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Propositions 

1. The macroscopic root water uptake approach is as yet the most feasible and reliable 
for quantifying the sink term. 

This thesis 

2. All existing salinity and water stress reduction functions will lead to about the same 
results if the input parameter values are specified satisfactorily. 

This thesis 

3. The reduction functions are most sensitive to evaporative demand, and after that to 
the threshold values. 

This thesis 

4. The effect of combined water and salinity stress on root water uptake over a large 
range of stress conditions is neither additive nor multiplicative. 

This thesis 

5. Under water stress conditions, root water uptake during the night should be 
included in simulation models. 

This thesis 

6. Simulation models will not be able to yield satisfactory results as long as water 
compensation phenomena are not adequately accounted for. 

This thesis 

7. Our knowledge increases proportional to the diameter of a circle, the questions 
increase proportional to its periphery. 

An old Iranian saying 

8. People forget how fast you did a job, but they remember how well you did it. 
Howard W. Newton 

9. Iran is a country of many resources. The sharp decrease in oil prices provides a 
golden opportunity to base the country's development on non-oil products. 

10. Most saline and sodic soils in Iran occur where there is enough water of good 
quality. While this water is considered as the main opportunity to improve 
these soils, any reclamation project must consider the overall environmental 
impacts. 

11. The Dutch experience to use bicycles must be developed in other countries if we 
are serious to minimize the global warming. 



Abstract 

Homaee, M. Root Water Uptake Under Nonuniform Transient Salinity and Water 
Stress. Ph.D. thesis, Department of Environmental Sciences, Wageningen University and 
Research Center, Wageningen, The Netherlands. 

The study described in this thesis focuses on the quantitative understanding of water uptake 
by roots under separate and combined salinity and water stresses. The major difficulty in 
solving Richards' equation stems from the lack of a sink term function that adequately 
describes root water uptake. From the existing microscopic and macroscopic sink term 
functions, the empirical macroscopic approach was chosen because it requires the least 
number of parameters whose values can readily be determined. All existing reduction 
functions as well as those newly developed in this study are used in the macroscopic model 
and tested against experimental data. The experimentally obtained data are used to derive the 
parameter values needed for the simulation model HYSWASOR. The experiments cover root 
water uptake by alfalfa under salinity stress, water stress, and combined salinity and water 
stress. This order is followed with the analysis of the data and the simulation. 

Under salinity stress, both experimental and simulated results indicate that the well-known 
linear crop response function can be used as a reduction function. The parameter values 
available in the literature for different reduction functions cannot provide acceptable 
agreement with the experimental data. When experimentally derived parameters are used in 
the simulation model, the agreement becomes much closer, but calibration is still needed. The 
parameter values obtained by calibration differ slightly from the experiments, because the 
experimentally derived parameter values are based upon mean soil solution salinity. Both 
experimental and simulation results indicate that different salinity reduction functions can 
provide almost the same results if the parameter values are well specified. For practical use 
the linear reduction function with the least number of parameters appears to be adequate. 

Under water stress, all existing reduction functions as well as the one developed in this study 
are tested on the experimental data. Since the trend of the experimental relative transpiration 
versus mean soil water pressure head is nonlinear, the linear reduction function cannot fit the 
data. The existing nonlinear reduction functions can fit only half of the data range 
satisfactorily. The best agreement is obtained with the newly developed nonlinear two-
threshold reduction function. The parameter values obtained by calibration differ only slightly 
from those of the experiments. Soil water pressure head heterogeneity over the root zone does 
not play an important role in water uptake. The roots appear to take up water from the 
relatively wetter parts of the root zone to compensate for the water deficit in the drier parts. 
On the first day after irrigation both relative transpiration and relative leaf water head are 
almost the same for the stressed and non-stressed plants. While the simulated transpiration 
agrees closely with the experimental data, the main reason for the discrepancy between the 
simulated and actual water contents appears to be water uptake during the night. 

Under combined water and salinity stress, the additive and multiplicative reduction functions 
are first tested against the experimental data and then inserted in the simulation model. A new 
combination reduction function is introduced that differs conceptually from the additive and 
multiplicative functions. Both the experimental and simulated results show that the newly 
proposed model fits the data best, while the worst results are obtained with the simple 
additive model. 

Key-words: Additive, Alfalfa, HYSWASOR, leaf water potential, macroscopic root water 
uptake functions, multiplicative, osmotic head, pressure head, reduction functions, Richards' 
equation, salinity stress, simulation, sink term, transpiration, water stress. 
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1. Salinity and water stress and plant growth 

1.1. Introduction 

Water scarcity and soil salinity are two important limitations for agricultural 

production in the arid and semi-arid regions. Not only an overall shortage of water 

resources, but also a poor distribution of precipitation may cause water shortage, even 

in the winters. Also, the annual precipitation differs significantly from one year to 

another, causing many difficulties for farmers as well as water managers. The term 

drought or water shortage means a period without appreciable precipitation, during 

which the soil water content is reduced to such extent that plants suffer from lack of 

water. Dryness of soil is usually coupled with high evaporation caused by a high level 

of radiation and high dryness of the air. On a large scale, dryness results from the 

combination of low precipitation and high evaporation. 

In the arid and semi-arid regions, the annual evaporation exceeds total annual 

precipitation. For instance, in some parts of Iran {Khuzestan Plain) the average annual 

precipitation is about 250 mm, while the annual potential evaporation is about 4000 

mm (Ghassemi, 1995). About one third of the earth's continental area has a rain 

deficit, and half of this (about 12 percent of the land area) is so dry that annual 

precipitation is less than 250 mm, not even a quarter of the potential evaporation 

{Larcher, 1995). In these regions, irrigation is the only reliable way to assure 

agricultural production. Unfortunately, much of the water available in such regions is 

brackish, depositing salts in the root zone after each irrigation. 

The soil solution salinity increases as water evaporates into the air and plants 

extract water. Therefore, permanent irrigation with water of relatively good quality 

still causes excess soluble salts in soils. Accumulation of excess salts in the root zone 

results in partial or complete loss of soil productivity. Soil salinity is also a serious 

problem in areas where groundwater of high salt content is used for irrigation. All 

irrigation waters contain hundreds of parts per million (ppm) of dissolved salts, as 

compared with 10 ppm in rainwater. In irrigated lands, the concentration and 

composition of the soil solution are derived from the salinity of irrigation water. The 

concentration of the soil solution is always greater than that of the irrigation water. 

Depending on the composition of these soluble salts, the concentrated salts may cause 

an increase of absorbed sodium, which affects the soil physical properties diversely. 

Even in humid areas, salinity is a hazard when irrigating with brackish water or 

treated sewage effluent, or because of sea water intrusion. Recently, interests in 
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maintenance of the environment, preservation of natural resources, and an awareness 

toward human health and nutrition have placed new attention on soil and water 

quality standards (Ghassemi, 1995). Soil is one of the major components of the 

environment. Soil salinization due to changing agricultural production systems is 

presently considered a serious environmental hazard and threatens to be even more so 

in the future. The future need for food will undoubtedly prompt more widespread use 

of saline water for irrigation. Not only will this water have a higher salinity than much 

of the irrigation water used in the past, but also the quantity of water available will be 

less because of the use and degradation by non-agricultural enterprises. Management 

of these poor quality waters will be more difficult and extensive investigations should 

be conducted in this regard. 

Soil is considered saline when the solute concentration in the water phase 

causes reduction in crop production. Thus, soil salinity is a plant-dependent concept. 

For example, an electrical conductivity of the saturated soil extract ECe of 5 dS/m in 

the root zone is saline for alfalfa, because crop yields start to decline at about 2.0 

dS/m, but for barley it is not saline because its yield starts to decrease at about 6.0 

dS/m. Salinity can be defined as the concentration of soluble salts present in water 

and soil on unit volume or weight basis. The major soluble salts causing salinity are 

the cations Ca, Mg, Na, and K and the anions CI, SO4, CO3, and NO3. 

During irrigation intervals several mechanisms are involved in the dynamic 

changes of soil solution salinity. Root water uptake and evaporation from the soil 

surface concentrate the soil solution and decrease the osmotic potential. The soluble 

salts in the root zone are left behind at the evaporation sites and the major fraction of 

dissolved salts is also excluded from water taken up by the roots. The dynamics of 

solute accumulation due to soil evaporation and root water uptake differs in systems 

depending on the amount of drainage. If the amount of water from irrigation and 

rainfall is less than soil evaporation and plant transpiration (arid or semi-arid regions), 

the soil water deficit is first met by extraction from soil water storage. As the stored 

soil water is used up and the soil dries, the crop becomes water-stressed, hence soil 

evaporation and transpiration will be reduced, and salt stored in the root zone 

concentrates in the remaining volume of water. This increased concentration causes 

plant osmotic stress, further reducing transpiration. This reduction continues until the 

plant dies or until water is added to the soil profile and drainage carries salt out of the 

root zone. In the presence of a groundwater table, deficiencies in irrigation and 

rainfall may be compensated by upward flow from the groundwater. This situation, 

however, can not remain indefinitely. Finally, soil salinity will reduce root water 

uptake to the point that the plant dies. 
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This chapter deals with some aspects of plant behavior under salinity stress 

and water stress. In the literature, the plant responses to these stresses are discussed in 

several ways with different terms. In the physiologically oriented publications, plant 

growth and yield are common terms, while in the literature dealing quantitatively with 

water and salinity, the terms relative yield, crop production functions, consumptive 

use, evapotranspiration and relative transpiration are used extensively. The linear 

relation between the relative yield and relative transpiration as found by De Wit 

(1958) is generally accepted and is still frequently used in experimental studies. 

Indeed, any kind of stress on plants will eventually influence the transpiration as well 

as the root water uptake. Since the main emphasis of this research is on root water 

uptake under salinity and/or water stress, the linear relationship between relative yield 

and transpiration is followed. 

In the following review the concepts of plant response to these stresses, whether 

considered as yield or growth, can eventually be related to root water uptake. In this 

chapter, after a brief review of plant responses to the separate salinity and water 

stress, some information on the plant response to joint salinity and water stresses is 

given. Alfalfa was used in the experimental part of this study, hence, a brief review of 

alfalfa responses to these stresses is also given. Since salinity and sodicity have a 

great impact on water and salt movement in the root zone, the soil physical properties 

under such circumstances are also reviewed. 

1.2. Crop response to salinity stress 

The adverse effects of salts on plants are generally divided into two categories. 

The first and most important one is the total salt or osmotic effect on the ability of the 

plant to take up water from the soil solution. Crop growth reduction due to salinity is 

generally related to the soil solution osmotic potential of the root zone. All soluble 

salts contribute to the osmotic effect. When salt is dissolved in water, the potential 

energy of the water is lowered and the plant must spend more energy to take up water 

from the same soil water content. The second category consists of specific ion effects, 

because an excess of specific ions may be toxic to various plant physiological 

processes. In contrast to the osmotic effect, investigations on specific ion effects are 

limited to few studies as documented by Maas (1990) for several crops and by Smith 

(1994) for alfalfa. 

The predominant influence of salinity stress on plants is suppression of root 

water uptake and growth. This suppression is typically a nonspecific salt effect, 

depending more on osmotic stress created by total concentration of soluble salts than 

on the level of specific solutes. Plants under salinity stress show some typical 

symptoms. Bare spots, poor spotty stands, and severely stunted plants are all signs of 

3 
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serious salinity stress. Usually, moderate salt stress restricts plant growth without any 

injury symptoms. Salt-affected plants are stunted in height, have smaller leaves and 

may have a darker blue-green color than normal plants. Chlorosis, the yellowing or 

blanching of green plant parts, is not a typical characteristic of salt-affected plants but 

it appears in many plants as a symptom. Wilting is not a regular characteristic of 

plants under salinity stress because this typically occurs when water availability 

decreases rather abruptly. Under salinity stress (but no water stress), moderate soil 

water potentials are always present and soil water pressure head changes are usually 

gradual. Thus, plants are hardened by continual salinity stress and are less inclined to 

exhibit abrupt changes in turgor {Hoffman, 1981). 

The root zone of all soils naturally contains a mixture of soluble salts. Root 

water uptake will be reduced when the concentration of soluble salts exceeds the 

threshold value of the plant. Excess salinity reduces root water uptake, primarily 

because it increases the energy that the plant must expend to extract water from the 

soil and make the biochemical adjustment necessary to survive. Actual response of 

plants to salinity varies with many factors, including climate, soil conditions, water 

table elevation, agronomic practices, irrigation management, crop variety, stage of 

growth, and salt composition. Salt sensitivity of the plants changes considerably 

during the development stages. Three developmental stages can be distinguished with 

respect to salt tolerance or salt sensitivity: germination, vegetative growth and 

reproductive growth. The separation between growth stage and duration of 

salinization is not always clear even in the experimental studies to evaluate the growth 

stage effect (Maas and Hoffman, 1977). Most plants are relatively salt-tolerant during 

germination and more sensitive during seedling emergence and early stage of seedling 

growth (Rhoades, 1990). A more complex response pattern emerges for germination. 

However, crops such as corn were found to be more tolerant at germination than at 

later growth stages, whereas crops like sugarbeet are more salt-sensitive at 

germination (Meiri, 1984, Shannon, 1997). There is much evidence that vegetative 

growth is particularly salt-sensitive (Lauchli and Epstein, 1990; Shannon, 1997). 

Many crops may be more salt-sensitive at early rather than later growth stages (Meiri, 

1984, Shannon, 1997). Root growth is often less affected by salinity than shoot 

growth. In the shoot, reduction of leaf area is then most prominent. Reduced leaf 

growth may indirectly increase total solute concentration in the leaves, which 

contributes to osmotic adjustment unless solutes build up toxic concentrations, first in 

the oldest and then in the younger leaves. 

When salinity is a hazard, an effective use of soil and water resources dictates 

the selection of relatively salt-tolerant plants. Thus, quantifying the yield response to 

different levels of salinity is of great concern, and hence many field and laboratory 
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experiments have been conducted for many plant species. The effect of salinity on 

crop production is determined by crop salt tolerance. Crop salt tolerance can be 

defined as the ability of plants to survive and produce economic yields under adverse 

conditions caused by soil salinity. Salt tolerance of agricultural crops is typically 

expressed in terms of yield decreases associated with soil salinity increases, or as 

relative crop yield on saline versus nonsaline soils (Bresler et al. 1982, Shannon, 

1997). 

The quantitative response of plants to salinity stress is usually described as 

decreasing yields with increasing electrical conductivity of the soil solution ECSS. 

Brown and Hayward (1956), Lunin et al. (1963), Shalhevet et al. (1969), and Maas 

and Hoffman (1977) suggested that the reduction in crop yield due to salinity can be 

linearly related to the electrical conductivity of the soil solution. Until 1977, yield 

response functions to soil salinity have been either eye-fitted to the data or obtained 

with linear regression techniques. In an attempt to fit a generalized response function 

to all salt tolerance data, Maas and Hoffman (1977) published a comprehensive 

analysis based upon an extensive review of the literature. In general, they found that 

crops tolerate increases in soil salinity up to a threshold value, above which yields 

show an approximately linear decrease with increasing salt concentration. The 

analysis of each experiment was based upon a linear least-squares equation for values 

beyond the threshold salinity value. The response function of Maas and Hoffman can 

be written as: 

— = 100-a(£Ce-£Ce*) ECe>ECl 1.1 

where ECt (dS/m) is the electrical conductivity of the soil saturation extract; ECe 

(dS/m) is the threshold value of salinity at which relative yield begins to decrease; and 

a (m/dS) is the slope which indicates the percent yield decrease per unit salinity 

increase. This equation is valid only when ECe is higher than the threshold value and 

less than the value resulting in zero yield. 

Maas and Hoffman (1977) and Maas (1986, 1990) collected and analyzed data for 

many crops, and determined the slopes and threshold values. This information is 

valuable, but the most important limitation of these data is that the data were obtained 

under uniform salt distributions over the root zone, small changes with time and 

unrestricted water supply by flood irrigation. Furthermore, Eq. 1.1 assumes that the 

crop responds primarily to the osmotic potential of the soil solution and that the effect 

of specific ions or toxicity can be ignored. These tolerance values can change greatly 

if different water salinity levels are applied at different growth stages. 
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Equation 1.1 is valid when the irrigation water quantity is considerably in 

excess of the sum of soil evaporation and plant transpiration, i.e. actual 

evapotranspiration ET&. Bresler et al. (1982) showed this to be true when the ratio of 

quantity of water and maximum ET is larger than 1.5. When irrigation water supply is 

limited to a leaching fraction (LF) of less than 0.3, Eq. 1.1 will not be accurate. 

Equation 1.1 holds under ideal conditions, but can hardly meet the realities in the 

field. It is however still useful for approximate purposes. 

The main purpose of this dissertation is to find an alternative for Eq. 1.1 that 

describes the effect of salinity on transpiration under transient, nonuniform and water 

limited conditions. 

1.3. Crop response to water stress 

Plant and water relations can be discussed from several points of view. In the 

agronomic literature, this relation is widely discussed from morphological, 

physiological and ontogenic points of view, hence main attention is paid to the effect 

of water deficit on the physiology and morphology of plants. Begg and Turner (1976), 

Turner (1986), Kramer and Boyer (1995), Larcher (1995), Boyer (1996) and Turner 

(1997) extensively discussed and summarized the available literature from agronomic 

points of view. In this section a summary of these publications is given, followed by a 

quantitative description of water and plant relations related to the scope of the present 

study. 

Plants consume water essentially for the processes of photosynthesis and 

transpiration, taking up water through the roots, primarily through their root hairs. 

Water is transported through the plant and then removed from the leaf surface via 

transpiration. Transpiration is controlled by the stomatal aperture and by the vapor 

pressure gradient from the leaf to the air. The amount of water required by plants for 

their growth depends on a number of factors including the type of plant, its growth 

stage, soil properties and meteorological conditions. 

The demand for water is not equally spread over the growing season. At the 

beginning of the season, consumptive use is low. It increases as the plant foliage 

develops and the days become warmer, peaks during flowering and fruit formation 

and rapidly decreases towards the end of the growing season. The evaluation of water 

requirements of crops to achieve full production at a particular location is based on 

the estimation of transpiration or evapotranspiration. Evapotranspiration is an energy 

dependent process involving a change of water from the liquid to the vapor phase. 

The rate of ET is a function of the net radiation, the vapor pressure gradient, the 
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resistance to flow, and the ability of the soil and plant to transport water to the site of 

evapotranspiration. 

It is generally accepted that water moves through the Soil-Plant-Atmosphere 

Continuum (SPAC) along a gradient of water potential from the soil through the plant 

to the atmosphere {Philip, 1966; Gardner et al; 1975; Kramer and Boyer, 1995; 

Turner, 1997). The evaporation of water from the leaf provides the major driving 

force of water uptake by transpiring plants against the soil water pressure and 

gravitational potentials, and the frictional resistances in the plant pathways (Begg and 

Turner, 1976). Low water potentials in the transpiration pathway provide the driving 

force for water movement out of some tissues such as the leaf mesophyll, cortex and 

phloem. As a result of this loss, water deficits develop in the leaf, stem and root 

tissues. Thus, water stress occurs as a result of water flow driven by soil water 

potential differences along a pathway in which frictional resistances have to be 

overcome. Water stress does not only occur when the loss of water from the leaves in 

transpiration exceeds the supply from the roots. For a plant going into water stress, 

transpiration exceeds the root water uptake as water is drawn out of tissues 

surrounding the xylem. When the water potential of these tissues has adjusted to the 

water potential in the xylem, a steady state is reached in which transpiration equals 

root water uptake. Since the plant can only extract water from the soil when the water 

potential in the plant is less than that of the soil, a steady state is rarely obtained. The 

difference between the water potential in the plant and soil depends on the rate of root 

water uptake and water conducting properties of soil and plant. 

Plants are most sensitive to water stress during their period of rapid 

development. For most plants this is the time of floral initiation, flowering, fruit, and 

seed development. Plant growth depends basically on continuity of cell division and 

cell enlargement until the characteristic form of the plant is realized. Cell division is 

less sensitive to water stress than cell enlargement (Kramer and Boyer, 1995). Leaf 

enlargement declines rapidly at leaf water potentials (LWP) below -2 bars and ceases 

at LWP of -7 to -9 bars (Boyer, 1996). The most important consequence of leaf 

enlargement decline is a marked reduction in leaf area (LA). A reduction in LA will 

reduce the growth rate. This has a permanent effect for which plants cannot 

compensate by increasing the number of leaves. Water stress can also affect LA 

through its effect of accelerating the rate of leaf senescence. Water stress increases the 

root/shoot ratio (Hoffman and Rawlins, 1971). There is evidence from a number of 

crops that at certain growth stages, especially during flowering and formation of fruit, 

root growth diminishes or ceases completely (Begg and Turner, 1976). By root 

growth reduction, the root water uptake becomes a function of soil water flow to the 

root surface. Since the unsaturated hydraulic conductivity at lower water contents is 
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very low, water stress will soon occur in plants particularly where the roots occupy a 

relatively small volume of soil. 

The influence of water stress on plant physiology is generally attributed to 

stomatal behavior and photosynthesis. Since stomata act as regulators for CO2 

exchange and water loss, water stress sufficient to close stomata also depresses 

photosynthesis. It is generally accepted that photosynthesis reduction due to water 

stress arises from changes in conductance of CO2 through the stomata {Kramer and 

Boyer, 1995). It is now generally recognized that the stomata do not respond to 

changes in LWP until a critical threshold value is reached. However, even if that 

threshold is not reached, a reduction in yield may occur owing to the effect of water 

stress on other physiological or morphological processes {Turner, 1997). 

In irrigation design and management, the quantitative influence of water on 

crop production, the so-called production functions, are of most interest. Studies on 

quantitative relationships between water use and crop yield started by several 

researchers since the beginning of the twentieth century. The term transpiration ratio 

became common and was defined as the ratio (kg/kg) of the amount of water 

transpired during growth and the dry weight of plants at the time of harvest {De Wit, 

1958). This ratio was also called the water requirement or consumptive use. The early 

work in this field led to the conclusion that the water requirement of plants is 

proportional to evaporation from a free-water surface, £0, and dependent on the plant 

species, but relatively independent of soil fertility, weather conditions, and the size of 

the plant {De Wit, 1958). De Wit (1958) analyzed the findings of the early 

investigations in an effort to further identify the factors that determine transpiration 

and yield under field conditions. He concluded that the relationship between yield Y 

and actual transpiration T3 for arid and semi-arid regions is linear in the following 

form: 

Y = f a 

f 1.2 

where / is a crop parameter. For a given crop and year for which / and Eo are 

constants, the relationship between relative transpiration TJTV and relative yield YJYm 

can simply be written as: 

Y T 
— = ̂ - 1.3 
Y T 

m p in which Ym is the maximum yield. 
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In the early experiments, plants were grown in containers, covered to prevent 

direct evaporation from the soil surface, and the amount of transpired water was 

determined by weighing the container. De Wit (1958) concluded that this relationship 

is equally valid for container- and field-grown crops. The validity of De Wit's linear 

relationship in field experiments was confirmed by several researchers in different 

climates (Arkerly, 1963; Hanks et al., 1969; Stewart et al, 1977; Hanks, 1974, 1983; 

Feddes, 1971), and hence, can be used as a general relationship. Recent reviews on 

production functions are given by Letty and Knapp (1990, 1995), while world wide 

data have been collected and evaluated by Doorenbos and Pruitt (1977) and 

Doorenbos and Kassam (1979). 

1.4. Crop response to joint salinity and water stresses 

Both salinity and water stress reduce root water uptake. Under joint salinity 

and water stress the plants must spend more energy to take up water from the soil, 

compared with that under salinity stress only or water stress only. In irrigated soils, 

particularly in arid and semi-arid regions, plants are subjected to both salinity and 

water stress in different intensities. Evapotranspiration during an irrigation interval 

reduces osmotic and matric potentials of the soil solution, which in turn strongly 

reduce root water uptake. Under most conditions, both factors change with time and 

space and the effective stress will depend on the way in which the plant integrates 

them. Despite some progress during the last two decades, the question of how plants 

integrate salinity and water stress remains unsolved. Only few publications are 

devoted to the symptoms of plants under joint salinity and water stress with the 

conclusion that all the mentioned symptoms for the separate stresses can occur 

together. Multiple stress interactions and their impact on plants is the main subject of 

some publications in the field of environmental stresses. There are two contradictory 

concepts about stress interactions. The first is Liebig 's law of the minimum, which 

states that plant growth is limited by a single stress at any one time;' only after the 

stress limitation is relieved, another stress can influence the plant. If this were true, 

raising the availability of any other limiting factor would not improve plant growth 

because the primary limiting factor is still constraining growth. In contrast to Liebig's 

law, one can argue that plants have evolved to compensate for stress imbalances i.e. 

compensatory theory {Bloom et al, 1985), and growth (or root water uptake) should 

be limited by all stresses simultaneously. Several important implications of the 

compensatory theory for plants were suggested by Chopin et al. (1987). First, if a 

plant is limited simultaneously by several resources, increases in a number of 

different resources could increase growth. This improves the chances that growth will 

be increased because any one of a number of different occurrences would enhance 
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growth rather than only one type of occurrence. Second, there are many evidences 

that when plants are limited by several limitations, increases in two or more of them 

has a synergetic impact on growth (Lipscomb, 1991). 

It has been known for a long time that in the case of water and salinity stresses 

there exists a relation between root water uptake reduction and salinity increase. The 

question is whether under similar climatic conditions, this relationship is identical, 

additive, or multiplicative with the effect of water stress. It is known that soil water 

osmotic and pressure potentials are additive in lowering the free energy of the water. 

It is therefore assumed, that they would also be additive in their effect on transpiration 

through reduction of the availability of water for plants. A review of this subject and 

its validity is given in Chapter 2 and quantitatively discussed in Chapter 6. 

Despite some obvious similarities, there are some clear differences between 

plant responses to salt and water stresses. One of the more important observations is 

the lack of wilting under salt stress at water potentials which cause wilting under 

water stress. Wadleigh andAyers (1945) and Sepaskhah and Boersma (1979) reported 

no wilting at low osmotic potentials, whereas there was wilting at equivalent low 

pressure potentials. These observations led to the conclusion that a decreasing 

pressure potential is more detrimental than an equivalent decrease in osmotic 

potential. Furthermore, there may be a difference in the nature of the solutes that 

contribute to osmotic adjustment. Osmotic adjustment is a decrease in plant osmotic 

potential through an increase in solute content in response to a reduction in external 

water potential to the extent that turgor potential is maintained. Generally, poor 

osmotic adjustment leads to stomatal closure and turgor loss, which is soon followed 

by reduced gas exchange and photosynthesis (Shannon, 1997). The obvious difference 

between salinity and water stress is in leaf turgor and the growth processes that are 

influenced by it. For instance, Shalhevet and Hsiao (1986) indicated that the growth 

rate under water stress was half as large as under salt stress in the leaf water potential 

range of interest. Meiri (1984) indicated that soil water pressure head h had a greater 

influence on shoot growth and transpiration than osmotic head h0. However, for root 

growth the effect of h0 was greater than that of h. 

1.5. Salinity and water stress and alfalfa growth 

For this study, alfalfa was selected mainly for its moderate tolerance to 

salinity, its tolerance to water deficit, and its fast postharvest growth. Alfalfa 

(Medicago sativa L.) was one of the first plants cultivated exclusively for use as 

forage and is now grown on some 35 million ha world-wide (Smith, 1994). Relative to 

other forage crops, alfalfa is frequently favored by farmers for the reasons mentioned 

10 
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above, as well as its highly nutritious herbage and excellent persistence. Alfalfa also 

conducts symbiotic N2 fixation in association with Rhizobium bacteria, resulting in a 

significant carryover of nitrogen in crop rotation. Salinity can limit nodule formation 

by reducing the population of Rhizobium in the soil or by impairing their ability to 

infect root hairs. However, the direct effect of salinity on the host plant can limit 

nitrogen fixation independent of the effects of salinity on the Rhizobium bacteria and 

the nodulation process {Keck et al, 1984). Alfalfa may be affected by salinity 

throughout its growth stages. Increased soil salinity results in smaller plants and a 

blue-green color in the vegetation, but these effects are greatly dependent upon the 

timing of the stress. Three developmental stages are recognized due to salinity effects, 

namely germination, seedling emergence and growth, and mature plant growth from 

secondary stems. 

Considerable research has been conducted to assess the osmotic effects of salts 

on germination. Smith (1994) reported about very early to recent studies that indicate 

that alfalfa will not germinate in solutions above 0.5% NaCl. Problems in establishing 

alfalfa usually start when ECt > 8 dS/m. Little progress has been made in separating 

the specific ion and osmotic effects on alfalfa. In one study, Smith (1994) indicated 

that increase in exchangeable sodium percentage (ESP) from 5 to 37.4 decreased 

seedling establishment. Under salinity stress, alfalfa seedlings exhibit a characteristic 

set of plant symptoms. At low salinity level, reduced shoot growth is the only obvious 

evidence of osmotic effect. At higher levels of salinity, reductions in growth are 

accompanied by bleaching of leaflets in younger plants. This is also associated with 

increases in leaf and stem succulence, dark green or blue-green color of the foliage, 

and increases in the leaf-shoot weight ratio. Higher levels of salinity produce marginal 

leaf necrosis or chlorosis, which may be followed by removal of the oldest leaves. 

Little progress has been made in separating the effects of specific ion toxicities and 

osmotic effects on seedling growth for alfalfa (Smith, 1994). 

Several studies (Hoffman, 1981, Keck et al, 1984; Shalhevet 1984, 1993, 

1994; Meiri 1984, 1992; Smith, 1994) indicate that in mature alfalfa salinity tends to 

depress shoot growth more than root growth. The effect of salt stress on alfalfa yield 

has been quantified by Maas and Hoffman (1977) for uniform salinity in the root 

zone. They concluded that forage yield of alfalfa decreased by about 7.3% (slope) for 

each dS/m increase above 2.0 dS/m (salinity threshold value) in the saturation soil 

extract. 

In most studies with alfalfa, root zone salinity varies with depth, having low 

EC near the surface and much higher at the bottom of the root zone (Lonkerd et al, 

1979). It is frequently assumed that plants respond to the average root zone salinity 

under these conditions and some data collected support this idea (Shalhevet and 

Bernstein, 1968; Bower et al, 1969; Prunty, et al, 1991). This assumption is one of 
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the main hypotheses of Maas and Hoffman (1977) in deriving Eq. 1.1. Since the 

majority of roots of alfalfa are within the first 50 cm of the root zone, Bernstein and 

Francois (1973) concluded that alfalfa responded to a calculated mean salinity value 

that is controlled primarily by the salinity of the irrigation water (upper root zone 

salinity), and hence is less affected by deep root zone salinity. Later research 

suggested that alfalfa can tolerate high salinity in the lower part of the root zone (at 

180 cm) by increasing water uptake from higher regions that are lower in salinity 

(Shalhevet and Bernstein 1968; Hanks et al, 1977). Consequently, overall 

transpiration and water uptake for the entire plant remains unchanged. Francois 

(1981) reported that significant yield reduction will not occur until after salinity 

increased in the lower part of the root zone (50-60 cm). Ingvalson et al. (1976) 

suggested that irrigation management, especially the frequency of irrigation, could 

partially explain these contradictory conclusions. They reasoned that immediately 

after irrigation, plants would take up water primarily from the less saline upper root 

zone, and the lower part salinities will affect the plant later in the soil drying cycle. 

Raats (1974a) suggested that the response is determined by a kind of weighted mean 

salinity, in particular the uptake-weighted mean. Dirksen (1985) and Dirksen et al. 

(1994) collected and analyzed some data for alfalfa, which support this suggestion. 

1.6. Salinity and sodicity and soil physical properties 

The suitability of soils for cropping depends strongly on the permeability for 

water and air, and on the properties of the aggregates which control the friability of 

the seedbed. Poor permeability is often a major problem in irrigated lands. Besides 

salinity, sodicity is also an important problem in semi-arid regions. Sodicity strongly 

affects the soil physical properties. Sodic soils usually have poor physical properties 

resulting in restricted water and air movement. The soil is sodic when its ESP is 15 or 

more (U. S. Salinity Staff 1954). For most soils, when the ESP reaches more than 15 

the soil structure will be destroyed and the aggregation becomes massive. 

The soluble salts affect the physical and chemical properties of the soils. 

Historically, the physical behavior of saline soils has been described in terms of the 

combined effects of EC and ESP on flocculation and soil dispersion. Many physical 

properties of soils are sensitive to the relative composition of exchangeable cations, 

which in turn depend on the concentration and composition of the soil solution in 

equilibrium with the solid phase. Divalent cations improve the soil physical properties 

such as hydraulic conductivity K, infiltration rate /, aggregate stability, and aeration. 

High soil solution salinity reduces the unfavorable physical effects of the adsorbed 

monovalent sodium ions. 

12 
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The most severe adverse effect of sodium ions on the soil physical properties 

is on K and /. Soil hydraulic conductivity is a function of the size of the water-filled 

pores. Therefore, any soil solution salinity that causes a decrease in the size of these 

water-conducting pores has a marked effect on the soil hydraulic conductivity as well 

as on the infiltration rate. The size of the water conducting pores is decreased by 

swelling of clay particles and by dispersion of the colloidal soil material. According to 

the diffuse double layer theory, both swelling and particle dispersion increase as the 

soil solution salinity decreases and the sodium to calcium ratio (Na/Ca) increases. 

Saturated, as well as unsaturated soil hydraulic conductivity behaves accordingly, that 

is, they are higher at the more saline soil solution and decrease with the high Na/Ca 

ratio (Oster, et al. 1996). 

Water flow in unsaturated soil is described well by Darcy's equation. In the 

Darcy-type water flow equation it is assumed that the hydraulic gradient is the only 

driving force that causes water flow. Because of mass movement of salt and water 

content fluctuations, however, dynamic changes of salt concentration may create an 

additional driving force due to the osmotic gradient. Also, variations in salt 

concentration and composition may affect the hydraulic conductivity function, K(9), 

because of density, particle swelling, and dispersion (Bresler et al, 1982). Thus, in 

applying Darcy's flow equation to a given salinity, mutual salt-water flow effects 

must be considered. Investigations to quantify the mutual salt-water flow effects are 

limited to the works of Kemper and co-workers {Kemper, 1961; Kemper and Evans, 

1963; Kemper and Rollins, 1966; Kemper and van Schaik, 1966; and Porter et al, 

1960), providing several complicated coefficients and parameters whose values are 

difficult to obtain. 

Irrigation and leaching of sodic soils with water having too low electrolyte 

concentrations to maintain flocculated conditions, cause hydraulic conductivity 

reductions due to clay dispersion, movement, and consequent blockage of water-

conducting pores. Clay swelling and dispersion due to high sodicity and low salinity, 

are two mechanisms that account for changes in hydraulic properties. Swelling that 

occurs within a fixed soil volume reduces pore radii, thereby reducing both saturated 

and unsaturated hydraulic conductivities. Swelling results in aggregate breakdown or 

slaking, and clay particle movement, which in turn leads to blockage of conducting 

pores. The experimental evidence shows that aggregate dispersion occurs at lower 

electrolyte concentration than that required to flocculate a clay suspension {Oster et 

al, 1996). The electrolyte concentration of the soil solution should be above the 

threshold value that causes dispersion or permeability decrease. The threshold 

concentration is the concentration in the percolating solution that would give rise to a 

10 to 15 percent decrease in the relative permeability at a given sodicity level, as first 

introduced by Quirk and Schofield (1955). Further investigations indicated that water 
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with salinity less than 0.3 dS/m causes clays to swell, resulting in swelling-induced 

effects such as breakdown of aggregates, crusting, and reduced permeability (Bresler 

etal., 1982; Gupta and Abrol, 1990; Osteretal, 1996). 

In the semi-arid regions a great part of soils are both saline and sodic. In Iran, 

this is due to the dominance of NaCl in these soils, which causes both salinity and 

sodicity. Since the solubility of NaCl in water is very high, the reclamation of such 

soils by leaching is relatively easy (Homaee, 1991). Often, the difficulty during 

improvement is the decreasing infiltration rate during leaching. To avoid this 

problem, the use of brackish water rather than fresh water, and/or application of 

gypsum is recommended (U. S. Salinity Lab. Staff, 1954; Oster et al, 1996; Gupta 

and Abrol, 1990; Homaee, 1991). Infiltration rates are more strongly affected by low 

soil salinity and high exchangeable sodium levels than hydraulic conductivities 

because of mechanical impact and stirring action of the applied water and the freedom 

for soil particle movement at the soil surface {Oster et al. 1996). Investigations to 

quantify the influence of salinity and sodicity on infiltration rate are still empirical. 

Oster andSchroer (1979) and Kaur (1994) introduced some empirical relationships as 

function of salinity and sodicity of irrigation water. The relationship proposed by 

Oster andSchroer (1979) can be written as: 

7 = 6.8- 1.1 SAR+ 0.79 c 1.4 

in which, I is the infiltration rate in mm/h, SAR is sodium adsorption ratio of the 

irrigation water ([meq/lit]"2) in equilibrium with the solid phase of CaCC>3 at a CO2 

pressure of 0.07% based on ion activities corrected for ion pairing, and c is total 

cation concentration in mol/m3. The advantage of this type of relations is that it 

employs the SAR of the irrigation water rather than the ESP of the soil that is difficult 

and time consuming to obtain. The slopes as well as the intercept in Eq. 1.4 are only 

valid for the soil type and the irrigation management for which the equation was 

derived and must be adjusted for other soils and irrigation methods. 

1.7. Outline of the thesis 

The thesis deals with root water uptake under separate and joint salinity and 

water stress conditions. The introductory Chapter 1 presents the interactions of plants 

under such circumstances, particularly for alfalfa. Chapter 2 presents governing 

equations for water flow and solute transport and reviews the existing root water 

uptake models. Chapter 3 describes the experimental setup and program. Chapters 4 

to 6 present the analyses of the experimental data and simulation results for salinity 

stress, water stress, and joint salinity and water stress, respectively. 
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In Chapter 2, available root water uptake models are reviewed and classified in 

microscopic and macroscopic groups. For the joint water and salinity stress 

conditions, additive and multiplicative concepts are discussed. The simulation model 

for hysteretic one-dimensional water flow and solute transport in the root zone, 

HYSWASOR, with its governing equations is introduced. 

Chapter 3 gives a detailed description of the experimental setup specifically designed 

for growing alfalfa in the greenhouse under water and/or salinity stress conditions and 

making extensive measurements on soil and plant. Instrumentation and methods are 

described for measuring soil water content and soil bulk electrical conductivity 

(TDR), soil solution electrical conductivity (salinity sensors), leaf water potential 

(pressure chamber), and actual transpiration (weighing). 

Chapter 4 deals with root water uptake under saline conditions. In the first part, 

experimental data are presented and analyzed based on the mean soil solution salinity. 

The second part reports the results with the numerical simulation model 

HYSWASOR. The same order of analysis is followed in Chapter 5 for water stress. 

Chapter 6 deals with joint salinity and water stress. The parameter values for additive, 

multiplicative, and a newly proposed combination reduction function are first derived 

from averaged experimental data for the single stresses in the previous chapters, and 

then tested in the simulation model. 
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2. Models for root water uptake under salinity and water stress 

2.1. Introduction 

Study of plant roots is one of the oldest subjects in plant science, usually 

dealing qualitatively with several aspects of water uptake. The soil-root-stem-leaf-

atmosphere water flow pathway is a major component of the hydrologic cycle. About 

70 percent of the water that falls on the soil surface returns to the atmosphere through 

evapotranspiration. Therefore, vegetated areas constitute an important part of the 

hydrologic cycle. The boundary between soil and roots is a major hydrologic interface 

in that over 50 percent of the evapotranspiration crosses the soil-root interface. 

Penman (1970) estimated that in order to produce 1 kg fresh weight of a crop, 

approximately 100 kg of water must be withdrawn from the soil. Such observations 

led to the conclusion that an important long term aim of hydrologists should be to 

extend and develop their understanding of the hydrologic processes involved in the 

transport of water from soil, into and through plants. 

Root water uptake approaches generally serve one of two purposes. Either 

they produce an estimate of transpired water loss for water budget models or they 

provide estimates of plant water status for predicting water stress. Root water 

extraction is a dynamic term influenced by soil, plant, and climate. Root water uptake 

depends on a number of factors like soil hydraulic conductivity, rooting depth, rooting 

density, root distribution, soil water pressure head, soil water osmotic head, 

evaporative demand, the presence of a groundwater table, plant resistances, growth 

stage of plant, etc. This indicates that an exact physical description of root water 

uptake is rather complicated. Despite of this, several models have been introduced to 

quantify the root water uptake, particularly for use in numerical simulation models. 

Quantitative concepts of water transport into plants first appeared in 

publications of Gradmann (1928) and Van den Honert (1948). Gradmann (1928) was 

the first to suggest that an analogy could be drawn between steady electric current 

flow in a resistance network and steady water flow through the roots, stem, and leaves 

of a plant. Van den Honert (1948) followed this concept and stated that under steady 

state conditions the rate of water flow through a plant part is directly proportional to 

the water potential difference across that part and inversely proportional to the water 

flow resistance. Philip (1958a, b) developed the first detailed quantitative description 

of water transport in plant tissue, resulting in a diffusion equation. His derivation 

assumed that water moves primarily from vacuole to vacuole. Subsequent researchers 

added cell walls and plasmodesmata as possible pathway (Moh, 1981). 
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On the other hand, understanding of soil water status improved by the introduction of 

quantitative energy concepts of soil water by Buckingham (1907) and Richards 

(1931). In another development, introducing the concept of available water for plants, 

field capacity FC and permanent wilting point WP, Veihmeyer and Hendrickson 

(1927, 1931, 1955) stated that soil water is equally available for plants from FC to 

WP. This concept was criticized later by many researchers {Richards, 1928, 1960; 

Slatyer, 1957; Van Bavel and Ahmed, 1976). Richards (1928) pointed out that 

available water involves both the ability of the plant to take up water and the 

readiness with which water moves to replace the extracted water, which indicates that 

soil hydraulic conductivity is an important variable to take into account. Hence, from 

very early investigations it became clear that both soil and plant resistances are 

involved in root water uptake. Many investigations have been conducted later to 

improve and quantify the understanding of the soil-water-root system. 

This chapter presents a brief review on these concepts after introducing the governing 

equations for water flow and solute transport in the root zone. Furthermore, root water 

uptake models are reviewed and classified into the so-called microscopic and 

macroscopic categories. Since in this study the numerical simulation model 

HYSWASOR {Dirksen et al, 1993) has been used, a brief introduction to this model 

is also given. 

2.2. Water movement and solute transport in root zone 

2.2.1. Water movement 

One-dimensional vertical water flow in soil is well described by Darcy's 

equation: 

q=„K{h)
dJh±A 2.1 

dz 

where q is the soil water flux density taken positive upward (LT~), K is soil hydraulic 

conductivity (LT1), h is soil water pressure head (L), and z is gravitational head, as well 

as the vertical coordinate (L) taken positive upward. Applying the principle of 

continuity and representing root water uptake as a sink term S depending on h, leads to: 

™=JjL_S{h) 2.2 
dt dz 

where 6 is volumetric water content (L L"3), t is time (T), and S is soil water 

extraction rate by plant roots (L3L"3T''). Water flow in unsaturated or partly saturated 
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soils is then traditionally described with Richards' equation (Richards, 1931) who 

was the first to combine Eqs. 2.1 and 2.2 as: 

86 „,„dh 8 ( ^ 
• = C(A)—= 

dt dt dz 

8h 
K(h) — + K(h) 

dz 
- S(h) 2.3 

where C is the differential soil water capacity (L"1) which is equal to the slope d0/dh 

of the soil water retention curve. Equation 2.3 may also be expressed in terms of the 

water content if the soil profile is homogeneous, unsaturated, and hysteresis can be 

neglected: 

80__dJ 
dt dz 

D(e)—+K(0) 
dz 

- S(0) 2.4 

where D is the soil water diffusivity (L2T_1), defined as: 

D = K ^ 2.5 
dO 

The unsaturated soil hydraulic functions in the above equations are the soil water 

retention curve 6 (h), the hydraulic conductivity function K(h) or K(0), and the soil 

diffusivity function D(9). Several functions have been proposed to describe the soil 

water retention curve. Among those, the analytical functions of Brooks and Corey 

(1964) and Van Genuchten (1980) are most popular. The latter is extensively used 

particularly in numerical simulation models and can be written as: 

S = ^ ^ - = (\ + a\h\")-" 2.6 

where 6, and 8S are residual and saturated water contents, respectively; and a (L"'), 

n (-), and m (-) are shape factors. The latter can be taken equal to: 

m = \ - - 2.7 
n 

The soil hydraulic conductivity function can be described by (Mualem, 1976; Van 
Genuchten, 1980): 

K = KsSln[\-([-Sl"")m]2 2.8 
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where Ks (LT1) is the saturated hydraulic conductivity. 

Van Genuchten et al. (1991) developed the program RETC to estimate the parameter 

values of these equations from measured 9 (h) and K{0) data. Wosten et al. (1994) 

obtained the above mentioned parameters for more than 600 soil samples in The 

Netherlands {Van Dam et al, 1997). 

2.2.2. Solute transport 

In numerical simulation models, the salt concentration as well as the soil 

solution salinity ECSS at any given depth in the root zone is determined by either 

deterministic or stochastic solute transport approaches. The rate at which solutes 

move through the soil is determined by several transport mechanisms. The 

mechanisms often act simultaneously and may include such processes as convection, 

dispersion, diffusion, adsorption, and production or decay. In the case of 

simultaneous movement of solute and water, it is usually assumed that the transport of 

solute is governed by convection and hydrodynamic dispersion. Convection refers to 

solute movement due to the bulk motion of the flowing fluid. Hydrodynamic 

dispersion consists of the two processes of molecular diffusion and mechanical 

dispersion. The relative contributions of these two phenomena to total hydrodynamic 

dispersion depend on the average fluid velocity through the porous medium. The total 

solute flux is obtained by adding the convective flux, diffusive flux, and the flux due 

to mechanical dispersion. 

Considerable research has been conducted to model solute transport in soils. These 

models vary widely in their conceptual approach and degree of complexity. Among 

others, Addiscott and Wagenet (1985) classified these models as deterministic and 

stochastic models. 

In deterministic models, individual processes and the interactions between those 

processes are defined mathematically, with each set of input data leading to a unique 

and reproducible prediction. These types of models typically account poorly for the 

spatially variable nature of soil. 

Stochastic models presuppose that soil properties vary spatially, so that solute and 

water movements also vary. Stochastic models place less emphasis on the processes 

but more on prediction of the statistical distribution or probability of a given 

characteristic. Common to all stochastic models is the assumption that parameter 

values are distributed in space. The probability distribution functions at each point in 

space are usually unknown and cannot be evaluated from only one or few 

observations within close proximity of the location. Some recent reviews of analytical 

and numerical modeling on solute transport in soil are given by Guven et al. (1990), 

Sudicky and Huyakorn (1991), Sardin et al. (1991) and Van Genuchten (1994). 
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Models for root water uptake under salinity and water stress 

The deterministic convection-dispersion equation is extensively used in numerical 

simulation models. The convective-dispersive equation of solute transport similar to 

Eq. 2.4 can be written as: 

d(ps) djGc) d 
dt dt dz 

(0D^-ac 
dz 

2.9 

where p is the soil bulk density (ML'3), 5 is the solute concentration associated with 

the solid phase of the soil (ML"3), D is the solute dispersion coefficient (L2T-1), c is 

the solute concentration of the fluid phase (ML-3), and Ss (ML'3T~') is a sink for solute. 

The classical Eqs. 2.3 and 2.9 have been solved for a variety of one- and multi

dimensional applications {Van Genuchten, 1994). While models based on these 

equations are important tools, they are also subject to a large number of simplifying 

assumptions which limit their applicability to many problems in the field. These are 

discussed in detail by Van Genuchten (1994). One important limitation in the use of 

Eq. 2.3 involves the sink term S in the flow equation. 

As will be discussed in the rest of this chapter, widely different approaches exist for 

simulating root water uptake, most of them are essentially empirical and contain 

parameters that depend on specific crop, soil, and environmental conditions. Much 

research is still needed to derive physically based descriptions of root water uptake as 

function of water and salinity in the root zone. Another complication arises from the 

extreme heterogeneity of the subsurface environment. There is ample evidence to 

suggest that solutions of these classical models fail to describe accurately transfer 

processes in most natural field soils {Van Genuchten, 1994). Besides these facts, 

deterministic models are still useful to analyze mechanisms involved in flow and 

transport problems and to perform scenario analyses. 

2.3. Root water uptake models 

Steady-state water flow through the entire soil-plant system can be described 

by an analogue of Ohm's law as introduced by Van den Honert (1948): 

rp _ " "root _ "rool " l 9 1 0 

where h, hwoh and h\ are the pressure heads (L) in the soil, at the root surface and in 

the leaves, respectively; Rs and Rp are the flow resistances (T) in soil and plant, 

respectively, and Ta is actual transpiration rate (LT' ). Since hIO0t is hardly measurable 
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(if not impossible), it is convenient to use an equivalent equation rather than Eq. 

2.10: 

™ h — h 
Ta=

 l- 2.11 

The relative importance of Rs and Rp was extensively studied by Gardner and Ehlig 

(1962), Cowan (1965), Newman (1969), Feddes (1971), Yang and De Jong (1971) 

Feddes and Rijtema (1972), Hansen (1974a,b), Taylor and Klepper (1975), Molz 

(1975), Jarvis (1975), Reicosky and Ritchie (1976), Herkelrath, et al. (1977a,b), 

Nnyamah et al. (1977), Meyer et al. (1978) and Blizer and Boyer (1980). The majority 

of these authors believe that Rp is dependent on soil water content #and transpiration 

rate Ta, while some believe that Rp is independent of them. Furthermore, there is 

some evidence that the hydraulic resistance of the root system usually dominates the 

resistance of soil surrounding the roots (Newman, 1969; Molz, 1975, 1976; Taylor 

and Klepper, 1975; Nnyamah et al, 1978; Meyer et al, 1978; Blizer and Boyer, 

1980). If this is true, one may draw the conclusion that root water extraction functions 

expressed in terms of soil hydraulic resistance alone are conceptually wrong. 

However, there is some controversy concerning the degree of dominancy of the root 

resistance (So et al, 1976; Faiz and Weatherley, 1977, 1978). Whether this is true or 

not, it is now well understood that complete specification of all the resistances 

encountered in the soil-root-plant system is hardly feasible. 

There are two main approaches to quantify root water uptake. The first one 

considers the convergent radial flow of soil water toward and into a representative 

individual root, taken to be a line or narrow tube sink uniform along its length. In this 

approach the root is an infinitely long cylinder of uniform radius and water absorbing 

properties. The soil water flow equation in this model is written in cylindrical 

coordinates and solved for the appropriate boundary conditions at the root surface and 

at some distance from the roots. The most common formulation of this microscopic 

approach is based on the work of Gardner (1960, 1964) and describes the microscale 

physics of water flow from the soil to, and through the plant roots. The most 

important limitation of this group of models is the unavailability of the required input 

parameter values. The models of Gardner (1964), Nimah and Hanks (1973a), Feddes 

et al (1974), HUM et al. (1976) and Herkelrath et al. (1977a) are in this category. 

The second, macroscopic approach assumes that the whole root system is a diffuse 

sink which permeates each layer of soil uniformly, though not necessarily with a 

constant density throughout the root zone. In the macroscopic approach, the flow to 
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