be distinguished 

from that of nonstressed plants (Figure 4); in this chart it can be seen that 

drought related treatments reflected less than saline and nonstressed treatments. 

In addition, the results also indicated that monitoring of starch-related reflectance 

can provide a depiction of the degree to which a plant is stressed by salinity, as 

shown in Figure 5.   In this chart, the greater the salinity stress applied, the less 

reflectance recorded. Finally the wavelength 1680 nm is associated with starch 

and protein, as well as lignin.  Figure 6 shows the relationship between the saline 

stressed treatments and the nonstressed treatment average. 

In these graphs the following convention was used: Dashed lines indicated 

drought stressed plants, while solid lines indicate salinity stressed plants.  The 

thick solid line is the nonstressed treatment average. 

From the observed responses of the salinity stressed plants within the 

wavelength regions associated with photoassimilates and protein content, an 



 

 

63 

initial determination of wavelengths to watch was made.  Thereafter, trials 2 and 

3 were designed.  These trials included more salinity treatments, as well as more 

nonstressed treatments.  This was done in an effort to determine what sort of 

distinction between varying levels of salinity stress could be made, and to provide 

greater accuracy in determining a nonstressed baseline.
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When trials two and three were completed, data for these trials was 

assembled in a spreadsheet.  Reflectance values for all wavelengths measured 

were subjected to principal component analysis (PCA), which is an 

Eigenanalysis-based ordination method, which involves an eigenanalysis of the 

correlation or covariance matrix.  This technique can be used to locate “latent” 

relationships within data sets, and has been widely applied in the medical and 

biological sciences fields to assess previously un-recognized relationships within 

multivariate data.  This method has also been used to a limited degree in 

environmental related fields.  The correlation matrix and proportional variances 

can be used to establish relationships between variables.  Table 4 shows the 

PCA correlation matrix for specific wavelengths found to have a high correlation 

to either the salinity of the applied water (ECw) or the salinity of the saturation 

paste extract from the soil (ECe).  From this analysis, it was discovered that the 

wavelengths 1480 and 1640 correlated well to the soil water, while the 

wavelength 660 correlated well to the applied water.   
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The 660 nm reflectance also had a larger correlation to soil water, as 

compared to the other wavelengths measured. 

Proposed Indices 

Based on analysis of spectral reflectance and the correlation matrix the 

following indices for retrieval of vegetation salinity stress response were created.  
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These indices were then compared to the normalized difference 

vegetation index (NDVI) and the simple ratio vegetation index (SRVI), to 

determine if the new indices performed better than existing salinity related 

indices.   

The NDVI is the difference between the NIR band (830 nm) and the red 

band (690 nm) divided by the sum of the NIR band and the red band, and its 

values typically range from 0.1 for bare soils to 0.9 to 1 for a full canopy cover 

(Equation 9). The NDVI is usually normally distributed in fields. 
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The Simple Ratio Vegetation Index has been proposed as an index able to 

assess salinity stress in crops (Wang et al., 2001).  The value obtained from the 

SRVI-type index is highly dependent on the crop assessed because the ratio is 

simple.   The SRVI compares, using a simple ratio, the reflectances from 660 nm 

and 810 nm.  
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Examination of Trials 

Having obtained an index, which is thought to work, an analysis of each 

trial was conducted.  This analysis included: 

1. Creating charts using values computed by each index and comparing the 

results visually. 

2. Statistical analysis of significant differences between treatments by index 

obtained values using the Student T test method. 

3. Statistical correlation computation comparing the computed indices and 

the soil’s saturation paste extract. 



 

 

73 

4. Statistical correlation computation, comparing computed indices and the 

yield. 

This analysis was undertaken to determine the validity of the new indices through: 

1. Their ability to detect saline or drought conditions. 

2. Performance of the new indices as compared to existing industry-related 

indices. 

3. Determination of the precision at which varying levels of saline conditions 

could be detected by the indices. 

All figures, except trial four, presented in this dissertation have been 

standardized for ease of review.  The following protocol was used in every figure: 

1. The control, non salinity or drought stressed, treatment is presented as a 

bold solid line. 

2. The salinity treatments are presented as solid lines. 

3. The drought treatments are presented as dashed lines.  

Tables associated with the calculated t test statistics show values where 

significant differences exist as bolded. 

Trial One 

This trial was designed as the initial exploratory trial, and included analysis 

of the wavelengths of the indices, the new indices, the NDVI, marketable yield at 

the end of the trial, the soil salinity of the control and salinity treatments, 

statistical significant difference between treatments, and statistical correlation of 

indices to soil salinity and yield.  Trial one took place during the months of July 
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and August in the year 2003, and there were many sunny cloud free days.  In this 

treatment the prefixes used to refer to specific treatments are as follows: 

1. 100 refers to the control nonstressed treatment. 

2. 50s refers the salinity treatment where the applied saline water would 

cause a 50% reduction in yield based on the literature. 

3. 75s refers the salinity treatment where the applied saline water would 

cause a 25% reduction in yield based on the literature. 

4. 40w refers the drought treatment where the applied water would cause a 

60% reduction in yield based on the literature. 

5. 50w refers the drought treatment where the applied water would cause a 

50% reduction in yield based on the literature. 

6. 75w refers the drought treatment where the applied water would cause a 

25% reduction in yield based on the literature. 

Yield  

The treatments for this project were designed using the prevailing 

methodology for estimating yield reduction based on a potential stress factor.  

These methods were employed in an attempt to provide the same relative yield 

reduction for drought based and salinity based stresses.  This approach was 

intended to allow a “one to one” comparison of drought and salinity stresses.  

Figure 10 shows the actual marketable yield obtained at the end of the trial. The 

results show that the salinity related stress, in this trial, was predicted well by the 

existing yield reduction models for salinity stress.  The drought stressed 
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treatments resulted in much more yield loss, when compared to what was 

predicted by the drought yield loss prediction models.  This resulted in the 

effective yields between treatment types not being equivalent, in that 50s had 

~40 % yield loss, while 50w had ~75 % yield loss.  This made it impractical to 

compare the stresses on a “one to one” basis.  

Wavelengths 

Figure 7 displays the reflectance values collected at 660 nm by treatment 

across the trial period.  The 660 nm is associated with the plant biochemical 

chlorophyll a.  Chlorophyll is measured as measure of general health of the plant.  

In this trial it can be seen that the treatments with the greatest stress either mimic 

the control nonstressed treatment or were higher than the control.  The 50s 

salinity treatment provides the greatest reflectances, while the 75s treatment 

provides the lowest reflectances.  More chlorophyll would result in a lower 

reflectance, as a greater percentage of incident photons would be absorbed by 

the chlorophyll.   This suggests that the 50s treatment had the least chlorophyll, 

while the 75s treatment had the most. 

The 1480 nm spectral region is associated with sugars, starches, lignin, 

and water.  Figure 8 provides a visual display of the reflectances obtained at this 

wavelength during trial one.  It can be readily observed, that, in general, the 

salinity treatments reflect less than the control treatment and the deficit water 

treatments.  The 75w treatment follows the control treatment, while the remaining 

water treatments fall below the control.  In this wavelength, lower reflectances 
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suggest the presence of either more water or more photo-assimilates in the crop.  

This would mean the salinity treatments are producing a greater concentration of 

photo-assimilates as compared to the control and drought treatments. 

The plant biochemicals lignin, starch, and protein are associated with the 

1640 nm wavelength region.  Figure 9 provides a plot of the reflectances 

observed in the 1640 nm for trial one.  Unfortunately, there is not much to be 

deduced from this figure, as the treatments seem to fluctuate greatly across the 

trial period, and do not provide any definitive patterns. 

Indices 

In this trial, the NDVI performed its function well.  The control and lower 

stress treatments (75s and 75w) provide higher NDVI values as compared to the 

increased stress treatments (40w, 50w, and 50s).  There exist no clear 

delineation between drought and salinity treatments, and the drought treatments 

exhibit the greatest unhealthiness.  Referring to the information provided by the 

marketable yields in Figure 10, the NDVI would seem to effectively detect the 

greater yield reduction in the 40w and 50w drought treatments.  However, it also 

predicts that the 75w and 75s would possible result in greater yield than the 

control, which was an incorrect prediction. 

The purpose of this project was to determine optimal indices for detecting 

and delineating drought and salinity stress.  The SSI was created, in this project, 

to accomplish this purpose.  In this trial the SSI’s was able to detect and 

delineate the aforementioned stresses.  The design of this index resulted in 
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drought based stresses being greater than nonstressed treatments, and salinity 

stresses being less than the nonstressed treatments.  The index performed 

reasonably well in predicting relative level of stress.   The greatest salinity stress 

provides the lowest SSI values, and the greatest drought stress had, on average, 

the highest SSI values. 

The NSSI was created as a normalized version of the SSI.  This was done 

in attempt to determine an index with results that would be independent of the 

crop being assessed.  Like the SSI, the drought treatments were above the 

control, and the salinity treatments were below the control.   It would seem an 

enhanced mathematical normalization of the date would allow the control 

treatment to fall on zero.  This would allow for the deduction that any positive 

NSSI value indicates drought stress, while negative values suggest salinity stress 
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Trial Two 

This trial was designed as a refinement of the initial exploratory trial, and 

included the same analysis from trial one, with one additional comparison to a 

new index. Trial two took place during the months of August and September in 

the year 2003, and there were many cloudy days.  This trial occurred during the 

worst of year 2003’s monsoon season.   The cloudy days reduced the number of 

measurements that could be taken during the trial to four days of measurements.   

In this treatment the prefixes used to refer to specific treatments are as follows: 

1. 100 refers to the control nonstressed treatment. 

2. 40s refers the drought treatment where the applied saline water would 

cause a 60 % reduction in yield based on the literature. 

3. 50s refers the salinity treatment where the applied saline water would 

cause a 50 % reduction in yield based on the literature. 

4. 75s refers the salinity treatment where the applied saline water would 

cause a 25 % reduction in yield based on the literature. 

5. 40w refers the drought treatment where the applied water would cause a 

60 % reduction in yield based on the literature. 

6. 50w refers the drought treatment where the applied water would cause a 

50 % reduction in yield based on the literature. 

7. 75w refers the drought treatment where the applied water would cause a 

25 % reduction in yield based on the literature. 

Yield  
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Figure 11 shows the actual yields obtained during trial two, and it can be 

seen that the expected drought yields and actual yields do not match.  In general 

the yield reductions were about 25 % more than predicted by the models.  This 

again results in the inability of the project to compare drought and salinity stress 

one to one.  The 75w yield was roughly equivalent to the 50s treatment. 

Wavelengths 

During trial two, we did not see a large variation in the 660 nm reflectance 

as was seen in trial one.  General observations of Figure 12 allow one to note 

that the salinity treatments had greater reflectances than the control treatments, 

and the drought treatments were roughly the same as the control treatment.  This 

implies greater chlorophyll in the drought and control treatments. 

Figure 13 provides information about the 1480 nm measurements taken 

during trial two.  Overall, no distinction between treatments was observed in this 

wavelength. 

The second SWIR wavelength observed, 1640 nm (Figure 14), also did 

not show apparent differences between treatments. 

Indices 

The NDVI performed as expected, in that on average the control treatment 

had a higher value as compared to the stressed treatments.   

In this trial we analyzed a new index put forth by researchers at the USDA 

Salinity Lab in Riverside, California (Wang et. al., 2001).  The SRVI utilizes 

wavelengths in the NIR and VIS spectral ranges arranged in a simple ratio to 
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detect salinity stress.  Equation 10 provides the wavelengths and mathematical 

formula used to compute the SRVI.  Like the NDVI, the SRVI, in general, shows 

stressed treatments as having lower computed values than the control.   

 As with trial one, the SSI effectively delineates drought from salinity 

treatments.   Again, drought treatment SSI values are larger than the control, 

while salinity treatment values are less than the control. The SSI was also able to 

differentiate between treatment types and treatment levels.  Yet, like trial one, the 

index did not find differences between water treatments, and did not differentiate 

from the control treatment effectively.   

The NSSI performed well in differentiating drought and salinity stress from 

one another, and did well in differentiating the control treatment from the salinity 

treatments.  The NSSI values again were not able to provide significant 

differences between the drought treatments, and differentiate drought treatments 

from the control.  Only severe drought treatments could be significantly 

differentiated from the control treatments.  
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89 Trial Three 

This trial was designed as a refinement of the initial exploratory trial, and 

included the same analysis from trials one and two, with one additional 

comparison to a new index. Trial three took place during the months of October 

and November in the year 2003, and there were few cloudy days.  This trial 

occurred after the year 2003’s monsoon season.  In this treatment the prefixes 

used to refer to specific treatments are as follows: 

1. 100 refers to the control nonstressed treatment. 

2. s6 refers to the salinity treatment where the EC of the water was 6. 

3. s4 refers to the salinity treatment where the EC of the water was 4. 

4. s3 refers to the salinity treatment where the EC of the water was 3. 

5. s2 refers to the salinity treatment where the EC of the water was 2. 

6. 30w refers the drought treatment where the applied water would cause a 

70 % reduction in yield based on the literature. 

During the earlier research trials, continued literature review was 

conducted.  From this review another proposed index, for the remote sensing of 

crop water changes was found.  The Normalized Difference Water Index NDWI, 

was proposed be Gao in 1996, and was designed to measure vegetative liquid 

water (Gao, 1996).  In that, thus far, neither the SSI nor NSSI effectively 

delineated between drought stresses, the inclusion of the NDWI was carried out 

in trial three to see if this index could fill in the gap missing in the two proposed 

indices of this project.  The NDWI utilizes the NIR wavelength of 860 nm and the 



 

 

90 SWIR wavelength of 1240 nm to detect water in the crop.  The equation for the 

NDWI follows: 
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Yield 

In this trial we focused primarily on salinity treatments, with one drought 

treatment (Figure 15).  An anomaly in the yield was found when comparing the 

s2 and s3 treatments.  The s3 treatment provided 10 % more yield than the s2 

treatment, which was not expected.  This may be due to the fact that both of the 

salinity levels are related to minimal yield reduction for this crop.  In addition, the 

compositions of these saline waters were NaCl and CaCl2.  As such, at the lower 

EC level of 2, the s2 water falls under the mild sodic threat category from Table 2.  

Sodic water can be expected to reduce infiltration of the soil, and therefore 

impact the growth process of the crop to a greater extent when compared to like 

waters which do not create sodic threats.  This anomaly led to trial 4, which 

compared various saline water types, to see how these would affect yield and 

how these would be detected by the indices evaluated. 

Wavelengths 

The reflectance at 660 nm for trial three is shown in Figure 16.  There 

were no overall trends, or suggestion that this wavelength on its own could 

predict the stress affecting the crop. 



 

 

91 Figure 17 shows the values obtained at 1480 nm, provides only one trend.  

In general the drought treatment is greater than the control and salinity 

treatments. 

The last wavelength used in the proposed indices, 1640 nm, is plotted for 

trial three in Figure 18.  Like the 660 nm data, this data looks like a jumble with 

no discernible variation between treatments.  However, the s2 treatment is 

generally greater than the control treatment, which is of note as the yield data 

also saw an anomaly associated with this treatment. 

Indices 

The NDVI seems to be broken into two phases in this trial, with a radical 

shift in the NDVI between DOY 290 and DOY 295.  This period coincides with the 

mid period of the crop growth cycle, and at this time the crop coefficient 

increased by 30 %.  This mid period is characterized by increased 

evapotranspiration, and rapid growth as the crop approaches maturity.   Thus, at 

this stage the effect of stresses on the crop would change based on the crop’s 

sensitivity to the stress applied.  Using this information, the NDVI predicted 

decreased healthiness for the drought treatment, and increased healthiness for 

the salinity treatments.  However, like all other trials, this visual information from 

the chart, does not translate to real difference in treatments.  In addition we noted 

in this trial that some of the stress treatments having NDVI values greater than 

the control treatment late in the crop cycle.   This was similar to trial one, where 

there were few cloudy days during the trial period, and unlike trial two, where 



 

 

92 there were many cloudy days.  This again emphasizes the effect of cloud cover 

on the response of plants to stresses.   

The SRVI behaved in the same manner as the NDVI, with the main 

difference being that the changes seen in both indices are reduced in the SRVI.  

Additionally, the SRVI showed the s4 treatment as exhibiting behavior similar to 

the drought treatment.  This is unexpected as the s4 treatment had three times 

as much yield as the drought treatment in this trial.   

The NDWI offers very different information, as this index consistently 

detected the drought treatments as lower than the control treatment.  The s4 

treatment is also consistently below the control treatment when using this index.   

The SSI in this trial provides the same trends as seen in previous trials.  The high 

EC treatments were generally below the control, while the drought treatment was 

above the control until late in the trial period.  The results from all three trials 

suggest that this index cannot differentiate between very close EC levels.  The s2 

and s3 treatment fall within the 25 % reduction in yield range as specified by 

Ayers and Westcott (1994).Thus, this data would imply that the SSI is not 

capable of differentiating low levels of salinity stress. 

The NSSI is more capable in detecting lower levels of stress.  Otherwise, 

the NSSI provides the same differences between treatments as the SSI.   
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97 sSSI 

Upon completion of Trial three, the project reviewed the data for all trials, 

and began mathematical analysis of the SSI and NSSI indices, in order to create 

an index that would clarify the differences in treatments.  This analysis led to the 

creation of the Standardized Salinity Stress Index (sSSI).  It was determined that 

if we were able to set the control treatments to zero, that the drought and salinity 

treatments would be differentiated.  Thus the method employed was to subtract 

the calculated SSI value of the control from all treatments and chart these values.  

The formula for this index is as follows: 
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The t statistics for the newly created sSSI are displayed in Table 7, Table 

8, and Table 9, and these do not vary from the values obtained for the SSI.  

Additionally, the correlations between yield and soil salinity were also computed 

for the sSSI.  Table 10 shows the correlations for each trial.  In general the 

correlations are lower than the SSI, except for the case of trial one.   
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Regardless of the lack of improvement in the statistics with the creation of 

the sSSI, the standardization was still useful.  Figure 19, Figure 20, and Figure 

21 show the sSSI values for each trial.  The standardization creates easily 

observed differences between the drought treatments and the salinity treatments.  

The sSSI generally shows drought conditions as being greater than zero, while 

saline conditions provide sSSI values less than zero.  Given a control treatment, 

it would seem that this standardization would allow the creation of easy to read 

and assess graphs.  These graphs would present the data in a manner which 

would be easy to understand and simple to convey. 
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Trial Four 

This trial was designed as an exploratory trial, and included the same 

analysis from the previous trials. Trial four took place during the months of 

November and December in the year 2003, and there were few cloudy days.  

This trial was developed and completed in response to the yield anomaly 

detected in trial three.  It became apparent from trial three that the chemical 

composition of the applied saline waters could have an impact on yield.  In 

addition it is possible that the proposed indices might detect a plant’s response to 

salinity differently if the ion concentration of the saline water included specific 

ions know to incur associated stress in crops.  As noted in the Introduction, 

certain ions can cause toxicity in a crop system.  The ions of most concern are 

chloride and sodium.  In order to investigate the impact of these ions on the 

proposed indices, it was necessary to compare a variety of saline waters applied 

to a crop.   

������334��,����
������������2�.����������������������)������������,���
�����
1�
������3669+��

Sodic Threat 0-3 3-6 6-12 12-20 20-40
None >0.7 >1.2 >1.9 >2.9 >5
Slight 0.7 1.2 1.9 2.9 5
Moderate 0.2 0.3 0.5 1.3 2.9
Severe <0.2 <0.3 <0.5 <1.3 <1.9

SAR

EC (dS m-1)

 

Table 11 depicts the threat level to a crop as determined by the Sodium 

Absorption Ratio (SAR) and electrical conductivity (EC).  Two waters were 

created to simulate various levels of chloride and SAR threat.  Additionally, the 

FAO guidelines indicate levels of Cl ion concentration, which cause slight and 



 

 

103 

moderate threat to the crop (Ayers and Westcott, 1994.   W1 was created with 

three treatments that contained Cl ion concentrations at these levels, providing 

the corresponding what do you want to put here? 

  In this treatment the prefixes used to refer to specific treatments were as 

follows: 

1. 100 refers to the control nonstressed treatment. 

2. s6 refers to the salinity treatment where the EC of the water was 6, and 

the water used was W1. 

3. s4 refers to the salinity treatment where the EC of the water was 4, and 

the water used was W1. 

4. s3 refers to the salinity treatment where the EC of the water was 3, and 

the water used was W1. 

5. s2 refers to the salinity treatment where the EC of the water was 2, and 

the water used was W1. 

6. 2s6 refers to the salinity treatment where the EC of the water was 6, and 

the water used was W2. 

7. 2s4 refers to the salinity treatment where the EC of the water was 4, and 

the water used was W2. 

8. 2s3 refers to the salinity treatment where the EC of the water was 3, and 

the water used was W2. 

9. 2s2 refers to the salinity treatment where the EC of the water was 2, and 

the water used was W2. 
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10. w30 refers the drought treatment where the applied water would affect a 

70 % reduction in yield based on the literature. 

This trial includes more treatment types and categories.  This resulted in 

the necessity to break from the standardized graphing form found in previous 

charts.  All figures presented in this trial have been standardized for ease of 

review.  The following protocol was used in every figure for this trial: 

1. The control, non salinity or drought stressed, treatment is presented as a 

bold solid line. 

2. The specific ion salinity treatments are presented as nonbolded solid lines. 

3. The standard salinity treatments are presented as nonbolded dashed lines. 

4. The drought treatment is presented as a bold dashed line.  

Yield 

The yields obtained for this trial followed the trend found in trial three for 

the treatment with the highest SAR threat level. The treatment s2 had a yield 58 

% less than the equivalent 2s3 treatment.  This yield reduction was attributed to 

the SAR level of this water, which caused substantial infiltration and ponding 

problems.  In fact the soils of this treatment tended to crack or slake, which 

resulted in water moving through the plants and out the bottom of the pots 

containing the soil.  Thus, the SAR level of this soil caused reduced water 

availability, and consequently reduced yield.  The Cl treatments had yields that 

were roughly equal to the salinity control treatments.  This indicated that the 
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applied Cl concentrations were not sufficient to lead to significant chloride toxicity 

in the plants used in this study. 

Indices 

The NDVI and SRVI results were similar to the previous trials.   The NDWI 

consistently placed the drought treatment below the control but did not detect 

salinity treatments.  As was expected, the s2 treatment behaved like the drought 

treatment for this index as a consequence of the infiltration problems caused by 

the high Na concentration in the applied water.  In the case of the SSI, the higher 

EC SAR treatments, and the higher EC chloride treatments were not 

differentiated by any index.  The s3, 2s3, and 2s2 were also not significantly 

different.  The s2 treatment was significantly different from the 2s2.  This 

suggests that the SSI index would detect saline waters containing Na in sufficient 

quantities to cause SAR based infiltration differently from saline waters without 

high sodicity.   
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DISCUSSION OF CURRENT RESEARCH AND FUTURE 

DIRECTION 

Summary of Findings 

 This project was able to accomplish its goals.  Indices were developed 

which were capable of detecting salinity stress.  Additionally these indices show 

a gradient correlation with soil salinity, which indicates that they could be adapted 

for use as indicators of level of salinity in the soil.  The current best option for use 

of these indices is as identifiers of areas within a field where salinity stress exists.  

From this identification, point measurements using existing salinity measurement 

techniques could be applied, and precise remediation strategies developed 

Current Research 

This project comprises Phase I of a long-term research endeavor put forth 

by the author.  The research presented in this dissertation was conducted to 

provide the foundation for development of instruments, indices, procedures, and 

protocols for assessing the relative stress and yields of salt affected crops.  This 

phase has determined an optimal index for salt response monitoring, verified the 

scientific foundations of such an index, and identified some of the concerns 

involved in implementation of this index in precision agriculture management 

decision.   

The long term objective of the research is to develop the means with 

which one can monitor soil salinity and plant response to soil salinity on a real 

time basis.  In order to accomplish this overall objective, it is necessary to utilize 
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current technology in a manner hitherto not done.  It is necessary to develop the 

indices from the plant up, instead of from the sensor down.  The plant’s 

biochemical responses to various stresses need be determined, and thereafter 

determine which wavelengths are able to assess these biochemical changes.  

This research took this plant up approach to development of remote sensing 

indices.  The results of the project indicate that this approach created indices 

capable of assessing the stress in question.  However, in doing so the 

wavelengths picked to assess the biochemical changes lead to issues in scaling 

the system up to the satellite.  This occurs as a consequence of the SWIR 

wavelengths used by the proposed indices.  These lower wavelength SWIR 

spectral responses can be masked or attenuated by atmospheric components, 

chiefly water vapor in the atmosphere.  As such while these indices work well at 

top of leaf scale measurements, it is doubtful that these indices will work well at 

top of atmosphere scale measurements.  This is one of the concerns regarding 

future use of the index. 

Another concern is the change in response from the SSI and NSSI during 

the growth cycle.  The change occurs when the plant moves from its initial phase 

of development to its mid phase of development.  This project suggests that 

further research is needed to characterize this transition, and determine reasons 

for the change. 

Next the project detected that the level of cloud cover during the growth 

season influences the effectiveness and results of the indices.  The cloudy days 



 

 

108 

do not have to occur during the measurement of the spectral response.  This 

project took no measurements on cloudy days.  Yet, during a very cloudy growth 

period all indices, both proposed and existing, exhibited changes in effectiveness.  

The NDVI and SRVI went from some correlation to yield to absolutely no 

correlation in yield, while the SSI and NSSI went from correlation levels of 0.7 to 

0.5.  This phenomenon needs to be studied.  It may be possible to develop 

algorithms based on number of cloudy days, to correct for the influence on plant 

response caused by a reduction in solar radiation. 

Yet another concern arose in the course of completing this project, that 

concern being the effect on sodic soils and SAR on the index.  The project 

conducted limited research into this topic.  The project believes that further 

research into SAR’s effect on the indices would be in order. 

The most important element of the proposed indices that was not 

addressed in this research was measurement of actual plant biochemicals.  The 

project did not have the facilities or the expertise to conduct these analyses.   It 

would have been helpful in understanding the mechanisms of the indices if the 

project had been able to measure and report: 

1. Plant leaf/canopy starch concentration. 

2. Plant leaf/canopy water concentration. 

3. Plant leaf/canopy protein concentration. 

4. Types of proteins. 

5. Other plant biochemical related to plant stress. 
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Subsequent research would benefit from an in depth analysis of the 

composition of biochemicals in the plant during the time at which SSI and NSSI 

measurements are made. 

Future Direction 

Phase I, of the overall research mission, has developed an index to 

assess plant response to salinity stress.  It has been the project’s objective to 

narrow the necessary acquired wavelength response to one to four individual 

wavelength areas.  The project has in fact narrowed the necessary wavelengths 

to three.  This will allow the use of filters instead of prisms in development of a 

portable sensor. In addition it reduces the necessary size, weight, and complexity 

of the sensor package.  Now that the necessary wavelengths are determined, the 

project will secure the necessary intellectual property protections to allow 

progress into Phase II.  The developed system will be platform independent, and 

designed for use in aerial, land based vehicular, and hand held platforms.  The 

system will not be designed for satellite use, or for high-flying aerial platforms.  

This is the consequence of the wavelengths utilized and the composition of the 

Earth’s atmosphere.  The atmosphere contains water vapor, which is known to 

absorb large quantities of photons associated with specific wavelengths.  

Specifically there is a strong water absorption which occurs at 1400 nm, which is 

the same wavelength region used in the index.  As such, without intensive 

correction of attenuated wavelengths as a function of this water absorption, use 
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of the index by satellite or high-flying aerial platforms would be difficult.  This 

research and correction is outside the scope of the research’s mission.   

Phase II research will consist of validation of the indices in actual field 

conditions, and in assisting the farm manager’s management decisions to 

address salinity problems.   In addition Phase II will involve development of an 

image-based remote sensing instrument for use in large field applications.  Field 

scale remote sensing requires adjustment for soil spaces, as crops are often 

oriented in rows.  As such a spectral reflectance for an area will include 

reflectance from the soil.  To correct for this soil reflectance it is necessary to 

conduct experiments to determine an optimal method for compensating for soil 

background. In conjunction with these objectives, further refinement of the 

prototype sensor system will be conducted, to allow increased accuracy and 

precision.  Finally, the developed sensor will be used to assess crop quality.  

Phase II research has been conducted since 2004, but this research is outside 

the scope of this paper.  However, results from the Phase II project have shown 

the proposed indices to be effective at the top of canopy scale. 

 In Phase III the project intends to utilize Unmanned Aerial Vehicle (UAV) 

platforms.   UAVs can be flown closer to the surface than airplanes, thus 

reducing the problems associated with atmospheric scattering and absorption of 

photons.  Currently, remotely sensed readings made by planes and satellites 

must be corrected for; atmospheric scattering, molecular scattering, aerosols, 

water absorption, length of signal path, and so forth.  The farther the sensor is 
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from its target the greater these variables distort the reflectance signal from the 

target.  If the sensor could be positioned closer to the target, these side effects 

would be reduced, and at sufficiently close distances these effects are negligible.  

UAVs can be flown at less than 100 meters, which distance is thought to be 

sufficient to allow the optical effects of the atmosphere to be negligible.  

In order to utilize existing UAVs with the new index, a platform 

independent sensor system is needed.  In addition, the platform independent 

sensor system needs to be weight limited.  Many current sensors with power 

systems weigh from 20 to 200 pounds.  This weight is unacceptable for small 

UAVs.  Through specification of exact wavelengths required, the system can be 

reduced in size and weight.   

 In addition we envision the sensor being placed on tractors, linear pivots, 

and golf carts, for assessing the salinity state of the field.  In order to create a 

platform independent sample, a prototype handheld sensor will be made, and 

transitioned to platform independent.  With the recent collaboration contract with 

CROPSCAN Inc, the creation of the sensor will be less time consuming. 

 Once the sensor package is developed, the system can be used 

commercially.  The two most significant areas of manufacturing this equipment 

will address are: 

1. Use of saline waters in conjunction with non-saline waters to achieve 

acceptable yields. 

2. Use of saline water to improve crop quality. 
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Thus in Phase IV of the research mission, protocols and procedures will be 

developed for utilizing the proposed indices and associated sensor platforms to 

achieve the aforementioned areas of interest.  After these protocols and 

procedures are defined, the research mission will be complete, and 

commercialization of the research’s products will be possible.  
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Introduction 

The purpose of this research was to develop a remotely sensed salinity status 

index for vegetation.  

Crop germination, growth, and yield are generally reduced in saline or 

sodic soils. On a global scale, with the growing demands on existing water 

supplies, soil and water salinization is increasing, especially in arid and semiarid 

regions and wherever irrigation is practiced; approximately 10 % of existing 

arable land is degraded by salinity (Tabet et al., 1997).  

Salinity can be detected by conducting chemical analysis of soil water 

extracts and/or irrigation water samples. However, this process is laborious, time-

consuming, and point-specific. Remote sensing techniques have been shown to 

be a rapid and useful tool to monitor and predict crop productivity problems 

(Rahman et al., 1994; Alsaifi and Quari, 1996; White, 1997) and can be a 

relatively inexpensive source of data for site-specific crop management (Moran et 

al., 1997). It can be defined as acquisition of information about a target with a 

sensor that is not in direct contact with the target. These systems can acquire 

extensive spatial and temporal data in a short time.  Plant status can be 

discerned using remote sensing techniques by measuring the absorption of light 

by crops at certain wavelengths. This research takes advantage of the fact that 

salinity stress-induced biochemical compounds absorb radiation at certain 

wavelengths, and consequently plant reflectance is lower at these wavelengths.  

Several remotely sensed indices measure general crop stress but are unable to 
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separate, for example, salinity and water stress. This research focuses on 

developing a remote sensing index that can detect salinity stress and also 

distinguish between salinity and water stress in crops. Future work will attempt to 

develop functional relationships between the remotely sensed salinity index and 

soil electrical conductivity (ECe, dS m-1). 

Soil salinity is a measure of the total amount of soluble salinity in soil. This 

is generally measured by determining the electrical conductivity of the saturated 

paste extract, ECe (Electrical Conductivity of the saturated paste extract), with 

units of decisiemens per meter (dS m-1) or millimhos per centimeter (mmhos cm-

1). As salinity levels increase, plants extract water with more difficulty from soil. 

High soil water salinity can also cause nutrient imbalances, accumulation of toxic 

elements in the plants, and reduced water infiltration. 

Salinity-affected plants can exhibit symptoms related to this stress: 

stunting with dark green leaves, thicker leaves, more succulent leaves, leaf burn, 

and defoliation.  The degree to which salinity will affect a crop is dependent on 

the crop’s salinity tolerance. Fruits, vegetables, and ornamentals are generally 

more salinity-sensitive than forage or field crops, and plants can be more 

sensitive to high salinity during seeding and germination, immediately after 

transplanting, and when subject to other stresses (e.g., disease, insect, nutrient). 

Climate and irrigation also influence salinity tolerance. As soil dries, salinity 

becomes concentrated in the soil solution, increasing the salinity of the soil. 
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Increasing irrigation frequency and applying water in excess of plant demand can 

reduce salinity stress. 

Salinity effects generally develop in two stages, short- and long-term. 

During a short exposure to salinity, there will be a significant decrease in growth 

rate. When plants are exposed to salinity in laboratory experiments, there is a 

rapid and temporary drop in growth rate followed by a gradual recovery to a new 

reduced rate of growth. The temporary effects are clearly due to rapid and often 

transient changes in plant-water relations (Munns, 2002). In the case of long-

term salinity-induced stress, there is evidence to suggest that hormonal signals, 

and not leaf water deficit or ion toxicity, control growth in saline environments 

(Munns et al., 2000). A plant‘s response to salinity stress involves nearly every 

aspect of plant physiology and metabolism. Consequently, there exists a 

complex signaling network underlying plant adaptation to these adverse 

environmental conditions (Zhu, 2001). Soil salinity creates both ionic and osmotic 

stresses in plants. The ionic aspect of salinity stress is clearly distinct from other 

abiotic stresses such as drought, and there are signaling pathways dedicated 

specifically to deal with the ionic stress (i.e., excess sodium and associated 

potassium deficiency) (Zhu, 2001).  The specific monitorable changes include ion 

accumulation, photo-assimilate translocation, protein generation, and amino acid 

expression (Hester, 2001 and Santa Cruz et al. 1999). Specifically, plants have 

been shown to produce polypeptides, carbohydrates, and sugar alcohols (Small 

and Yitzchak, 1992; Klages et al., 1999; Nguyen and Lamant, 1988; Keller and 
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Ludlow, 1993; Everard et al., 1994). Also, in many plant species, salinity stress 

has resulted in a general increase in amino acid levels, especially Pro 

accumulation, which seems to be an adaptative response to salinity in the short-

term (Bourgeais-Chaillou and Guerrier, 1992; Venekamp et al., 1989). 

Because of the many biochemical responses initiated by a plant as it adapts to 

salinity stress, it may be possible to utilize remote sensing techniques to monitor 

these biochemicals. If a correlation between these biochemical changes and 

spectral response can be developed, then it may be possible to use information 

to monitor plant response to salinity. 

Radiation reflected from a surface provides information about the state of 

the surface.  Remote sensing detects this radiation and can be defined as the 

acquisition of information about a target with a sensor that is not in direct contact 

with it. Remote sensing from an agricultural point of view is a relatively 

inexpensive source of data for site-specific crop management (Moran et al., 

2000). Ample research has been done on use of satellite-acquired data for use in 

mapping of vegetation and certain plant responses.   In agricultural applications, 

spectral vegetation indices (SVI) are synthesized from specific wavelength 

reflectances using a variety of techniques. These techniques include; summing, 

differencing, and ratioing of vegetation spectral reflectances at two or more 

wavelengths.  These indices are correlated with several vegetation parameters 

such as canopy cover and leaf area index.  
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Remote sensing data acquisition can be said to occur at three distances 

from the plant.  These include; top of leaf (TOL), top of canopy (TOC), and top of 

atmosphere (TOA).  These acquisition levels have associated advantages and 

disadvantages.   

Less commonly utilized, Top of Leaf (TOL) remote sensing provides the 

greatest possibility of quantitative measurements of plant status.  TOL data 

require few corrections, with the angle of the sun at time of measurement being 

the primary correction.  Laboratory measurements and model simulations have 

shown that TOL reflectances can provide quantitative estimates of plant status. 

For example, Ceccato et. al. (2001) developed an index based on shortwave 

infrared (SWIR) and the near infrared (NIR) wavelengths that measured leaf 

water content expressed in quantity of water per unit leaf area (g cm-2). Because 

of the greater possibility of quantitative measurements, TOL scale remote 

sensing was chosen for use in this project. 

Materials and Methods 

 

In order to control drought and salinity stress, it was necessary to choose an 

environment for the experiment where these and other variables could be 

monitored and controlled.  To this end, the project was carried out at the National 

Taiwan University Phytotron Facility.  This facility has rooms with the capacity to 

monitor and control pest intrusion, humidity, temperature, and solar radiation.  

The room chosen for the experiment has a semi-circle, glass roof facing north. 
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The temperature was maintained at 22 degrees Celsius, and the humidity was 

maintained at 75 percent relative humidity.    

The plant chosen for the experiment was pak choi Chinese cabbage 

(Brassica rapa L. var. chinensis (Rupr.) Olsson).  Pak choi generally grows to 

marketable harvest in 6-7 weeks inside a controlled environment.  Salinity is one 

of the major concerns in the commercial production of this vegetable because 

pak choi is sensitive to salinity. 

Seeds were planted in rectangular growth trays and placed in a growth 

chamber within the Phytotron Facility.   These seedlings remained in the growth 

chamber until a minimum of two leaves had emerged from the soil.  The 

seedlings were then transferred to 9 cm diameter, 9 cm deep pots.  The pots 

were arranged in pot carriers with spacing between pots of 18 cm in length and 

width from each pot center, and each carrier held 20 pots.  Carriers, holding the 

pots, were placed on trays on the top of aluminum carts approximately 76 cm 

from the floor. 

The soil was BVB TS Professional mixed with local top soil.  The initial 

electrical conductivity (EC) of the soil was 0.85 mS cm-1.  The soil included a 

starting mix of fertilizer with a ratio of 12/14/24 (N/P/K).  The pH of the soil was 

5.7.   The soil moisture holding capacity (SMHC) and water characteristic curve 

were determined using a pressure plate within an air tight chamber with soil 

moisture measurements at various pressures from 100 to 1500 kPa.  Soil 

infiltration rate and saturated hydraulic conductivity were measured. These soil 
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parameters were later used in the FAO CROPWAT model to determine the 

irrigation schedule. 

The nutrient solution was a 100:1 dilution of Hyponex liquid fertilizer (6-10-5 for 

all purposes; HYPONEX JAPAN Corp., Ltd., Osaka, Japan) in deionized water 

with an EC of 0.3 dS/m. 

Each treatment included ten plants that were randomly placed in their 

carriers on the bench using a random number generator provided in the 

statistical package R.  

To achieve comparison of salinity-induced stress, it was necessary to 

estimate the levels of irrigation water and soil water salinity that would result in 

specified yield reductions in each treatment. Salt tolerance of various crops is 

well-documented; for example, FAO Irrigation and Drainage Papers – 29 (FAO 

IDP 29) provides yield-salinity relationships for a variety of crops (Ayers and 

Westcott, 1994).  Although there is no published yield-salinity data available for 

pak choi, data from the FAO IDP 29 for similar crops, cabbage and lettuce, was 

used to estimate salinity tolerance for pak choi in this experiment.  A simple 

average of lettuce and cabbage salinity-yield relationships was calculated in 

order to specify the salinity-yield relationship for the pak choi treatments (Table 

1). Initial estimates of leaching requirements that resulted in corresponding 

average ECe values (Table 1) for pak choi were calculated with equations 2, 3, 

and 4. This process was repeated for the range of fractions of maximum yield 

assigned for each trial.   
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NaCl and CaCl2 were added to the nutrient solution to create saline water with 

required EC for each treatment.  The following rule-of-thumb equation was used 

with equal amounts of NaCl and CaCl2 added to the nutrient solution 

�
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Equal meq/L of Na and Ca were added to avoid Na-specific toxicities and 

soil permeability-related problems (Ayers and Westcott, 1994).  The nutrient and 

saline solutions were mixed and stored in a dark, cool chamber between 

applications.    

There were three trials, and the salinity levels varied during the three trials as the 

experiment was refined.  Trial one had three salinity treatments (control, 100 % 

yield salinity (100), 75 % yield salinity (75s), and 50 % yield salinity (50s)).  Trials 

two and three employed progressively more salinity waters.  Trial two included 

saline waters made with ECw levels of 0.3, 2, 4, and 6 (labeled s0, s2, s4, and 

s6).  Trial three included all of the treatments of trial two as well as an additional 

treatment with a water salinity level of 3 dS m-1, s3.  This additional treatment 

was added to determine the sensitivity of the index to small differences to salinity 

stress. There was no predicted yield reduction in trials two and three (Table 2). 

�
For trial one, the necessary leaching requirements in each treatment were 

initially estimated with the leaching requirement equation (Equation 2) based on 

the ECe and ECw relationship in Table 1 (Rhoades 1974; and Rhoades and 
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Merrill 1976): Each treatment had its own leaching fraction and own irrigation 

schedule.  
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For trials two and three, the leaching fraction was calculated with Equation 

2 so that the ECe of the soil was the same as irrigation water ECw The calculated 

leaching fractions in all trials were refined by applying the nutrient and saline 

solution to the soil, collecting soil leachates, and using Equation 3.  In using 

Equation 3, the assumption was that the EC of the drainage water (ECdw) would 

be the same as the EC of the soil (ECe); however, the ECe used in data analysis 

was the measured saturated paste extract ECe   

dw

w
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EC
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The depth of water to be applied during each irrigation was calculated by 

CROPWAT according to Equation 4. 
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  FAO’s CROPWAT computer-based irrigation model was employed to 

create irrigation schedules.  FAO Water Report 22 demonstrated that the FAO 

CROPWAT model could be useful in improving the design of experimental 

methods in research studies and in identifying inconsistencies in procedures and 

results (FAO, 2002).  In addition the model accounted for changes in the crop 

sensitivity to water stress, ky, as a function of growth stage and irrigation method, 

assuming that pak choi has the average response of lettuce and cabbage.  Soil, 

climate, rainfall, ETm, and crop information were inserted into the computer 

model to determine irrigation scheduling for the salinity treatments and 100 % 

yield irrigation treatment.   

Each day that spectral measurements were taken, ECe and ECw 

measurements were made. The irrigation water was collected from the nutrient 

solution containers. The electrical conductivity of the water applied to each plant 

was measured with a YSI 32FL conductivity meter. Soil samples for ECe (3 to 4 g) 

were collected from pots. Distilled water was added to soil samples until 

saturation (saturated paste extract); subsequently, vacuum filtration took place 

with a Buckner funnel, flask, filter paper, vacuum pump, and beaker (as extract 
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container).  Extracts were analyzed for electrical conductivity (dS/m) with the YSI 

32FL conductivity meter. 

Spectral reflectances in the wavelengths from 350 nm to 2500 nm were 

measured with a GER 2600 spectroradiometer.  The GER 2600 (Geophysical 

and Environmental Research Corp.) is a three-dispersion, grating 

spectroradiometer using Si and PbS detectors with a single field of view. The 

wavelength range is 350 nm - 2500 nm with a resolution of 1.5 nm in the 350 nm 

- 1050 nm range, 6.2 nm in the 1050 nm - 1900 nm range and 9.5 nm in the 1900 

nm - 2500 nm range.  A fiber-optic, cable sensor was attached to the GER 2600.  

The fiber-optic cable was mounted on a stand at a fixed position of 15 cm from 

the plant at the nadir position.  The focus of the sensor was entirely on a single 

leaf of the plant being assessed.  Each pot was placed on a fixed tray, directly 

under the sensor.  A total of three measurements were taken per pot. The pots 

were rotated 30o after every measurement so that 90 o of the pot arc was 

sampled.  The radiance was converted to reflectance using scans of a 

Spectralon reference panel taken before and after plant measurements were 

collected each day. 

The data acquisition program included with the GER 2600 digitized the 

voltages and recorded reflectance percentages at each of the selected 

wavelengths, having been corrected for sun-angle and temperature effects.  Plot 

number, time, incident irradiance, and temperature within the radiometer were 

recorded, and the time of each scan was recorded in the RAM file with each scan. 
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The sensor averaged several scans during a single plant scan and provides an 

average value.  Radiometer sensor millivolt readings were logged in the GER 

2600.  Java macros were used to retrieve the data from the unformatted GER 

ASCII files, and to process the retrieved data to calculate percent reflectance. 

Output reflectance data files were ASCII text files, comma delimited, for easy 

import into spreadsheet programs for subsequent data analysis and graphing.   

Microsoft Excel was used for data analyses and graphs. The data was analyzed 

using the Kendall’s Tau Coefficient, the Spearman’s rank correlation coefficient, 

and linear regression in R (Ross and Robert, 1996). 

Scans were taken at 3:00 p.m. on days with no cloud cover, which was 

approximately 8 hours after irrigation. The radiometer was allowed to warm and 

then to equilibrate its temperature with the outside environment before readings 

were made.   

At completion of the trial, the dry weight mass was measured as an indicator of 

yield. After six weeks, all standing biomass from each pot was clipped and dried 

for 24 hours in an oven at 120 degrees Celsius and then measured using a 

digital weighing scale.  Yield was determined by dividing the weight of the 

harvested and dried pak choi by the surface area of the pots (expressed as g 

cm–2).     

Results and Discussion 
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This section describes the reflectance and yield data, salinity index development, 

and theory on plant biochemical response to salinity. 

Yields were close to the expected yields based on the CROPWAT model.  These 

show that the experiment was successful in achieving yield reduction with 

salinity-induced stress (Figure A22). Cloud cover conditions had a substantial 

impact on trial two results.  Trial two had inconsistent solar radiation during the 

monsoon season in Taiwan, and cloud cover moved in and out during collection 

of spectral reflectance data during several days of data collection. Additionally, 

two thirds of the growth period for trial two had substantial daily cloud cover.  

Trials one and three had consistent clear skies during data collection and mostly 

clear skies during their growth periods.  This increased cloud cover for trial two, 

resulted in reduced evapotranspiration, and therefore less stress to the crop. 

In the process of developing a remotely sensed plant status index that is 

specific to one and not other stresses, one must understand how different plant 

parameters (vegetation, water, and other factors) affect the signal measured at 

the sensor. Ideally, an index will include wavelengths that are sensitive to the 

specific stress of interest and insensitive to other stresses.  Because photo-

assimilates (salinity induced biochemicals in the plant) have a response in the 

SWIR range and because the visible red range response is primarily influenced 

by photosynthesis, which is correlated with salinity, this research chose 

wavelengths from these ranges for the salinity stress index. On the other hand, 

water accumulation in leaves has a strong response in the near infrared (NIR) 
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region so this region was not selected as a component in the salinity index. For 

example, the Normalized Difference Infrared Index (NDII), Water Index (WI), and 

the Normalized Difference Water Index (NDWI), which use data from the NIR 

region, have demonstrated the ability to provide strong correlation to leaf and 

canopy water content (Gao, 1996, Hardisky et al., 1983, and Penuelas, et. al., 

1997). 

In order to find regions in the SWIR that are sensitive to salinity stress, it is 

helpful to understand the biochemical responses to salinity stress, and determine 

the associated biochemicals that might change in concentration when such a 

stress reaction occurs. Curran (1989) and Elvidge (1990) determined the spectral 

response regions (Table A14) for many biochemical compounds.  Of specific 

interest for this study are those biochemicals whose concentrations change 

under salinity stress. As noted earlier, concentrations of proteins, sugars, and 

starches are the predominant biochemicals that change when a plant undergoes 

stress from salinity.  A study by Fourty et al. (1996) investigated the spectral 

response regions proposed by Curran and Elvidge to determine if their 

correlations actually apply in living plants.  Their results showed high correlations 

between spectral response regions and the concentrations of the biochemicals 

associated with these regions.  Specifically, they found that the spectral response 

regions associated with starches and sugars were highly correlated with the 

starch and sugar content of the leaves.  
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Regions that are sensitive and insensitive to salinity status can be 

observed in the spectral signatures of the different treatments in this experiment.  

For example, the spectral signatures of salinity treatments on DOY 207 are 

shown in Figure A23.  These signatures confirmed that measurable differences 

between saline treatments are available in the wavelength region (SWIR) from 

1500 to 2000.  Other individual day full spectral reflectances provided the same 

general trend, but with varying degrees of differentiation between the treatments.  

The reflectance values for all treatments, at all measured wavelengths, 

and the sampled ECw and  ECe values were imported into the R statistical 

package.  The R package was employed to create correlation matrices using the 

Kendall’s Tau Coefficient and the Spearman’s rank correlation coefficient. Based 

on a review of the correlation matrices for the 18 days across the three trials, it 

was determined that the highest positive correlations between spectral 

reflectance and salinity occurred within the 330 to 370 nm range and the 600 to 

700 nm range.  Further, it was determined that the greatest negative correlations 

between spectral reflectance and salinity occurred at the ranges 1440 to 1480 

nm, 1640 to 1680 nm, and 1930 to 1980 nm.  Comparing them to Table 1, it was 

concluded that these spectral regions relate to chlorophyll (330-370 and 600-

700), sugar/starch (1440-1480), starch/protein (1640-1680), and sugar/protein 

(1930-1980).   The negative correlation of reflectance with salinity in the SWIR 

range is explained by the fact that photo-assimilates accumulate in leaves at high 

salinity, thus more radiation is absorbed by the leaf in the SWIR and reflectance 
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decreases. On the other hand, the positive correlation of reflectance with salinity 

(higher reflectance for high salinity) in the red (660 nm) range indicates a 

decreased rate of photosynthesis for high salinity treatments. This response was 

also observed by USDA-ARS Salinity Lab personnel during the development of 

the SVIR index, which was developed to measure salinity (Wang, 2002). 

The correlation of selected wavelengths, as well as ECw, and ECe, were 

analyzed using principal component analysis.  Table A15 shows the correlation 

matrix from this analysis.  Based on the level of correlation and the fact that 

these wavelengths are less sensitive to water stress, 660 (visible), 1480 (SWIR), 

and 1640 (SWIR) were selected as the wavelengths to be utilized in a spectral 

salinity index .   

Spectral responses of the wavelengths in Table 4 during the early and late 

season of Trial 1 as well as spectral responses for water treatments (75w, 50w, 

and 40w)  are shown in Figures 3 and 4. Both in the early (Figure 3) and late 

season (Figure 4), a general response to salinity was observed in the 1480 nm 

and 1640 nm range, with saline treatments generally reflecting less than the non 

stressed treatments.  Reflectance of high salinity treatments at 1000 nm was 

consistently less through both the early and late season (Figure 3 and Figure 4).  

This region is associated with proteins, and it is know that protein concentrations 

will change with salinity stress (Hester, 2001 and Santa Cruz et al. 1999). These 

differences are also observed in Figure A23.   
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The chlorophyll related reflectance (red and blue) with salinity-stressed 

plants having lower reflectance than non-stressed plants can be observed in 

Figure 4 and Figure 5.   In Figure 5, the trend is that reflectance increases with 

salinity stress. Figures 6 and 7 show the opposite trend for the 1480 and 1640 

wavelengths with reflectance decreasing with increasing salinity.  

A regression analysis was carried out for reflectance vs. saturated paste 

extract salinity for the 660, 1480, and 1640 wavelengths shown in (Figure A26, 

Figure A27, and Figure A28).  The least squares regression by trial indicated that 

the 1480 and 1640 nm wavelengths had the strongest correlation with soil salinity 

(other wavelengths that were not used in the index are not shown in the table).  

Among the trials, trial 2 had the lowest correlation and R2 values.  This was 

probably the result of lower stress on the plant due to cloud cover.  

Because the spectral responses at 660, 1480, and 1640 nm had the 

strongest correlation with soil salinity and because they are not correlated with 

water reflectance, they were selected for the new salinity index. The PCA 

correlation matrix indicated that the 660 nm data had a strong positive correlation 

to irrigation water salinity, while the 1480 and 1640 nm data had a strong 

negative correlation to soil salinity (Table 4).  However, the 660 nm reflectance 

was not strongly correlated to soil salinity, and the 1480 and 1640 data were not 

strongly correlated with water salinity.  

Based on the positive and negative correlations, the 660 nm reflectance 

was placed in the denominator, and the 1480 and 1640 nm wavelengths were 
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placed in the numerator of the new index, the Salinity Stress Index (SSI).  It is 

likely that the SSI will be a crop dependent index.  In an effort to develop a more 

general index for different plants, the concept of the NDVI ratio model was 

employed with addition of reflectances in the denominator and subtraction in the 

numerator.  In the normalized salinity model, the sum of the SWIR bands are 

subtracted from 660 in the numerator and added to 660 in the denominator. This 

index was named the the Normalized Salinity Stress Index (NSSI).  
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�
These indices were compared to the normalized difference vegetation 

index (NDVI) for detection of salinity.  The NDVI is the difference between the 

NIR band (830 nm) and the red band (690 nm) divided by the sum of the NIR 

band and the red band, and its values typically range from 0.1 for bare soils to 

0.9 to 1 for a full canopy cover. if the NDVI is  not sensitive to salinity stress, then 
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the NDVI could be used in conjunction with the SSI/NSSI to develop a trapezoid 

similar to that employed in the water deficit index (WDI), which would possibly 

allow this index to be used at top of canopy or top of atmosphere scales.   
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These indices were computed in Microsoft Excel and thereafter imported 

into R for correlation analysis using Pearson product-moment correlation 

coefficient.  The computed indices were compared to each treatment’s yield and 

the saturation paste salinity, for each trial.  Table A16 displays the correlation 

coefficients.  The NDVI index, for the most part, does not correlate well to either 

yield or soil salinity.  Comparatively, the NSSI and SSI have high correlations to 

yield and soil salinity.  The statistical results would suggest that SSI does a better 

job of predicting soil salinity, while the NSSI does a better job of predicting the 

yield.  Trial two had the lowest correlation coefficients; again this is attributed to 

the changing cloud cover caused by the Taiwan monsoon season. 
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Table A17 shows the T probabilities computed for each treatment, by trial 

and indices. 
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Using an alpha value of 0.05, the SSI index for all stressed treatments, 

across all trials, was significantly different from the control.  The NSSI index 

shows that only one treatment, Trial 1 – 75s, was not significantly different from 

the non-stressed treatment, while all other treatments were significantly different.  

It was conjectured, that this anomaly might be the consequence of the 75s 

treatment having the highest sodium absorption ration (SAR) for all treatments 

employed.  A high SAR would be expected to result in infiltration problems, and 

therefore drought related stress, rather than strict salinity stress.  Lastly, the 

NDVI index showed significant differences for only two treatments (Trial 1 – 50s 

and Trial 2 – s6).  NDVI was only able to significantly differentiate stressed 

treatments from nonstressed treatments in the most severely stressed plants.  

These plants, in fact, were so stressed that simple visual inspection was able to 

detect the stress well before NDVI.  

Figure A29 and Figure A30 display the SSI and NSSI values plotted 

against the soil salinity.  Trend lines were computed for each trial, and the R 

values are displayed on each chart.  As noted in all other data, the trial two trend 

lines and R values differ a great deal from trial one and trial three values.  This is 

due to the increased cloud cover that occurred during the trial two period.  Lower 

levels of solar radiation would both reduce the evaporation of water from the soil, 

as well as the transpiration of the plant.  If the evapotranspiration was lower, then 

it can be conjectured that the actual stress experienced by the plant was reduced. 
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Nevertheless, there was still a strong correlation between the NSSI and SSI with 

soil salinity for trial two. 

Conclusions 

Based on the statistical analyses, the SSI and NSSI indices had significant 

differences between treatments and should be capable of assessing salinity 

stress in crops. The SWIR wavelengths that were most sensitive to salinity stress 

were 1480 and 1640 nm.  The 660 nm reflectance was sensitive to overall plant 

health and photosynthesis, and actual yield. Both the SSI and the NSSI indices 

had strong correlations with yield and soil salinity.   
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��
)������������*������)36<6+�����$��������)366'++��
Wavelength 

(nm)
Spectral 

Label Plant Biochemical Compounds

430 Electron transition Chlorophyll a
460 Electron transition Chlorophyll b
640 Electron transition Chlorophyll b
660 Electron transition Chlorophyll a
910 C-H stretch, 3rd overtone Protein
930 C-H stretch, 3rd overtone Oil
970 O-H bend, 1st overtone Water, starch
990 O-H stretch, 2nd overtone Starch

1020 N-H stretch Protein
1040 C-H stretch, C-H deformation Oil

1450
O-H stretch, 1st overtone, C-H stretch, C-H deformation Starch, sugar, lignin, 
water

1490 O-H stretch, 1st overtone Cellulose, sugar
1510 N-H stretch, 1st overtone Protein, nitrogen
1530 O-H stretch, 1st overtone Starch
1540 O-H stretch, 1st overtone Starch, cellulose
1580 O-H stretch, 1st overtone Starch, sugar
1690 C-H stretch, 1st overtone Lignin, starch, protein, nitrogen

1780
C-H stretch, 1st overtone/O-H stretch/H-O-H deformation Cellulose, sugar, 
starch

1900 O-H stretch, C-O stretch Starch

1940
O-H stretch, O-H deformation Water, lignin, protein, nitrogen, starch, 
cellulose

1960 O-H stretch/O-H bend Sugar, starch
1980 N-H asymmetry Protein
2000 O-H deformation, C-O deformation Starch
2080 O-H stretch/O-H deformation Sugar, starch
2100 O=H bend/C-O stretch/C-O-C stretch, 3rd overtone Starch, cellulose
2130 N-H stretch, Protein
2240 C-H stretch, Protein
2250 O-H stretch, O-H deformation Starch
2270 C-H stretch/O-H stretch, CH2 bend/CH2 stretch Cellulose, sugar, starch
2280 C-H stretch/CH2 deformation Starch, cellulose
2300 N-H stretch, C=O stretch, C-H bend, 2nd overtone Protein, nitrogen
2320 C-H stretch/CH2 deformation Starch 

Visible

Near 
Infrared

Shortwave 
Infrared

�
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������,3:4�*���������C���������������
�����������������	
���
�����������	����������
�����
������	��
�����������
������������

ECw ECe 660 nm 810 nm 900 nm 1000 nm 1236 nm 1480 nm 1640 nm
ECw 1.0000 0.4800 0.6139 0.1543 0.1578 0.1746 0.0344 -0.1053 -0.1736
ECe 0.4800 1.0000 0.2098 -0.1441 -0.1286 -0.1267 -0.2383 -0.5063 -0.4754
660 nm 0.6139 0.2098 1.0000 0.8423 0.8416 0.8565 0.7439 0.2047 0.4318
810 nm 0.1543 -0.1441 0.8423 1.0000 0.9996 0.9973 0.9825 0.5610 0.8090
900 nm 0.1578 -0.1286 0.8416 0.9996 1.0000 0.9968 0.9843 0.5679 0.8138
1000 nm 0.1746 -0.1267 0.8565 0.9973 0.9968 1.0000 0.9747 0.5490 0.7982
1236 nm 0.0344 -0.2383 0.7439 0.9825 0.9843 0.9747 1.0000 0.6684 0.8963
1480 nm -0.1053 -0.5063 0.2047 0.5610 0.5679 0.5490 0.6684 1.0000 0.9069
1640 nm -0.1736 -0.4754 0.4318 0.8090 0.8138 0.7982 0.8963 0.9069 1.0000  

������,3&4�*�����������������
�������������$*���
����"���
��������8������
����������������������

SSI NSSI NDVI
Soil Salinity (ECe) -0.7861 -0.7694 0.2685
Yield 0.6492 0.8068 -0.2440
Soil Salinity (ECe) -0.4299 -0.4123 -0.2121
Yield 0.5236 0.6790 0.4413
Soil Salinity (ECe) -0.6207 -0.5132 0.1048
Yield 0.5929 0.8464 -0.2862

Trial 1

Trial 2

Trial 3
�

�
������,3A4�������������
�������������
����������
���������������
�����
���

���
���������
������������

SSI NSSI NDVI
50s 0.0002 0.0010 0.0326
75s 0.0026 0.1787 0.5139
s2 0.0315 0.0132 0.0568
s4 0.0441 0.0230 0.0667
s6 0.0169 0.0056 0.0050
s2 0.0201 0.0005 0.3342
s3 0.0053 0.0013 0.5327
s4 0.0001 0.0005 0.7639
s6 0.0007 0.0004 0.3744

t Statistic

Trial 1

Trial 2

Trial 3

��
 

������,A4�����������8���������������

��������
�
����������$*������������
��
���
�����������
��

SSI NSSI NDVI
Slope -0.90 -13.44 -10.44
p-value 0.00 0.00 0.06

Trial 1

�
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SSI NSSI NDVI
Slope -0.90 -13.44 -10.44
p-value 0.00 0.00 0.04

Trial 2

�

SSI NSSI NDVI
Slope -1.76 -33.63 -15.71
p-value 0.00 0.00 0.08

Trial 3
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Trial 1 R2 = 0.4668
Trial 2 R2 = 0.0236
Trial 3 R2 = 0.4221
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APPENDIX B : PAPER TWO 
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Introduction 

This research evaluates the ability of two new salinity indices, the Salinity Stress 

Index (SSI) and the Normalized Salinity Stress Index (NSSI), to distinguish 

between drought and salinity stress. 

Soil salinization is increasing worldwide, especially in arid and semi arid regions 

and wherever irrigation is practiced. Approximately 10% of presently-arable lands 

are degraded by salinity (Tabet et al., 1997). Excess salinity decreases 

germination, growth, and yield of crops. Detecting plant salinity stress early in the 

season can reduce yield loss if the farmer increases the irrigation leaching 

fraction.   

Although salinity status can be measured with chemical analysis of soil water 

extracts and/or plant samples, this process is laborious and time-consuming. 

Remote sensing techniques have been shown to be a rapid and useful tool in 

monitoring and predicting salinity-related crop productivity problems (Rahman et 

al., 1994; Alsaifi and Quari, 1996; White, 1997). Remote sensing can be a 

relatively inexpensive source of data for site-specific crop management (Moran et 

al., 1997). It can be defined as acquisition of information about a target with a 

sensor that is not in direct contact with the target. These systems can acquire 

extensive spatial and temporal data in a very short time.  

Soil salinity creates both ionic and osmotic stresses for plants. The ionic aspect 

of salinity stress is clearly distinct from other abiotic stresses such as drought 

and cold, and there are signaling pathways dedicated specifically to deal with 
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ionic stress (i.e., excess sodium and associated potassium deficiency) (Zhu, 

2001). Current research indicates that plant response to salinity over time 

involves hormonal and metabolic changes within the plant (Munns, 2002; Zhu, 

2001). Specific noticeable changes include ion accumulation, photo-assimilate 

translocation, protein generation, and amino acid expression (Hester, 2001; 

Santa Cruz et al. 1999). Specifically, plants have been shown to produce 

polypeptides, carbohydrates, and sugar alcohols (Small and Yitzchak, 1992; 

Klages et al., 1999; Nguyen and Lamant, 1988; Keller and Ludlow, 1993; Everard 

et al., 1994). Also, in many plant species, salinity stress results in a general 

increase in amino acid levels, especially protein accumulation, which seems to 

be an adaptative response to salinity in the short-term (Bourgeais-Chaillou and 

Guerrier, 1992; Venekamp et al., 1989).   

In addition to the SSI and NSSI, this research also evaluates the ability of two 

other indices to distinguish salinity and drought stress. The simple ratio 

vegetation index (SRVI) was developed by Wang et al. (2002) as a salinity status 

index; it measures the ratio of reflectance at 850 nm to the reflectance at 660 nm.  

The SRVI range changes with the type of plant, and must be defined for each 

plant species.  The normalized difference vegetation index (NDVI) is a 

modification of the ratio vegetation index (RVI) developed by Rouse (1973) for 

vegetation evaluations. The NDVI is the difference between the NIR band (830 

nm) and the red band (690 nm) divided by the sum of the NIR band and the red 
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band; its values typically range from 0.1 for bare soils to 0.9 to 1 for a full canopy 

cover.   

Curran (1989) and Elvidge (1990) determined the spectral response regions for 

many biochemical compounds.  Stong, et al. (2008) showed that salinity stress 

induces changes in the starch and protein content within a crop and that 

associated spectral responses could be used to develop a salinity stress index. 

Stong et al. (2008) developed two indices to evaluate stress: the SSI (salinity 

stress index) and NSSI (normalized salinity stress index), and these indices 

utilize reflectance measurements in the visual and SWIR region of the 

electromagnetic spectrum.  The SSI acts like the SRVI, in that the index is a 

simple ratio, and the range varies with plant species.  The NSSI is a normalized 

version of the SSI. This research evaluates these indices over a range of salinity 

and drought stress treatments.   

The general objective of this research was to evaluate the response to salinity 

and drought stress of one vegetation index (NDVI) and three salinity indices (SSI, 

SRVI, and NSSI) in a range of salinity and drought stress treatments.   The 

specific objectives were to evaluate the ability of each index to; (1) detect and 

record reliably and consistently the plants' salinity status, (2) distinguish between 

salinity and drought stress, (3) correlate with actual soil salinity, and (4) correlate 

with actual yield.   

Materials and Methods 
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In order to isolate drought and salinity stress, it was necessary to control other 

environmental variables.  To this end, the project was carried out at the National 

Taiwan University Phytotron Facility.  This facility has controlled environment 

rooms with the ability to monitor and control pest intrusion, humidity, temperature, 

and solar radiation.  The room chosen for the experiment has a semi-circular 

glass roof facing north. During the experiment, the temperature was maintained 

at 22 degrees Celsius, and the humidity was maintained at 75 percent relative 

humidity.   The plant chosen for the experiment was pak choi Chinese cabbage 

(Brassica rapa L. var. chinensis (Rupr.) Olsson).  Pak choi generally grows to 

marketable harvest in 6-7 weeks inside a controlled environment.  Salinity is one 

of the major concerns in the commercial production of this vegetable because 

pak choi is sensitive to salinity.  The soil was BVB TS Professional mixed with 

local top soil.  The electrical conductivity (ECe) of the soil was 0.85 dS m-1.  The 

soil starting mix fertilizer ratio was 12/14/24 (N/P/K).  The soil pH was 5.7.   The 

soil moisture holding capacity (SMHC) was determined for use in the CROPWAT 

model which was used to determine irrigation scheduling.  The nutrient solution 

was added to the irrigation water at a 100:1 ratio: Hyponex liquid fertilizer (6-10-

5); HYPONEX JAPAN Corp., Ltd., Osaka, Japan).  The irrigation water solution 

had an EC of 0.3 after the liquid fertilizer was added to deionized water. 

The levels of salt and drought application to treatments were designed to result in 

desired percent yield reductions. Salt tolerance of various crops is well-

documented, and the Water Quality for Agriculture FAO Irrigation and Drainage 
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Paper 29 (FAO IDP 29) provides salinity – yield relationships for a variety of 

crops (Ayers and Westcott, 1994); however, there is no relationship listed for pak 

choi.  For this experiment, FAO IDP 29 data for similar crops, cabbage and 

lettuce, were used to design salinity treatments for pak choi.  A simple average of 

lettuce and cabbage response to irrigation water salinity was used.  Salts, NaCl 

and CaCl2, were added to the nutrient solution to form the calculated irrigation 

water salinity solutions in the three salinity treatments.  The three salinity 

solutions were formulated and set aside in a dark, cool chamber between 

applications.   

The FAO CROPWAT computer model (FAO Deficit Irrigation Practices Water 

Report 22) was used to design irrigation treatments. The model accounts for 

changes in crop sensitivity to drought stress (ky) as a function of growth stage 

and irrigation method. The salinity treatments all received the optimal depth of 

water per application.  The waters used for each trial varied.  For trial one (Table 

1), three saline solutions (100% yield salinity (100), 75% yield salinity (75s), 50% 

yield salinity (50s)) were created and stored in a dark, cool chamber between 

applications.  For Trial two, four saline solutions were created (100% yield salinity 

(100), 75% yield salinity (75s), 50% yield salinity (50s), and 40 % yield salinity 

(40s)).  Trial three (Table 1) employed saline waters with EC levels of 0.3, 2, 3, 4, 

and 6 (labeled 100, s2, s3, s4, and s6).    

The CROPWAT model was used to calculate irrigation rates in order to obtain 

25% (75w) and 50% (50w) yield reductions (Table 1).  Trial 2 used drought 
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treatments that were designed to obtain for 25%, 50%, and 60% (40w) yield 

reduction.  Trial three employed only one drought treatment with 70% (30w) yield 

reduction. 

During the experiment, the following measurements were made: ECe, ECiw, leaf 

chlorophyll content, and spectral reflectance from 350 nm to 2500 nm.  At 

harvest, dry plant biomass was measured as an indicator of yield.  

During irrigation, the electrical conductivity of irrigation water was measured in 

nutrient solution containers with an YSI 32FL electrical conductivity meter. On 

each day spectral reflectance measurements were made, soil samples were 

collected from the root zone of the crop. Distilled water was added to soil 

samples until saturation (saturated paste extract); subsequently, vacuum filtration 

took place with a Buchner funnel, flask, filter paper, vacuum pump, and beaker 

(as extract container).  Extracted waters were analyzed 24 hours later for 

electrical conductivity (dS m-1). 

Leaf chlorophyll content was measured with a SPAD 502 handheld meter.  The 

meter was held approximately 15 cm from the plant when measurements were 

taken.  Three measurements were taken from three separate leaves on a single 

plant, and an average for each plant was calculated. 

A GER 2600 spectroradiometer collected spectral measurements.  The GER 

2600 (Geophysical and Environmental Research Corp.) is a three-dispersion, 

grating spectroradiometer using Si and PbS detectors with a single field of view.  

A fiber-optic, cable sensor was attached to the GER 2600.  The fiber-optic cable 
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was mounted on a stand at a fixed position of 15 cm from the plant at the nadir 

position.  This resulted in the entire field of view of the sensor on a leaf of the 

plant.   Each pot was placed on a fixed tray, directly under the sensor.  The pots 

were rotated by 30o after every measurement, and three measurements were 

taken per plant per day.  This was done in order to average the effect of canopy 

orientation on reflectance. A spectralon panel was used as the reference for 

conversion of radiance to reflectance.  Scans of the spectralon panel were taken 

at the beginning and of each spectral collection period. 

Output reflectance data files were ASCII text files, and Microsoft Excel was used 

for data analysis: calculation of SRVI, SSI, NSSI, and NDVI indices. Scans were 

taken at 3:00 pm on days with no cloud cover, which was approximately eight 

hours after irrigation.   

The equations for the four indices are as follows: 
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After six weeks, all standing biomass from each pot was clipped and dried for 24 

hours in an oven at 120 0C and then weighed.  Yield was calculated by dividing 

the weight of the harvested and dried pak choi by the surface area of the pots 

(expressed as g cm–2).  

Tests for significant differences between treatments were performed with paired 

Student t-tests in which values were paired for each day and with a 95% alpha. 

Results 

In this section, the indices are evaluated for their ability to detect the applied 

stresses, and differentiate between severities of these stresses.  Thereafter, 

these indices are reviewed for their ability to correlate with actual yield and soil 

salinity.   The measurements presented in this research and used to make the 

above evaluations include the following: leaf chlorophyll content as estimated by 

the SPAD meter, spectral reflectance from 350 nm to 2500nm, soil water salinity 

as ECe, and dry plant biomass as an indicator of yield.   In order to facilitate the 

review of charts and tables in this section, the following conventions were 

employed: 

1. In charts, the 100 or control treatment is represented as a solid 

thick line. 
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2. In charts, the water/drought stressed treatments are shown as 

dashed thin lines. 

3. In charts, the salinity stressed treatments are displayed as solid thin 

lines. 

4. In t statistic tables, values which indicate statistical difference 

based on an alpha value of 0.05 are bolded. 

Salinity of the Saturation Paste Extracts 

Soil samples were taken every day that reflectance measurements were taken, 

and electrical conductivities (ECe) were measured and averaged for each 

treatment (Figure B31). The ECe values for all treatments were greater than the 

control treatment.  The increase in soil salinity in the drought stress treatments 

can be attributed to accumulation of salts in the soil as the consequence of the 

reduced application of water.   

Yield 

At the end of the experimental period, when the control treatment reached 

marketable maturity, the pak choi was harvested and weighed.  Table B19 shows 

the marketable yield (mass per area). The drought-stressed treatments showed 

significantly greater loss of yield compared to the salinity-stressed treatments 

despite the fact that the treatments were designed to have equal yield reduction. 

This difference possibly indicates that the salinity tolerance of pak choi is greater 

than that of the average of lettuce and cabbage and vice-versa for drought 
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tolerance.  Equation 5 is utilized to estimate the relative yield loss based on 

deficit irrigation applications (FAO, 1998).  In order to predict more accurate 

relative yield values for pak choi, it would be necessary to alter the yield 

response coefficient (ky) to drought stress.  Since there was no published ky, the 

project used an average of the coefficients available for lettuce and cabbage.  

Based on the actual yield results this assumed ky was too low, underestimating 

pak choi’s actual yield response to deficit irrigation.  Results suggest the ky value 

for pak choi should be increased by ~ 40 %. 
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Chlorophyll 

The Minolta Chlorophyll SPAD-502 meter utilizes two LEDs that emit light onto 

the upper surface of a leaf:  a red LED with a peak wavelength of 650 nm and an 

infrared LED with a peak wavelength of 940 nm.  The radiation emitted enters the 

leaf, a fraction of the light is absorbed by chlorophyll, and the rest travels through 

the leaf to a silicon photodiode detector and is converted into an electrical signal. 

The quantity of light reaching the photodiode detector is inversely proportional to 

the amount of chlorophyll in the light path.  A higher SPAD reading implies a 

lower chlorophyll concentration in the leaf.  Average SPAD readings for each 
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treatment are shown in Figure 2.  Salinity stressed treatments had SPAD values 

less than that of the control. The drought treatments had higher SPAD values 

(lower chlorophyll) than the control in the early season, and lower SPAD values 

in the late season.  The 75s treatment roughly mimicked the control treatment, 

suggesting this treatment had little actual stress. Thus, in this research, the 

SPAD results suggest that the drought treatments initially had less chlorophyll 

than the control, and later had more chlorophyll.  The salinity treatments 

continually had more chlorophyll than the control based on the SPAD data. The 

two SPAD wavelengths are in the same regions as the wavelengths used for the 

NDVI and the SRVI, which are reviewed later.    

NDVI 

The normalized difference vegetation index is a well-accepted and utilized index 

that measures plant canopy development.  It is often used as a general indication 

of vegetative health since healthier plants have greater canopy development.  

Averages for each treatment are shown in Figure B33. Although the NDVI is now 

used as a measurement of canopy development, it was developed using the 

wavelengths from the SPAD meter, as a measure of plant health.  The SPAD 

meter relationship was developed at the leaf scale and is not a canopy level 

measurement. 
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Table B20). Although there were some significant differences, there was no 

observable trend, which would suggest that the NDVI is not the best index to use 

for detection and delineation of drought and/or salinity based stress.   However, 

since the NDVI is generally used at top of canopy or greater scale, the NDVI 

could be a better detector of stress if its field of view included the soil, since there 

would be less canopy growth in stressed treatments; the source of stress would 

be unknown.   

SRVI 

The Simple Ratio Vegetation Index has been proposed as an index for 

assessment of salinity stress in crops.  The SRVI values in trials one to three are 

shown in Figure B34.  The SRVI values provide a picture of the data that is much 

like that of the NDVI and SPAD meter readings. As with the NDVI, there is no 

consistent trend in SRVI with salinity or drought stress within treatments or 

between treatments.   The SRVI provides larger variance between treatments 

than the NDVI, and roughly the same variance as the SPAD.  However, the SRVI 

does not distinguish between drought or salinity stress or even have a consistent 
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trend with respect to general stress (drought or salinity) and the control. Table 

B21 shows the Student t test comparisons for the SRVI values:  there are 

approximately the same numbers of significant differences as for the NDVI 

measurements. 

SSI 

The Salinity Stress Index (SSI) (Figure B35) effectively distinguished between 

drought stress and salinity stress.  In fact, the drought stressed treatments had 

SSI values greater than the control, while the salinity stress SSI values were less 

than the control. In trial one, all salinity measurements except the first 75s SSI 

were less than the control. In addition, the 50s SSI was much lower than the 75s 

SSI at the end of the season. All water stress treatment SSI values were greater 

than the control except three 75w SSI values, and SSI generally increased with 

level of drought stress.   

In trial two, all salinity treatments had SSI values less than the control during the 

entire season, and all water stress treatments had SSI values greater than the 

control during the entire season with the exception of one measurement: the 50w 

SSI measurement was approximately equal to the control.  In addition, the 

salinity stress treatments showed a consistent decrease in SSI with increased 

level of salinity stress. Similarly, the water stress treatments showed a trend 

toward increase in SSI with increased level of water stress. 

In trial three, the results were not as consistent as in trials one and two. Although 

the treatments with high salinity stress had SSI values much lower than the 
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control, the treatments with low salinity stress (s2 and s3) were clustered near 

the control, and there was not a significant difference between s2, s3, and the 

control. This lack of difference may indicate that there was no salinity stress in 

these treatments. The water stress treatment SSI was generally higher than the 

control during the season, but decreased to the same value as the control at the 

end of the season. 

In all treatments, the salinity treatments had a decrease in the SSI value during 

the season as salinity stress increased. It is likely that this reflects the continued 

production of photo-assimilates in response to salinity stress or decreased 

photosynthesis.  In general, the drought treatments also had a decrease in the 

SSI value during the growing season, which may also reflect the production of 

photo-assimilates or decreased photosynthesis.  

The fact that the SSI generally increased with greater drought stress and 

generally decreased with increased salinity stress indicates that there is a 

functional relationship between the magnitudes of drought and salinity stress and 

the magnitude of the SSI.  

Table B22 shows the paired (paired within days) Student t test comparisons for 

the SSI values.  In contrast to NDVI and SRVI statistics, the SSI had many 

significant differences, and nearly all of the salinity stress treatments were 

significantly different from each other, except the two low salinity treatments in 

trial three. Water stress treatments were always significantly different from 
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salinity treatments, with the exception of the two low salinity treatments in trial 

three.    

 This suggests that while a visual interpretation may imply that the SSI can detect 

and delineate drought stress, this was not supported by statistical evaluation. 

NSSI 

Salinity stress NSSI values were generally lower than the control, while drought 

stress treatments generally had values greater than the control. However, based 

on a visual inspection of figures 5 and 6, the NSSI appears less consistent and 

had a less gradual change with level of salinity stress. In trial one, the salinity 

treatment NSSI values had greater relative difference from the control but were 

closer to each other than the SSI values.  In trial two, the NSSI values for the 75s 

treatment were approximately equal to the control while the SSI values for this 

treatment were consistently less than the control. In trial three, the NSSI trends 

were very similar to the SSI trends. Based on figures 5 and 6, the SSI appears to 

be a much better predictor of salinity stress than the NSSI. However, the ability to 

measure drought stress may be improved with the NSSI. For example, the NSSI 

value for the 30w treatment is never lower than the control in trial three while the 

SSI drops below the control at the end of the season. Table B23 shows the 

computed Student T test comparisons for the NSSI values. The NSSI generally 

had the same significant statistical differences between treatments as the SSI.   

The SSI and NSSI indices and their variations were able to show statistically 

significant differences between the salinity stress treatments and the controls, 
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with the exception of the 75s treatment in trial one, primarily because of the early 

season measurement.  One possible explanation for the lack of difference 

between the 75s and control treatments is that the 75s treatment had the highest 

sodium absorption ratio (SAR).  Waters and soils with high SAR values can be 

expected to have infiltration problems.  In this treatment, the soil compacted 

away from the edge of the pot, and the surface formed a slake, which reduced 

infiltration and caused water to pond on the surface and run down the inner sides 

of the pot. As such 75s probably had less available water, which could explain 

the fact that the SSI and NSSI indices moved upward and showed less response 

to salinity stress.   

In review of the SSI to the ECe graphs, we can see in Trial 1, that the SSI follows 

the changes in the soil salinity (Figures 2 and 5).  When the 50s treatment’s ECe 

goes up, the SSI responds by decreasing. Additionally when the 75s decreases 

in salinity during DOY 228, the SSI for this treatment increases.  In Trial 2, the 

same observations occur. 

Finally, in Trial 3 there was a significant decrease in ECe for all salinity treatments 

starting in DOY 293.  As the ECe for these treatments decrease, the SSI values 

increase.  The change in all indices, and the ECe, that occurred at or about DOY 

283 can be attributed to a change in the irrigation scheduling that occurred based 

on the CROPWAT model.  At this time in the year, the climate data predicted 

increased evapotranspiration.  This led to increasing the volume applied water to 

salinity treatments, with a minimal increase in applied water volume for the 
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drought treatment.  This change in irrigation volume resulted in an initial leaching 

of salts from the soil in the salinity treatments, followed by a leveling off period 

and eventual return to increasing ECe.  In the case of the drought treatment, the 

increase evapotranspiration levels resulted in less leaching of the soil, and an 

increase in soil salinity. 

In contrast to the SSI and NSSI indices, the NDVI and SRVI showed significant 

difference from the control for only four treatments.  This suggests that these 

indices are ineffective at detecting drought and salinity stresses of varying levels 

at the top of leaf scale.   

Correlation with Yield and Soil Salinity. 

The Pearson’s Product Moment Coefficient (R or PMCC) is a statistical method 

that estimates the correlation of two random variables.  Pearson's correlation 

reflects the degree of linear relationship between two variables.  The square of R 

is conventionally used as a measure of the association between two random 

variables. The statistic R2 describes the percentage of variance in a variable X 

that can be explained by a second variable Y.  Table B24 shows the R and R2
 

values for correlation of indices with the the soil saturation paste extract levels 

and the yield level.   

This testing shows that the SSI and NSSI indices had much higher correlations 

with the ECe than the NDVI and SRVI indices.  All indices had good correlations 

with yield, with the SSI and NSSI indices performing best.  Overall, the SSI had 

the best correlation to ECe, while the SSI had the best correlation to yield.  This 
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would suggest the SSI would be best for assessing yield reduction due to salinity 

stress. Further research is necessary, using a variety of crops and done outside 

of a controlled environment to provide a better analysis of which index to use for 

assessing drought and salinity based stress in crops. 

Conclusion 

This study was conducted to review various indices and their efficacy in 

evaluating salinity and drought stress in crops.  The NDVI and SRVI indices were 

not able to separate drought and salinity stress and had inconsistent responses 

to drought and salinity stress. In contrast, The SSI and NSSI had opposite 

responses to drought and salinity stress. Water stress caused the indices to 

increase while salinity stress caused the indices to decrease.  The SSI and NSSI 

generally showed significant differences between levels of salinity stress at a 

95% level of confidence, and they had a strong correlation with the level of 

salinity stress. Although the SSI and NSSI had a response to water stress, they 

generally did not show significant differences between the levels of water stress. 
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Yield 
Percent

Yield      
(g cm-3)

Yield 
Percent

Yield      (g 
cm-3)

Yield 
Percent

Yield      (g 
cm-3)

W40 28.57% 0.04 75s 73.08% 0.10 s2 90.91% 0.10
W50 70.00% 0.10 50s 57.69% 0.08 s3 100.00% 0.11
W75 85.71% 0.12 40s 46.15% 0.06 s4 54.55% 0.06
S75 92.86% 0.13 40w 22.23% 0.03 s6 27.27% 0.03
S50 42.86% 0.06 50w 34.62% 0.05 w30 18.18% 0.02
100 100.00% 0.14 75w 53.85% 0.07 100 100.00% 0.11

100 100.00% 0.13

Trial 1 Trial 3Trial 2

�
�
�
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������5%'4�������������
�����������
������������������
���� 0/-��������������
��
��������
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75s 50s 100 40w 50w 75w
75s 0.01 0.07 0.04 0.07 0.24
50s 0.01 0.00 0.37 0.73 0.00
100 0.07 0.00 0.05 0.10 0.01
40w 0.04 0.37 0.05 0.01 0.01
50w 0.07 0.73 0.10 0.01 0.02
75w 0.24 0.00 0.01 0.01 0.02

Trial 1

�

75s 50s 40s 40w 50w 75w 100
75s 0.55 0.03 0.25 0.26 0.95 0.49
50s 0.55 0.44 0.19 0.04 0.56 0.34
40s 0.03 0.44 0.04 0.05 0.14 0.06
40w 0.25 0.19 0.04 0.74 0.22 0.56
50w 0.26 0.04 0.05 0.74 0.33 0.96
75w 0.95 0.56 0.14 0.22 0.33 0.13

100 0.49 0.34 0.06 0.56 0.96 0.13

Trial 2

�

s6 s4 s3 s2 w30 100
s6 0.98 0.02 0.05 0.22 0.50
s4 0.98 0.18 0.36 0.04 0.05
s3 0.02 0.18 0.44 0.01 0.03
s2 0.05 0.36 0.44 0.04 0.08
w30 0.22 0.04 0.01 0.04 0.25
100 0.50 0.05 0.03 0.08 0.25

Trial 3

�
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75s 50s 100 40w 50w 75w
75s 0.00 0.01 0.07 0.12 0.52
50s 0.00 0.00 0.74 0.23 0.00
100 0.01 0.00 0.12 0.26 0.01
40w 0.07 0.74 0.12 0.00 0.00
50w 0.12 0.23 0.26 0.00 0.00
75w 0.52 0.00 0.01 0.00 0.00

Trial 1

�

75s 50s 40s 40w 50w 75w 100
75s 0.67 0.03 0.37 0.47 0.53 0.36
50s 0.67 0.45 0.29 0.14 0.48 0.35
40s 0.03 0.45 0.07 0.13 0.04 0.07
40w 0.37 0.29 0.07 0.83 0.49 0.72
50w 0.47 0.14 0.13 0.83 0.81 0.69
75w 0.53 0.48 0.04 0.49 0.81 0.19
100 0.36 0.35 0.07 0.72 0.69 0.19

Trial 2

�



 

 

173 

s6 s4 s3 s2 w30 100
s6 0.55 0.00 0.02 0.99 0.43
s4 0.55 0.14 0.22 0.19 0.02
s3 0.00 0.14 0.24 0.19 0.47
s2 0.02 0.22 0.24 0.41 0.91
w30 0.99 0.19 0.19 0.41 0.21
100 0.43 0.02 0.47 0.91 0.21

Trial 3
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75s 50s 100 40w 50w 75w
75s 0.00 0.07 0.37 0.31 0.03
50s 0.00 0.00 0.01 0.01 0.00
100 0.07 0.00 0.00 0.13 0.01
40w 0.37 0.01 0.00 0.14 0.00
50w 0.31 0.01 0.13 0.14 0.00
75w 0.03 0.00 0.01 0.00 0.00

Trial 1

�

75s 50s 40s 40w 50w 75w 100
75s 0.17 0.02 0.00 0.03 0.01 0.00
50s 0.17 0.45 0.00 0.02 0.01 0.03
40s 0.02 0.45 0.00 0.02 0.01 0.00
40w 0.00 0.00 0.00 0.47 0.24 0.00
50w 0.03 0.02 0.02 0.47 0.75 0.13
75w 0.01 0.01 0.01 0.24 0.75 0.07
100 0.00 0.03 0.00 0.00 0.13 0.07

Trial 2

�

s6 s4 s3 s2 w30 100
s6 0.02 0.01 0.00 0.00 0.00
s4 0.02 0.22 0.11 0.00 0.02
s3 0.01 0.22 0.24 0.07 0.33
s2 0.00 0.11 0.24 0.15 0.87
w30 0.00 0.00 0.07 0.15 0.04
100 0.00 0.02 0.33 0.87 0.04

Trial 3
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75s 50s 100 40w 50w 75w
75s 0.00 0.11 0.23 0.03 0.00
50s 0.00 0.00 0.00 0.00 0.00
100 0.11 0.00 0.94 0.06 0.01
40w 0.23 0.00 0.94 0.01 0.01
50w 0.03 0.00 0.06 0.01 0.01
75w 0.00 0.00 0.01 0.01 0.01

Trial 1

�
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75s 50s 40s 40w 50w 75w 100
75s 0.03 0.01 0.00 0.01 0.00 0.14
50s 0.03 0.97 0.00 0.00 0.00 0.04
40s 0.01 0.97 0.00 0.00 0.00 0.01
40w 0.00 0.00 0.00 0.24 0.06 0.02
50w 0.01 0.00 0.00 0.24 0.25 0.15
75w 0.00 0.00 0.00 0.06 0.25 0.31
100 0.14 0.04 0.01 0.02 0.15 0.31

Trial 2

�

s6 s4 s3 s2 w30 100
s6 0.00 0.00 0.00 0.00 0.00
s4 0.00 0.16 0.12 0.00 0.01
s3 0.00 0.16 0.49 0.00 0.06
s2 0.00 0.12 0.49 0.01 0.10
w30 0.00 0.00 0.00 0.01 0.00
100 0.00 0.01 0.06 0.10 0.00

Trial 3
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Trial 1
Analysis SSI NSSI NDVI SRVI
PMCC -0.82 -0.80 -0.41 -0.49
r2 0.67 0.63 0.17 0.24
PMCC 0.85 0.37 0.80 0.67
r2 0.72 0.14 0.63 0.45

Soil 
Salinity 
(ECe)

Yield �

Analysis SSI NSSI SRVI NDVI
PMCC -0.69 -0.78 -0.47 -0.39
r2 0.48 0.61 0.22 0.16
PMCC -0.46 -0.31 -0.08 -0.04
r2 0.21 0.10 0.01 0.00

Trial 2
Soil 
Salinity 
(ECe)

Yield �

Analysis SSI NSSI SRVI NDVI
PMCC -0.78 -0.84 -0.36 -0.37
r2 0.61 0.70 0.13 0.14
PMCC 0.61 0.51 0.50 0.44
r2 0.37 0.26 0.25 0.19

Trial 3

Salinity 
(ECe)

Yield �
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SSI NSSI SRVI NDVI
Slope -0.897 -13.439 -1.238 -10.440
p-value 0.000 0.000 0.090 0.058

Trial 1

�

SSI NSSI SRVI NDVI
Slope -0.897 -13.439 -1.238 -10.440
p-value 0.000 0.000 0.011 0.038

Trial 2

�

SSI NSSI SRVI NDVI
Slope -1.760 -33.634 -0.632 -15.713
p-value 0.000 0.000 0.081 0.077

Trial 3
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Introduction  

The intent of this study was to determine the salinity related specific ion effects 

on remotely sensed indices in plants (pak choi) and to correlate yield decrease 

with remote sensing measurements of visible to short wave infrared radiation.  

Previous studies (Stong et al, 2008a, 2008b) have shown that changes in 

the chemical makeup of plants can be detected and monitored using remote-

sensing devices.  Salinity catalyzes specific physiological responses in plants, 

and these include the movement within the plant structure of measurable 

quantities of plant biochemicals such as sugars and oils, and the creation of new 

and more proteins(Munns, 2002; Zhu, 2001; Hester, 2001; Santa Cruz et al. 

1999.   There are very few remote sensing research studies or research data on 

the effects of salinity on plant life.  Remote sensing of salinity may enable 

precision agriculture techniques for site specific management of salinity (Rahman 

et al., 1994; Alsaifi and Quari, 1996; White, 1997).  

Salinity effects 

Salinity and sodicity can cause various stresses on a plant: osmotic potential in 

soil, reduced infiltration or specific ion toxicity. It is important to be able to 

separate these salinity effects in a salinity index.  

Salt in soil or water decreases water availability to the crop because 

osmotic potential in the soil restricts plant water uptake.  The plant symptoms are 

similar in appearance to those of drought, such as wilting, or a darker, bluish-

green color and sometimes thicker, waxier leaves (Small and Yitzchak, 1992; 
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Klages et al., 1999; Nguyen and Lamant, 1988; Keller and Ludlow, 1993; Everard 

et al., 1994). Symptoms vary by growth stage, being more noticeable if the salts 

affect the plant during the early stages of growth. In some cases, mild salt effects 

may go entirely unnoticed because of a uniform reduction in growth across an 

entire field (Bourgeais-Chaillou and Guerrier, 1992; Venekamp et al., 1989).   

Relatively high sodium or low calcium content of soil or water reduces the 

rate at which irrigation water enters soil. An infiltration problem related to water 

quality occurs when the normal infiltration rate for the applied water or rainfall is 

appreciably reduced. This results in stagnation of water on the soil surface since 

it takes a longer period of time to infiltrate, and consequently water supply to the 

crop is insufficient to maintain acceptable yields.  This ratio of sodium to calcium 

and magnesium is referred to as the sodium adsorption ratio (SAR). The SAR is 

based on the ratio of meq L-1 of sodium (Na+), to meq L-1 of calcium (Ca2+), and 

magnesium (Mg2+) in the soil or soil water sample. 

Toxicity problems occur if certain constituents (ions) in the soil or water 

are absorbed by the plant and accumulate to concentrations high enough to 

cause crop damage or reduced yields. The degree of damage depends on the 

ion uptake and crop sensitivity. The permanent, perennial-type crops (tree crops) 

are more sensitive. Damage often occurs at relatively low ion concentrations for 

sensitive crops. This damage can be evidenced by marginal leaf burn and 

interveinal chlorosis. If the accumulation is great enough, reduced yields result.  

The ions sodium, chloride, and boron, from the soil or water, are the predominant 
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ions which can accumulate in sensitive crops.  Table 1 relates the causes and 

severity of stress caused by salinity, water infiltration, and specific ion toxicity.  In 

addition, the effect of sodium on soil permeability is commonly measured by the 

sodium adsorption ratio (SAR).   

Assessing Salinity Impacts 

When attempting to detect various salinity-related stresses on crops it is 

necessary to determine if accessory salinity-based impacts, water infiltration and 

specific ion toxicity, are the primary source of stress or if overall salinity is the 

primary source.  An index developed to measure overall salinity stress would 

need to respond to situations involving water infiltration reduction due to sodicity 

and/or specific ion toxicity in an identifiable manner.  This project was designed 

to investigate whether the remotely sensed indices accomplish this task, while 

also detecting salinity stress. In addition, it is necessary to separate salinity 

stress from drought stress, which may have similar effects on the crop. In order 

to isolate drought and salinity stress, it was necessary to choose a locale for this 

experiment where these variables could be monitored and controlled.   

A proper inference of salinity effects in management units in a large field 

early in the growth season would enable growers to correct deficiencies in 

sufficient time to reduce the possible reduction in yield associated with these 

stresses. 

Remotely sensed indices 
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The index that is most widely used to assess crop response, and more 

specifically crop health and maturity, is the normalized difference vegetation 

index (NDVI), which incorporates red and near-infrared reflectance (Rouse, 

1973). Plant pigments (chlorophyll) absorb energy in the red range; while energy 

in the NIR region of the spectrum is strongly scattered by the internal structure of 

the spongy mesophyll layer of most leaves, leading to a very high apparent 

reflectance in this region of the electromagnetic spectrum (EM).  Thus, the 

greater the plant canopy cover, the stronger the contrast between red and near-

infrared reflectance.  The simple ratio vegetation index (SRVI) was developed 

using the wavelength region associated with the NDVI, and is publicized as being 

able to detect salinity stress (Wang et al. 2002). 

Certain wavelengths in the SWIR are sensitive to salinity or water stress 

(Stong et al., 2008a, 2008b).   Use of data from the SWIR region, coupled with 

data from the NIR and visible regions as correction or normalizing terms, has 

been shown to effectively assess stress associated with water in crops (Stong et 

al., 2008a, 2008b).  The Normalized Difference Infrared Index (NDII), Water 

Index (WI), and the Normalized Difference Water Index (NDWI) have 

demonstrated the ability to provide strong correlation to leaf and canopy water 

content [Gao (1996), Hardisky et al., 1983, and Penuelas ].  In addition the 

Salinity Stress Index (SSI), and the Normalized Salinity Stress Index (NSSI), 

using SWIR region wavelengths, have been developed and show promise in 

detecting salinity (Stong et al, 2008a, 2008b).  An assessment of their efficacy 



 

 

194 

under different plant stress factors is necessary in order to use them in a 

precision agricultural system which can effectively address salinity.   

Indices 

The five indices used, in this study, to assess the collected spectral data 

were:  normalized difference vegetation index (NDVI), simple ratio vegetation 

index (SRVI), normalized difference water index (NDWI), salinity stress index 

(SSI), and the normalized salinity stress index (NSSI).  The equations used to 

calculate the values for these indices are as follows: 

�������������

�-�����

NIR

SSI
ρ

ρρ 14601680 +=       Equation 25 

�	�����
� ρ3&:'� B� ���������������3�&<'����������
����

��
� ρ39&'� B� ���������������3�9&'����������
����

��
� ρ -�� B� ���������������&&'����������
����

��
�
 �����.����������������

�-�����

)(
)(

14601680

14601680

ρρρ
ρρρ

++
+−=

NIR

NIRNSSI      Equation 26 

�	�����
� ρ3&<'� B� ���������������3�&<'����������
����

��
� ρ39&'� B� ���������������3�9&'����������
����

��
� ρ -�� B� ���������������&&'����������
����

��
�
 �����.���0����������1�����-�����

1240860

1240860

ρρ
ρρ

+
−

=NDWI        Equation 27 

�	�����
� ρ<&'� B� ���������������<&'����������
����

��
� ρ3%9'� B� ���������������3%9'����������
����

��
�
������������/����������-�����



 

 

195 

660

860

ρ
ρ

=SRVI         Equation 28 

�	�����
� ρ<&'� B� ���������������<&'����������
����

��
� ρ&&'� B� ���������������&&'����������
����

��
� �

Materials and Methods 

The project was carried out at the National Taiwan University Phytotron Facility.  

This facility has various rooms with a selection of controlled environments.  

These rooms have the ability to monitor and control pest intrusion, humidity, 

temperature, and solar radiation.  The room chosen for the experiment has a 

semi-circle, glass roof facing north; the temperature was maintained at 22 

degrees Celsius.  The humidity was maintained at 75 percent relative humidity.    

The plant chosen for the experiment was pak choi Chinese cabbage 

(Brassica rapa L. var. chinensis (Rupr.) Olsson), a fast-growing, ornamental 

vegetable of economic value.  Pak choi generally grows to marketable harvest in 

6-7 weeks in a controlled environment.  Salinity is one of the major concerns in 

the commercial production of this vegetable because pak choi is sensitive to 

salinity. 

The seeds were planted and grown in a growth chamber within the 

Phytotron Facility until a minimum of two leaves had emerged from the soil.  The 

seedlings were then transferred to 9 cm-diameter and 9 cm-deep pots.  These 

pots were arranged in pot carriers with spacing between pots of 18 cm in length 

and width.  The carriers each held 20 pots.  These carriers were placed on trays 
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on the top of aluminum carts approximately 76 cm from the floor of the growth 

room. 

The infiltration rate and saturated hydraulic conductivity were determined 

for the soil used for the experiment.  The soil was BVB TS Professional mixed 

with local top soil.  The electrical conductivity (EC) of the soil was 0.85 mS cm-1.  

The soil had a starting mix of fertilizer with the ratio of 12/14/24 (N/P/K).  The pH 

of the soil was 5.7.   The soil moisture holding capacity (SMHC) was determined 

using a pressure bomb while taking soil moisture measurements at various 

pressures from 100 to 1500 kPa. 

A standard nutrient solution was made using 100-fold, diluted Hyponex 

liquid fertilizer (6-10-5 for all purposes; HYPONEX JAPAN Corp., Ltd., Osaka, 

Japan).  This solution had an EC of 0.3 after the liquid fertilizer was added to 

deionized water. 

To achieve comparison of both drought- and salinity-induced stress, it was 

necessary to pinpoint what levels of salt and water application would result in 

equivalent yield reductions.  In addition, two types of saline waters were prepared 

in order to cause the salinity-related effects of slow water infiltration and specific 

ion toxicity. 

Salt tolerance of various crops is well-documented, and the Water Quality 

for Agriculture FAO Irrigation and Drainage Papers – 29 (FAO IDP 29) provides 

numerous salt tolerances for a variety of crops (Ayers and Westcott, 1994).  

However, there is no specific salt tolerance available for pak choi.  As such the 
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experiment utilized similar crops, mainly cabbage and lettuce, from the FAO IDP 

29 to determine possible salt tolerances.  A simple average of lettuce and 

cabbage sensitivity to water and salinity stress was used to design drought and 

salinity treatments for the experiment.   

 Salinity and water treatments were determined by applying a salinity 

concentration or depth of water that would result in an expected yield.  The FAO 

CROPWAT computer based irrigation model was used to design irrigation and 

salinity treatments in order to achieve the desired yield reductions.  FAO Deficit 

Irrigation Practices WATER REPORTS 22 (DIP WR22) demonstrated that the 

FAO CROPWAT model could be useful in designing salinity and drought stress 

experiments (FAO, 2002).  Soil, climate, rainfall, ETm, and crop information were 

inserted into the computer model to determine irrigation scheduling for the 

salinity treatments, 100% yield irrigation (control) treatment (100), and 30% yield 

irrigation (30w) treatment.  Crop response factors from FAO DIP WR 22 were 

used in the model.  Salinity treatments were set at ECw of 2-, 4- and 6- dS m-1, 

corresponding to yields of ~80%, ~50%, and 20%. 

A sodic water (Water 1) was created based on information from Table 1. It 

had an SAR of 25, with ECiw
 in the range from 2 to 6.  These waters were named 

s2 (ECw = 2), s4 (ECw = 4), and s6 (ECw = 6).  Within this salinity range, and at 

this SAR level, we can expect the water infiltration impact to be moderate, 

according to Ayers and Westcott, 1994 (Table 1). Measurements of each ECw 
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were taken using a conductivity meter after the ions were added to the nutrient 

solution to ensure the correct ECw was obtained. 

In this study, we assessed the most common form of specific ion toxicity, 

namely the toxicity associated with the chloride Cl- anion.  Using the information 

from Table 1, a second saline water (Water 2) was created using various cations 

and Cl-.  This saline water had increasing Cl- concentration, with use of waters 

having ECw
 in the range from 2 to 6.  These waters were named 2s2 (ECw = 2), 

2s4 (ECw = 4), and 2s6 (ECw = 6).  Within this salinity range, and at this Cl- 

concentration, we can expect the specific ion toxicity impact of Cl- to range from 

severe to moderate (Table 2).  

Six sets of ten plants were arranged for use in the experiment.  Each 

treatment was assigned a set of ten plants.  Each set was assigned a place 

randomly in the trays and on the bench using a random number generator.  

During the experiment, the following measurements were made: ECe, ECiw, and 

spectral reflectances in the wavelengths from 350 nm to 2500nm.  At completion, 

dry weight mass was measured as an indicator of yield. 

The electrical conductivity of the water that was applied to each treatment 

was measured with a YSI 32FL conductivity meter each day that spectral 

reflectance of plants was measured.  In addition, soil samples were collected 

from the root zone. Distilled water was added to soil samples until saturation 

(saturated paste extract); subsequently, vacuum filtration took place with a 

Buckner funnel, flask, filter paper, vacuum pump, and beaker (as extract 
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container).  Extracts were analyzed for electrical conductivity (dS/m) with the YSI 

32FL conductivity meter. 

A GER 2600 spectroradiometer was used for spectral measurements.   

The GER 2600 (Geophysical and Environmental Research Corp.) is a three-

dispersion, grating spectroradiometer using Si and PbS detectors with a single 

field of view. The wavelength range is 350 nm - 2500 nm with a resolution of 1.5 

nm in the 350 nm - 1050 nm range, 6.2 nm in the 1050 nm - 1900 nm range and 

9.5 nm in the 1900 nm - 2500 nm range.  A fiber-optic, cable sensor was 

attached to the GER 2600.  The fiber-optic cable was mounted on a stand at a 

fixed position 15 cm from the plant leaf at the nadir position.  Then, each pot was 

placed on a tray, directly under the sensor.  The radiance was converted to 

reflectance using scans of a spectralon reference panel.  Scans were taken at 

3:00 pm on days with no cloud cover, which was approximately 8 hours after 

irrigation.  

After six weeks, all standing biomass from each pot was clipped and dried 

for 24 hours in an oven at 120 degrees Celsius then measured using a digital 

weighing scale.  Yield was determined by dividing the weight of the harvested 

and dried Pak-Choi by the surface area of the pots (expressed as g cm –2). 

Results 

Research & Objectives  

This section reports the yield, spectral reflectance at selected wavelengths, soil 

salinity of each treatment vs. time, and behavior of the selected indices vs. time. 



 

 

200 

Finally, the correlation of each of the indices with SAR, specific ion toxicity, ECe 

and yield is evaluated.   

In order to facilitate the review of charts and tables in this section, the 

following conventions were employed: 

1. In charts, the 100 or control treatment is represented as a solid thick line. 

2. In charts, the drought stress w30 is represented as a dashed thick line. 

3. In charts, the chloride treatments are shown as dashed thin lines. 

4. In charts, the sodic treatments are displayed as solid thin lines. 

Yield 

The yields for the various treatments are shown in Table 3. The highest salinity 

treatments, s6 and 2s6, had 18% and 9% of maximal yield, respectively.  The 

moderate salinity, s4 and 2s4, treatment yields were roughly the same with ~40% 

of the maximum yield, although the chloride treatment had slightly lower yield.  

Finally, in the lowest salinity treatments, yields were dramatically different with 

the chloride treatment (2s2) at ~ 86% of maximal yield and the sodic treatment at 

~40% of maximum.  In general, chloride yields were generally lower than sodic 

yields for the same salinity, except in the treatments with the lowest salinities.   

Wavelengths 

The spectral response regions, or wavelengths, used to create the five indices 

analyzed in this experiment were; 660 nm, 860 nm, 1240 nm, 1480 nm, and 1640 

nm.  Each wavelength was reviewed individually to determine underlining factors 

that may affect the index utilizing the wavelength. 
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660 nm 

The 660 nm reflectance (Figure 1) is utilized by four of the five indices 

considered in this study: it is associated with chlorophyll, and increased NDVI 

indicates a healthier plant.  At the beginning of the season, the w30 stress 

treatment (Figure 2) had the same reflectance as control plants, but by the end of 

the season it had a higher reflectance.  The salinity treatments followed the same 

general trend over time and there was not a trend with respect to reflectance vs. 

salinity stress level.  The salinity treatments started with reflectance values 

higher than the control, and then were in the same range as the control 

reflectance after mid season. 

860 nm 

The 860 nm wavelength (Figure 2) has no known association with biochemicals 

that are produced in response to salinity.  All treatments had a similar reflectance 

percentage early in the season.  However, as with the 660 nm reflectance, there 

was a peak at DOY 335.  It is likely that this response was due to an accidental 

application of excess water prior to DOY 335. This added water would leach salts 

from the soil and consequently result in less stress to the plant.  In addition this 

extra water would reduce the drought stress being placed on the plant in the 

drought treatment.   

1240 nm 

The reflectance at 1240 nm (Figure 3) is utilized to detect water stress by the 

NDWI.  The w30 water stress treatment had higher reflectance than the majority 
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of the treatments at the end of the season, but not for the first four 

measurements when w30 was distinctly below the control.  There were no 

apparent differences between the salinity treatments.  The peak on DOY 335 is 

associated with the aforementioned error in water application. 

1480 nm 

The 1480 nm spectral response region (Figure 4) is associated with the 

biochemicals starch/sugar and cellulose, and is utilized in the NSSI and SSI 

indices. With some deviation, salinity treatment reflectances fell below the control, 

and the water stress treatment above.  The s6 and 2s4 treatment reflectances 

consistently stayed below the control, while the w30 treatment stayed above with 

the exception of DOY 335.  

1640 nm 

The 1640 spectral region (Figure 5) is associated with the biochemicals 

lignin/starch/protein/nitrogen and is employed in the NSSI and SSI indices.  In 

general, the salinity treatment reflectances were higher than control reflectance 

until DOY 335, and thereafter below the control.  The water stress treatment 

(w30) reflectance was below the control before DOY 335 and above the control 

thereafter.  

Soil Salinity 

The salinity of the salt stress treatments gradually increased during the crop 

cycle (Figure 6); the leaching fractions employed in the experiment maintained a 

relatively constant level of soil salinity during the experiment. After DOY 344, all 



 

 

203 

salinity treatments experienced a slight decrease in soil salinity as a result of 

excess water applied;  there was a noticeable difference in the two low-salinity 

treatments:  treatment s2 (sodic) showed a steady increase in soil salinity, while 

2s2 (high chloride) showed a steady decrease in soil salinity.  In general, the 

chloride treatments had higher soil salinity when compared to the sodic 

treatments. 

Indices 

NDVI 

Figure C43 indicates a general decrease in NDVI with increase in salinity at the 

beginning of the season and a general increase in NDVI over time. In general, an 

increase in NDVI suggests a proportional increase in “greenness”, or health since 

increased NDVI indicates less red reflectance with greater photosynthesis.  Over 

the period of the trial, the 2s6, 2s4, s6, s4, and s2 treatments showed an NDVI 

increase.  Although the NDVI suggests that salinity-stressed plants became 

healthier over time, visual inspection of the plants did not indicate increased plant 

health over time. Treatments w30 and 2s2 had no change in NDVI, while 

treatment 2s2 decreased over time. The increase in NDVI was greatest for 

sample 2s6, and the maximum decrease in the NDVI occurred in treatment 2s2.  

There was a general inversion of the index for all treatments on DOY 335 where 

the high values became the low values. 

There was no marked difference in NDVI for the two types (sodium and 

chloride) of saline water. The behavior over time of the drought stress treatment 
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w30 followed the general trend of the other treatments. Thus, there was no NDVI 

response that was specific to salinity or ion concentration. 

Table C29 shows the calculated Student t test probabilities of significant 

differences among the treatment NDVI values (bolded values in the chart indicate 

that there is a significant difference).  In comparing the stressed treatments to the 

control, only 2s6 was significantly different from the control.  While there were 

some significant differences between treatments, no pattern emerged which 

might suggest that NDVI would be able to effectively detect and quantitatively 

assess salinity induced stress.   

SRVI 

The SRVI pattern (Figure C44) was similar to that of the NDVI. At the beginning 

of the season, the SRVI decreased with increase in salinity stress: 2s6, 2s4, and 

2s2, in that order, for saline Water 2 and, similarly, s6, s4, and s2 for saline 

Water 1. However, at the end of the season, there was no consistent trend of 

SRVI vs. salinity. The SRVI generally increased over time with the greatest 

increase in SRVI observed in treatment 2s2.  There was no marked difference in 

SRVI values for Waters 1 and 2. Thus, there was no response to ion content of 

irrigation water.  All of the salinity stress treatment SRVIs increased at the end of 

the season, but the w30 SRVI did not follow the same pattern, which leads to the 

conclusion that the effect of water stress on SRVI is different from saline stress. 

Table C30 displays the computed Student t test probabilities comparing 

differences between treatments.  As in the case of the NDVI, the control only had 
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a significant difference with the 2s6 treatment.  Significant differences were not 

observed between other treatments on a consistent basis, and there were no 

significant differences between water types (sodium or chloride).   

NDWI 

The control NDWI exhibited minimal change throughout the trial (Figure C45) 

which is expected for unstressed treatments with no change in health of the plant.    

In the last measurement, all but one saline treatment NDWI value was greater 

than the control. The drought stress treatment NDWI remained consistently 

below the non-stressed control treatment which is the normal response of this 

index to drought stress.   

The Student t test probabilities ( 

Table C31) showed that the water stress treatment was significantly 

different from the control treatment.  The index did not detect salinity stress, and 

there were no significant differences between water types.  

NSSI 

The control treatment NSSI was nearly constant for the entire season (Figure 9): 

the major deviation occurred on DOY 335, which was just after the 

aforementioned excess irrigation event.  The control NSSI was greater than the 

salinity stress treatments while the w30 NSSI was in the same range as the 

control.   The s2 treatment, with the highest SAR increased over the trial and was 

in the range of w30 (drought stress) during the last two measurements. The NSSI 

decreased with increasing salinity stress for the chloride treatments, which is 
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consistent with the general performance of the index in response to salinity 

stress.  The SAR treatments also had decreasing NSSI values with increased 

salinity stress.  Other than treatment s2, there was no marked difference in the 

NSSI values of Saline Waters 1 and 2. Thus, it may be concluded that the 

observations were dependent on saline-induced stress and not on the ion 

content of water samples.   The treatment s2 behaved for most of the trial period 

like the drought stressed treatment.  This is explained by Table 1, which shows 

that a low EC high SAR water would be expected to have severe infiltration 

problems.  With low infiltration, there is reduced availability of water to the plant 

and the plant may be expected to exhibit water-deficiency-related responses.  

This was observed in the s2 treatment pots: the surface slaked over, soil pulled 

away from the edges of the pot, and water ran down the sides of the pot and 

leached out of the pot. In general, (Figure C46) salinity stress treatment NSSIs 

were below the control treatment, and the drought stress NSSI was above the 

control, with decreasing NSSI values with higher salinity. 

In contrast to the NDVI and SRVI statistical evaluation, approximately 

80 % of the treatments were significantly different from each other (Table C32).  

The treatments which were not significantly different from each other were the 

higher EC treatments of the two water types, which indicates that the NSSI does 

not detect differences in plant response to specific ion concentrations.  The two 

low EC waters for both water types were significantly different from each other 

and from all other treatments, which was caused by the clay breakdown due to 
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high SAR.  This indicates that the NSSI could have the ability to delineate 

sodicity effects on soil structure from general salinity stress.  All salinity stress 

treatments were significantly different from the drought treatment, w30. 

SSI 

The SSI (Figure C47), showed a clear visual difference between treatment types 

and a similar pattern with the NSSI (Figure 10).  In both water types, the high 

salinity treatment SSI was below the moderate salinity treatment, which in turn 

was below the low salinity treatment.  In addition, with the exception of the s2 

treatment, all salinity treatment SSI values were below the control treatment.  

Further, the drought stress treatment SSI was consistently greater than the 

control treatment.  As with the NSSI, there were no differences between water 

types for the SSI except for the high SAR effect on soil structure in the low 

salinity treatment. 

The Student t test results (Table C33) indicated that the SSI was not 

different for the two water types, and detected salinity effects but not accessory 

specific ion toxicity due to chlorine or sodicity.  The water stress treatment was 

significantly different from all but the s2 and control treatments, indicating the 

index successfully distinguished between water stress and salinity stress.  The 

only treatments not different from the control treatment were s2 and w30.  As 

with the NSSI, the s2 SSI performance was most likely caused by infiltration 

problems resulting from low salinity and high SAR.   The fact that the w30 
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treatment was not significantly different from the control, suggests that the SSI 

does not distinguish moderate drought stress from crops with no stress. 

Correlation 

The degree of correlation between the index values and soil saturation paste 

salinity (ECe) and yield were calculated with the Pearson product-moment 

correlation coefficient (PMCC).  

The NDWI showed no measurable correlation to soil salinity, and a slight 

correlation to yield.  The NDVI and SRVI had a minimal correlation to both 

salinity and yield.  The best correlations were between the SSI and NSSI indices 

and yield and salinity.  In the case of both soil salinity and yield the NSSI 

provided the highest correlation.  

Additional research needs to be done outside a controlled environment 

using a variety of crop types to in order to implement this index in the field and to 

evaluate whether sodic areas in fields are distinguishable from general salinity.   

Experiments should be conducted in the field in which control plots are used to 

evaluate field data. This approach could be used in agricultural production 

operations with small plots that would have controlled levels of salinity and 

sodicity.  Data from these plots could be compared to the field data. The plot data 

could possibly be used to take the trend over time out of the field indices and to 

provide more a more quantitative assessment of soil salinity and sodicity. 

Conclusions 
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In the present study several indices were assessed as to their respective abilities 

to assess various salinity related stresses.  In looking at chloride and SAR 

related salinity stresses, it was determined that chloride toxicity is more 

detrimental to pak choi yield across the higher range of EC levels.  This is the 

case in that chloride toxicity with moderate and slight threat levels, as defined in 

Table C26, had greater reductions of yield when compared to simlar threat levels 

for the SAR related stress.  

 The results showed that no indices were effective in discerning the effects 

of chloride toxicity on crop yield.  In point of fact, all indices suggested that the 

chloride treatments should have resulted in less stress to the crop whereas the 

actual yields for these treatments were lower than corresponding SAR treatments.  

 Sodicity related infiltration problems are primarily found at low EC ranges.  

The SSI and NSSI were capable of detecting the reduction of water availability 

due to high SAR.  The SSI and NSSI indices rose into the drought stress range 

for the high SAR low salinity treatment (s2). Since SAR related salinity problems 

increase with decreasing EC levels, the SSI and NSSI may be able to utilize this 

capability for crop management in saline-sodic soils.  Detection of an SAR 

condition would allow a manager to apply soil amendments to sections of the 

field to alleviate these conditions. 

This study also showed that the NDWI and NSSI are responsive to 

drought stress.  As such, coupling the NDWI with the NSSI should allow a farm 
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manager to effectively assess the salinity and drought related stresses having an 

effect on the crops under production. 
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