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Abstract Soil salinity over root zone usually demon-

strates temporal and spatial variations. By changing

irrigation management practices it is possible to change

both the frequency of salinity fluctuations and its distribu-

tion over the root zone. The objective of this study was to

experimentally investigate how plants integrate soil salinity

over its rooting depth when irrigated with saline water.

Consequently, detailed experiments with alfalfa were con-

ducted in some lysimeters containing packed loamy sand

soil. The target soil salinities were created by changing

quantity and quality of applied saline water. Results indi-

cated that the uptake rate preliminary reacts to soil salinity.

But at given water content and salinity, the ‘‘evaporative

demand’’ and ‘‘root activity’’ become more important to

control the uptake pattern. The obtained results also indicate

that root activity is inconstant during the stress period. By

increasing salinity, the activity of that part of the root sys-

tem is also increased. Thus, most water is taken from the

less saline part and the uptake at other parts with higher

salinities never stops. Consequently, the reduced uptake in

one compartment resulting from high salinity is not only

compensated from other parts with less salinities, but also

from the same increment by increasing root activity.

Introduction

Soil salinity in field scale is seldom uniform with depth and

usually varies with time at any given depth. The question

of how plants integrate such space and time varying vari-

able is important for agriculturalists as well as modelers.

Increases in soil salinity as result of evaporation occur at

the soil surface, while the site of separation of salts from

the soil water due to root water uptake takes place at the

soil–root interface. The actual distribution of salts over the

root zone reflects the water extraction pattern, which

depends not only on root distribution, but also upon root

activity. Root distribution over the root zone largely

depends on whether the root system preliminary developed

into a saline or nonsaline profile. In heterogeneously dis-

tributed soil salinity, roots do not penetrate readily into

high saline depths, but once established in nonsaline soil,

imposing salinity does not drastically change the root dis-

tribution. In numerical simulation models that deal with

water movement and solute transport in the root zone, the

water budget largely depends on the uptake pattern.

Theoretical concepts of how plants integrate soil salinity

have not yet been fully developed or verified. To avoid

difficulties arising from plant integration complexities,

many studies have been conducted in uniform soil solution

salinities. Comprehensive reviews of such studies are well

documented by Maas and Hoffman (1977) and Maas and

Grattan (1999). While studies under such uniform condi-

tions can improve understanding of root water uptake in

saline soils, the question on how plants integrate soil

salinity remains unanswered. When salinity is heteroge-

neously distributed over the root zone, it is frequently

assumed that the plant responds to the ‘‘average’’ soil

salinity. Some collected experimental data have support

this idea (Shalhevet and Bernstein 1968; Bower et al.
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1969). Concerning such heterogeneity, there are three

contradictory ideas in the literature. The first suggests that

the water uptake can better be related to the salinity of the

upper part of the root zone. Since the majority of alfalfa

roots are within the first 50 cm of the root zone (Smith

1994), Bernstein and Francois (1973) concluded that alfalfa

responded to mean soil salinity. Because it is controlled

primarily by the salinity of irrigation water (upper root

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

salinity. The second states that the relative uptake is

strongly affected by the more saline part in the root zone

which is mainly located at the deeper part of the soil pro-

file. Later research suggested that alfalfa can tolerate high

salinity in lower part of the root zone (at 180 cm) by

increasing water uptake from higher regions with lower

salinities (Shalhevet and Bernstein 1968; Hanks et al.

1977). Consequently, the overall water uptake as well as

the transpired water remains unchanged. Francois (1981)

reported that significant yield reduction will not occur until

salinity increases 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 opposing conclusions. They rea-

soned that immediately after irrigation, plants take up

water primarily from the less saline upper part, and the

lower part salinities will affect the plant later during the

soil drying cycle. The third, proposed that plant response

can be described better by some weighted mean salinity

(Raats 1974; Hoffman and Van Genuchten 1983; Dirksen

1985; Dirksen et al. 1994). One such an uptake averaging is

proposed by Dirksen (1985):

~ho ¼
R1

0
SðzÞhoðzÞdz
R1

0
SðzÞdz

ð1Þ

in which S is the volumetric sink term depending on depth

(z) and ho is soil osmotic potential, expressed as osmotic

head.

The analyses made by Dirksen (1985) and Dirksen et al.

(1994) on the experimentally collected data with this

equation provided satisfactory results.

One more approach that can be regarded as an averaging

concept is the algorithm used in numerical simulation

models. Several models during the past decades were

developed in order to quantify water extraction under saline

conditions. Those models that aim to predict relative yield

are mainly based on the average soil salinity over the root

zone (e.g., Maas and Hoffman 1977; Van Genuchten 1987;

Dirksen et al. 1993). When incorporated in numerical sim-

ulation models as macroscopic reduction functions (Homaee

et al. 2002a; Van Genuchten et al. 1999), they calculate the

relative uptake for each node. Some extensive discussions on

modeling and simulation of root water uptake are given by

Homaee et al. (2002a, b, c, d). Usually these models (e.g.,

Simunek et al. 1998; Van Dam et al. 1997; Simunek et al.

1997; Jarvis 1994; Dirksen et al. 1993) distribute the

potential transpiration over the root zone according to the

specified root activity distribution. The actual transpiration is

then considered to be equal to the potential transpiration until

the threshold salinity is reached. The actual transpiration is

then calculated for every node according to the specified

reduction function. The integration of the calculated tran-

spiration over all nodes gives the actual transpiration for the

entire root zone. When the soil salinity differs with depth, the

model assumes that water can be taken up independently at

every depth according to the specified reduction function and

the (relative) root activity. For instance, if the soil solution

salinity near the bottom is lower than that of the top, the

model calculates the higher water uptake at the bottom for

the given root activity. The water contents and salinities are

then calculated according to the depleted water at each node.

Investigations on the mentioned controversy are rare and

it is not yet clear which idea resembles the reality most.

The main reason for this scarcity is that the required data

cannot be obtained easily and the subject should be

investigated in fully controlled conditions, which is either

time consuming and/or expensive. One way to check these

contradictory is to create different salt distributions over

the root zone in different columns with the same mean

salinities. Such conditions were observed in some experi-

mental columns designed by Homaee et al. (2002b) that

received no extra water to apply leaching after soil

salinization.

Theory

Water flow in unsaturated soil including root water uptake

as a sink term S is described with Richards’ equation

(Richards 1931):

oh
ot
¼ CðhÞ oh

ot
¼ o

oz
KðhÞ oh

oz
þ KðhÞ

� �

� SðhÞ ð2Þ

where h is volumetric water content (L3L-3), t is time (T),

C is the differential soil water capacity (L-1), h is soil

water pressure head (L), and z is gravitational head, as well

as the vertical coordinate (L) taken positive upward, K is

soil hydraulic conductivity (LT-1), and S is soil water

extraction rate by plant roots (L3L-3T-1) depending on h.

The soil hydraulic conductivity function can be descri-

bed by (Mualem 1976; Van Genuchten 1980):

K ¼ KsS
l
e½1� ð1� S1=m

e Þ
m�2 ð3Þ

where Ks (LT-1) is the saturated hydraulic conductivity, Se

is effective saturation (–), and l, n (–), and m (–) are

dimensionless shape factors.
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Osmotic potential, expressed as osmotic head ho,

assumed to be a linear function of solute concentration c

and soil solution salinity ECss according to (U. S. Salinity

Laboratory Staff 1954):

ho ¼ �36c ¼ �360ECss ð4Þ

The linear salinity crop response function of Maas and

Hoffman (1977), written in terms of osmotic head reads:

aðhoÞ ¼ 1� a

360
ðh�o � hoÞ ð5Þ

where ho and ho* are the osmotic head and osmotic

threshold value, respectively; a is the crop reduction in

response of a unit osmotic head and 360 is a factor to

convert the salinity-based slope (a) to cm osmotic head

(Homaee et al. 2002d). Some other non-linear salinity

response functions are also introduced in the literature

(Van Genuchten and Hoffman 1984; Van Genuchten 1987;

Dirksen et al. 1993; Homaee et al. 2002a) that are mainly

used in numerical simulation models to predict the water

content or salinity of the root zone. Having the salinity

dependent reduction function a (ho) and incorporating the

relative root activity parameter d (L-1), the sink term in

Eq. 2 reads:

S ¼ aðhoÞTPd ð6Þ

Materials and methods

Alfalfa (Medicago sativa L.) was seeded in packed cylin-

drical soil columns with 65 cm height and 21 cm diameter.

The soil used in this study was Wichmond sandy loam

(Typic Haplaquent, 14% clay, 31% silt, and 55% sand).

The soil was first sieved with a 1-cm sieve and then

compressed by some impacts from a 65-cm height

(3,100 g weight) at 5-cm increments. At a water content of

0.125 g g-1, 15 impacts yielded nearly uniform bulk den-

sities of 1.42 g cm-3. Subsequently, all columns were

packed at this water content by the same procedure. To

minimize the variations during packing, the bulk density of

every 5 cm of packed soil was measured before adding the

next soil increment. After packing, all the sensors were

installed and the columns were saturated with tap water and

drained twice with a suction pump to reduce remaining

differences in the soil packing.

Alfalfa was grown from seed in a greenhouse under

controlled environmental conditions. To fix nitrogen of air

in the roots, the seeds were inoculated with Rhizobium

bacteria. First the suspension of Rhizobia was mixed by

Carboxyl Methyl Cellulose CMC and later four parts of

seeds were mixed by one part of this mixture. CMC was

used to fix the Rhizobial cells to the seed coat. The wet

seeds were dusted with dry CaCO3 (1 g CaCO3 for 2 g

seeds). After this inoculation, alfalfa was immediately

seeded at a density of four seeds per location and 20

locations per column. A week later, all locations were

thinned to one plant, giving 20 plants per columns.

The measurements started after healthy plants had

developed. Since no water stress was allowed, the irri-

gation intervals were relatively short (48 h). Assuming no

significant water uptake during the dark period, all irri-

gation waters were applied to the columns by flood

irrigation immediately before turning off the lights. This

was done in order to allow the applied water to distribute

over the root zone in the time that plants did not transpire

water.

The soil was salinized by twice saturating and draining

all columns, applying appropriate amounts of water and

salinity. To attain the target leaching fractions all columns

were saturated. The target leaching fraction was 0.5. Thus,

a large amount of saline water in excess of potential tran-

spiration was applied to the columns, and the same amount

of excess water was given to the reference treatment. This

provided relatively similar water distribution over the root

zone for all columns. The amount of applied water was

derived from the reference treatment R. All irrigations of R

were with tap water of EC \ 0.2 dS/m. Thus, it can be

assumed that during the measurements hysteresis in soil

water did not occur and the main drying curve of the

retention curve can be used. One week later, after allowing

relatively uniform salinity distribution over the root zone,

the bottoms of columns were closed by some plastic

stoppers to prevent any leaching. All measurements started

after switching on the lights. The light period normally was

15 h per day until 9.00 pm.

To avoid toxicity effects and precipitation–dissolution

reactions of salts with soil solid phase, salinities were

created by adding equal molar (charge base) quantities of

CaCl2 and NaCl to the irrigation water. The applied water

salinities were varied around the salinity threshold value of

alfalfa, that is, at 1.5, 2.0, 3.0, 4.0, and 5.0 dS/m, denoted

as S1, S2, S3, S4, and S5 treatments (three replicates),

respectively. A reference treatment (R) without any salt or

water stress (four replicates) was also established to com-

pare the stressed treatments data and to obtain the

evaporative demands under which the data were collected.

To prevent evaporation from the soil surface, the top of

each column was covered by inert granules.

The in-situ soil solution salinities ECss were measured

with salinity sensors and a salinity bridge apparatus (Model

5100, Soilmoisture Equipment Company, Santa Barbara,

CA, USA). All sensors were installed just after soil packing

horizontally into the soil columns in one row at depth

intervals of 5 cm in the top 30 cm and at 10-cm intervals

below that. The same order of depth intervals was followed

for the TDR sensors. Soil water osmotic heads were
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obtained by converting the corresponding soil solution

salinities according to the empirical relation given in

Handbook 60 of USDA (U. S. Salinity Laboratory Staff

1954). Since the plants react to the soil solution salinity

ECss, the data were analysed based on ECss rather than soil

bulk electrical conductivity ECb. Soil water content h and

ECb were measured with fully automated TDR equipment,

using a Tektronix 1502B cable tester, a multiplexer and

control system, developed by Heimovaara and Bouten

(1990). The soil solution salinities and water contents were

then recorded and monitored for the entire growth period

while salinity was building up heterogeneously over the

root zone. Until the end of experiment a large data set was

obtained. The collected data were then carefully inspected

to find out how salinity builds up after stopping the

leaching as well as to select a set of data with similar

average characteristics. Consequently, the data reported

here belong to different days of the experiment within the

same growth period. Soil water pressure heads h were

obtained by converting h to h based on the soil water

retention characteristics obtained with the Wind’s evapo-

ration method (Wind 1966). The hydraulic parameter

values were derived, using the RETC program (Van Ge-

nuchten et al. 1991). More details on the experimental set

up as well as the soil water retention curve and the

hydraulic function of the soil used in this study are given

by Homaee et al. (2002a, b). Salinity of irrigation waters

was measured by a conductivity cell (Digimeter L21; Ei-

jkelkamp, Agrisearch Equipment, The Netherlands).

Actual Ta and potential Tp transpiration measurements were

made by weighing the columns, using a digital balance.

Leaf water potentials LWP were measured twice a day at

10.00 a.m. and 2.00 p.m. with a pressure chamber. All the

LWP data reported here are the mean of at least five leaves,

which have been taken from the top of each plant.

Results and discussions

Tables 1, 2 and 3 represent the data obtained from the

columns with heterogeneously distributed salinity, having

some similar averaged characteristics. The data were col-

lected under different evaporative demand conditions,

specified by potential transpiration Tp. The calculated

uptake rates S in these tables are given for 10 h time

intervals. The average soil solution salinity ECss of the

columns in Tables 1, 2 and 3 was about 2.6, 4.4 and 9.5 dS/

m. These values are about two times higher than the

salinity of the saturation extract ECe. The water content

distributions over the root zone were not exactly the same

for all the columns at each table but they were very close to

each other, and were high enough to prevent any water

deficit. The water content threshold value for the conditions

under which the experiment was carried out was about

0.15 cm3/cm3 (Homaee et al. 2002b). Since the volumetric

water contents depicted in these tables are much higher

than this value, no water deficit can be expected. An

interesting observation is that the relative uptake (Ta/Tp) as

well as the relative leaf water head (LWHR/LWHSi) for all

columns were almost the same. However, such a 1:1

relation did not hold for the entire growth period. Under

heterogeneously distributed soil water osmotic head con-

ditions, water uptake depends on several factors such as

soil solution electrical conductivity, water content, depth,

and root density. Since the plants in each container were

treated uniformly before creating any salt stress, we assume

that the root density within all columns was the same.

Therefore in order to find a conclusion for such heteroge-

neity, Tables 1, 2 and 3 will be discussed in the following

steps.

Low soil solution salinity

Equal water content and same depth, different salinity

In Table 1 column A, the water content from 5 to 15 cm

was relatively constant. By increasing ECss from 2.5 to

3.3 dS/m, the uptake rate S decreased sharply from 2.34 to

0.68 9 10-3 cm3/cm3 h. Again, by decreasing salinity

from 3.3 to 2.8 dS/m at 15 cm depth S increased drastically

from 0.68 to 1.46 9 10-3 cm3/cm3 h. At the bottom of this

column a decrease of salinity from 2.8 to 1.8 dS/m (having

the same water content) increased S by the magnitude of

0.62 9 10-3 cm3/cm3 h per 1 dS/m. This increase is

comparable but not equal to that at 5–15 cm depth. In

column B, h is the same at 15 and 20 cm. While salinity

decreased from 3.3 to 3.0 dS/m, S increased from 0.91 to

1.95 9 10-3 cm3/cm3 h. Again, by a salinity increase from

3.0 to 3.4 dS/m, S changed from 1.95 to 1.45 9 10-3 cm3/

cm3 h, and by a salinity decrease from 3.4 to 3.1 dS/m, S

increased from 1.45 to 1.68 9 10-3 cm3/cm3 h. In column

C, by increasing salinity from 2.4 to 3.3 dS/m at depths 45

and 55 cm, the relative uptake decreased sharply from 1.92

to 0.72 9 10-3 cm3/cm3 h. Also in column C, both ECss

and h are the same at 25 and 35 cm, while S decreased

from 0.81 to 0.53 9 10-3 cm3/cm3 h. In column D, by

salinity increase from 2.0 dS/m at depth 45 cm to 5.6 dS/m

at depth 55 cm, S decreased slightly. Even though the

magnitude of the S changes per unit salinity is not equal for

the reported data, the trend of S variations support the

assumption of Dirksen et al. (1994).

Equal salinity, different water content

In column D, the soil solution salinity is about the same

over the root zone except for the last increment and the
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main difference is in water content. At increment 5–10 cm

the water content is quite different, the soil solution salinity

is the same, and the uptake rate increased from 1.05 to

1.89 9 10-3 cm3/cm3 h. At the next depth (15 cm), by

decreasing h from 0.267 to 0.245 cm3/cm3, the S was also

decreased from 1.89 to 1.76 9 10-3 cm3/cm3 h. At depths

of 20 and 25 cm by decreasing h from 0.281 to 0.239 cm3/

cm3, the uptake rate was decreased to 0.66 9 10-3 cm3/

m3 h. However, having the same ECss and h at depths 25

and 35 cm, almost the same S values were obtained. These

observations suggest that at constant ECss, higher h

provides higher uptake rate. Note that this conclusion is

drawn for low mean soil solution salinities (2.5–2.7 dS/m).

Equal salinity and water content, different depth

In column D, at depth 15 and 35 cm with ECss = 1.9 dS/m

and h = 0.24 cm3/cm3, S decreased sharply from 1.76 to

0.64 9 10-3 cm3/cm3 h. Further, in column A at depths 20

and 25 cm both h and ECss were equal and S was almost

the same. However, S at depth 15 cm was less than that at

5 cm. This can be related to the influence of depth on water

Table 1 Some experimentally

obtained parameters with

similar averaged characteristics

under low soil solution salinity

Soil

column

Depth

(cm)

ECss

(dS/m)

h (cm3/

cm3)

S (10-3 cm3/

cm3 h)

Ta

(mm/day)

Tp

(mm/day)

Ta/Tp

(–)

LWPR/

LWPSi (–)

A 5 2.5 0.29 2.34 1.79 2.1 0.85 0.86

10 3.3 0.30 0.68

15 2.8 0.30 1.46

20 2.2 0.32 1.68

25 2.2 0.32 1.47

35 2.7 0.33 1.87

45 2.8 0.34 1.68

55 1.8 0.35 2.30

Average 2.5 0.32 1.76

B 5 4.1 0.27 0.72 1.56 1.86 0.84 0.84

10 3.6 0.29 0.88

15 3.3 0.28 0.91

20 3.0 0.28 1.95

25 3.4 0.27 1.45

35 3.1 0.28 1.68

45 2.7 0.37 1.15

55 0.3 0.34 2.61

Average 2.7 0.30 1.49

C 5 2.0 0.21 1.65 1.42 1.65 0.86 0.89

10 2.2 0.27 2.65

15 2.7 0.25 1.08

20 2.8 0.28 2.09

25 2.6 0.24 0.53

35 2.6 0.24 0.81

45 2.4 0.30 1.92

55 3.3 0.31 0.72

Average 2.6 0.27 1.36

D 5 2.0 0.20 1.05 1.39 1.66 0.84 0.78

10 2.1 0.27 1.89

15 1.9 0.25 1.76

20 2.0 0.28 2.18

25 1.9 0.24 0.66

35 1.9 0.24 0.64

45 2.0 0.29 0.94

55 5.6 0.30 0.89

Average 2.6 0.26 1.15
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uptake rate, in as much as the plants prefer to provide their

demand from the upper parts.

These observations indicate that even with this detailed

experiment, drawing a clear picture on how plants inte-

grate under heterogeneous low soil solution salinity is

rather complicated. Remains the interesting observation;

all the experimental columns depicted in Table 1 with

about the same mean salinity exhibit almost the same

relative transpiration rates as well as relative leaf water

potentials.

Moderate soil solution salinity

Equal water content and same depth, different salinity

In Table 2 column E, the water content from 5 to 20 cm

was relatively constant. By increasing ECss from 5 to

5.6 dS/m, the uptake rate reduced to about 64%. But, by

decreasing ECss from 5.6 to 4.7 dS/m, the S increased more

than two times. The uptake rate at this depth besides having

lower salinity than that of 5 cm, remained much higher.

Table 2 Some experimentally

obtained parameters with

similar averaged characteristics

under moderate soil solution

salinity

Soil

column

Depth

(cm)

ECss

(dS/m)

h (cm3/

cm3)

S (10-3 cm3/

cm3 h)

Ta

(mm/day)

Tp

(mm/day)

Ta/Tp

(–)

LWPR/

LWPSi(–)

E 5 5.0 0.32 0.60 1.35 1.95 0.69 0.64

10 5.6 0.33 0.38

15 4.7 0.31 0.94

20 5.2 0.33 0.53

25 4.8 0.31 0.80

35 4.7 0.34 1.17

45 4.2 0.34 1.75

55 3.2 0.34 2.51

Average 4.5 0.33 1.22

F 5 2.7 0.26 3.00 1.42 2.17 0.66 0.63

10 3.4 0.27 1.74

15 3.7 0.28 1.57

20 3.4 0.30 1.74

25 3.6 0.30 1.66

35 3.9 0.31 1.02

45 5.0 0.32 0.22

55 4.9 0.33 0.94

Average 4.0 0.30 1.28

G 5 2.4 0.21 2.81 3.25 4.06 0.71 0.69

10 3.3 0.24 2.78

15 3.4 0.25 1.46

20 3.4 0.26 2.11

25 3.4 0.28 2.64

35 4.1 0.28 1.26

45 5.4 0.30 1.23

55 5.7 0.31 0.37

Average 4.2 0.27 1.59

H 5 4.2 0.29 1.19 1.46 2.17 0.68 0.65

10 5.5 0.30 0.57

15 5.0 0.28 0.92

20 5.7 0.30 0.49

25 5.5 0.29 0.91

35 5.0 0.31 0.94

45 5.0 0.33 1.06

55 3.7 0.33 1.47

Average 4.9 0.31 1.00
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Also, the water content at 45 and 55 cm of this column was

constant. When ECss changed from 4.2 to 3.15 dS/m, the

uptake rate increased considerably (from 1.75 to 2.51 9

10-3 cm3/cm3 h). This trend can be seen even better in

column F when S sharply decreased from 3 to 1.74 9 10-3

cm3/cm3 h by salinity increase of just 0.65 dS/m. Under

almost the same water contents at 10 and 15 cm, the uptake

rate compares to that of 10 cm slightly decreased by small

decrease of ECss. Columns F and G have exactly the same

mean soil solution salinities but different salinity distribu-

tions. The salinity of both columns at 10 cm depth is about

the same (3.35 and 3.30 dS/m), while the uptake rate value

is 1.74 and 2.78 9 10-3 cm3/cm3 h, respectively. The only

difference was the evaporative demand under which the

data were collected. One may relate the differences of

uptake rate to h, but as can be seen in Table 2, the water

content of the higher uptake rate compartment is even less

than that of the lower uptake increment. This again indi-

cates the importance of the evaporative demand on root

water uptake pattern. Common to all columns in Table 2 is

the observation that the highest uptake rate occurred at the

lower soil salinity compartments.

Table 3 Some experimentally

obtained parameters with

similar averaged characteristics

under high soil solution salinity

Soil

column

Depth

(cm)

ECss

(dS/m)

h (cm3/

cm3)

S (10-3 cm3/

cm3 h)

Ta

(mm/day)

Tp

(mm/day)

Ta/Tp

(–)

LWPR/

LWPSi (–)

I 5 6.3 0.27 1.44 0.87 1.73 0.50 0.60

10 8.3 0.20 0.70

15 13.7 0.26 0.47

20 20.0 0.25 0.15

25 17.5 0.20 0.35

35 10.7 0.33 0.64

45 4.8 0.36 1.45

55 1.8 0.37 4.47

Average 9.1 0.30 1.47

J 5 5.9 0.24 1.85 1.41 2.71 0.52 0.63

10 7.5 0.20 1.74

15 11.2 0.24 1.10

20 16.2 0.24 0.76

25 16.5 0.19 0.17

35 12.5 0.31 1.02

45 7.0 0.35 1.96

55 2.1 0.37 4.91

Average 9.1 0.29 1.95

K 5 6.7 0.24 1.09 1.95 4.06 0.48 0.56

10 9.0 0.19 0.71

15 11.5 0.25 0.63

20 16.2 0.35 0.13

25 16.2 0.36 0.36

35 12.5 0.26 0.45

45 7.0 0.37 1.04

55 2.1 0.38 2.36

Average 9.3 0.31 0.96

L 5 9.0 0.31 1.71 2.38 4.87 0.49 0.57

10 11.7 0.19 1.43

15 13.5 0.23 0.87

20 16.0 0.23 0.16

25 16.5 0.35 0.13

35 13.0 0.23 1.13

45 7.3 0.38 1.77

55 2.2 0.39 4.91

Average 10.1 0.30 1.79
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Equal salinity, different water content

In column E, the salinity of the soil solution is about the

same at 25 and 35 cm of the root zone; the main difference

is in h, which changes from 0.31 to 0.34 cm3/cm3. The

corresponding uptake rates are 0.8 and 1.17 9 10-3 cm3/

cm3 h, respectively. At depth 45 and 55 cm of column F

with almost the same ECss, the sink term increased from

0.22 to 0.94 9 10-3 cm3/cm3 h for water contents of 0.32

and 0.33 cm3/cm3, respectively. Again, by increasing the

water content from 0.31 to 0.33 cm3/cm3 in column H at

depths 35 and 45 cm the uptake rate was increased from

0.94 to 1.06 9 10-3 cm3/cm3 h for the salinity of 5 dS/m.

Such a trend can better be seen in column G when the same

salinity of 3.4 dS/m at depths 15–25 cm provided widely

different uptake rates of 1.46, 2.11 and 2.64 9 10-3 cm3/

cm3 h for water contents of 0.253, 0.262 and 0.277 cm3/

cm3, respectively. Similar to what has been concluded for

low salinity columns (Table 1), one may draw a conclusion

that at given soil salinity, the sink term increases by any

increase in water content. While such observations may

hold for our experimental data, the magnitude of such an

influence seems rather difficult to be quantified.

At depths 5, 45 and 15 cm of columns E, F, and H the

ECss is 5 dS/m, while the corresponding uptake rates are

0.6, 0.22 and 1.06 9 10-3 cm3/cm3 h, respectively. The

corresponding evaporative demands Tp obtained from the

reference treatment R were 1.95, 2.17 and 2.17, respec-

tively. Such considerable change in uptake rate for the same

soil solution salinities raises the point that when enough

water is available and ECss is relatively low, the evaporative

demand plays more significant role than soil salinity to

control the uptake rate. Also, the root activity of each

compartment at the time of stress has to be taken into

consideration. Besides having uniformly distributed roots in

the columns, it seems that the root activity has a dynamic

change during the stress period. Figure 1 shows such a

dynamic for a column at 2 h time intervals. The salinity

dependent reduction functions and the relative root activi-

ties in this figure are calculated based on Eqs. 5 and 6,

respectively. The data reported in Table 2 were collected

under different climatic conditions in the greenhouse (see

Tp values for different columns). In column H, ECss at 15,

35 and 45 cm was also equal to 5 d/Sm, with corresponding

S values of 0.92, 0.94 and 1.06 9 10-3 cm3/cm3 h. Inter-

estingly, the uptake rate remains relatively constant in these

compartments, while for ECss = 3.4 dS/m in column G the S

value changes considerably for the depths 15–25 cm.

High soil solution salinity

Table 3 demonstrates relatively high soil solution salinities

for alfalfa. While the mean ECss in the columns is five

times larger than alfalfa’s threshold value (EC* = 2 dS/m),

soil salinities at some points were even more than ten times

of this value. Under such conditions, the important ques-

tion is whether the root water uptake will cease at

extremely high soil salinity compartments. The previously
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reported data (Tables 1, 2) indicated that under heteroge-

neously distributed low and moderate salinities, the water

uptake will take place everywhere in the root zone and no

sign of uptake ceasing was observed. Also, the interesting

is to find out which concept of water integration can hold

under this circumstance. We first follow the same
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discussions for Table 3 as for Tables 1 and 2 and then the

above questions will be discussed in more details.

Equal water content and same depth, different salinity

In column J, the water content from 15 to 20 cm was

constant. By increasing ECss from 11.2 to 16.2 dS/m, S was

reduced from 1.1 to 0.76 9 10-3 cm3/cm3 h. This means

under that condition S was decreased about 0.07 9 10-3

cm3/cm3 h per dS/m. Also, h was almost the same at 5 and

15 cm and the decrease in S per unit ECss for these depths

is 0.15 9 10-3 cm3/cm3 h. Such a change for 10 and

25 cm depths in column I is 0.11 9 10-3 cm3/cm3 h per

dS/m. Again in column K, by decreasing ECss from 7 to

2.15 dS/m at 45 to 55 cm, S increased from 1.04 to

2.36 9 10-3 cm3/cm3 h. Such a change for the same

depths in column L is about 0.62 9 10-3 cm3/cm3 h per

dS/m. Also, at almost constant water contents for depths

25 and 45 cm of column K the S increased by 0.07 9

10-3 cm3/cm3 h per dS/m. Looking at Table 3, we may

find some more observations similar to that indicated

above. While the water uptake rate as function of soil

solution salinity shows a diminishing trend, it is obvious

that S does not decrease uniquely by 1 dS/m increase in

soil salinity. This was also shown in Tables 1 and 2. Such a

trendless behavior is given in Fig. 2 for our experimental

data at constant water contents.

Equal salinity, different water content

In column J, ECss was almost constant at 10 and 45 cm,

while the volumetric water content increased from 0.197 to

0.351. This caused 0.22 9 10-3 cm3/cm3 h increase in

uptake rate. Also, ECss was constant at 5 and 45 cm in

column K, while by increasing 0.13 cm3/cm3 water content

the uptake rate showed even a slight reduction. A small

change in h at 20–25 cm of column K, increased the uptake

rate by almost three times. An interesting observation as

can be seen in columns J and K at 15 cm is that at constant

ECss and h, the uptake rate demonstrates a significant

change. Such considerable variation in S also can be seen

in columns J and L at 20 cm depth. This can be related to

the different evaporative demand of the columns under

which the data were collected (see Tp values for different

columns). Thus, if the soil water content remains high

enough, the evaporative demand is one of the prime factors

to control the uptake rate. Based on all observations

reported in Tables 1, 2 and 3 as well as some other non

reported data here, it is obvious that at given water content

most water is taken from the less saline increments of the

root zone, but the water uptake from other compartments

with higher salinities was never stopped. These observa-

tions are much close to the algorithm used in numerical

simulation models than the three other integration

approaches. Figure 3, shows the uptake rate distributions as

function of depth for some of the data depicted in Tables 1,

2 and 3. The soil solution salinity is also given in these

figures. As can be seen, in most cases the S variation

resembles the ECss changes in opposite directions, but does

not apply to some others. Also, the magnitude of uptake

rate changes per unit salinity is not unique for the reported

data. These are shown in Fig. 4, in which the uptake rate is

given as function of each soil salinity compartment. Irre-

spective of the general shape of the figure, the large scatter

indicates that beside soil salinity some other factors are

influencing the uptake rate; mainly evaporative demand

and root activity. To separate the effect of evaporative

demand from other factors, the S values for each inde-

pendent column as function of in-point ECss are given in

Fig. 5. As can be seen, the scatter in these figures is much

less than that of Fig. 4. Note that the data presented in

Fig. 4 belong to all 12 columns of Tables 1, 2, and 3 that

are collected under different climatic conditions. However,

Fig. 5 demonstrates the condition under which the evapo-

rative demand was nearly constant for each independent

soil column. Looking at this figure, still some scatter can be

observed. We assume that this may point the dynamic

change of root activity during the stress period. From our

reported data (Fig. 1), one may conclude that the root

activity is inconstant during the stress period. Probably,

one major reason for such variation is the change in root

hydraulic conductivity during the stress period. While, this

was reported by Meiri (1984) and Homaee et al. (2002d),

there seems to be no direct evidence to describe the

mechanism in the literature (Steudle 2001, 2000; Hose

et al. 2001). Further detailed investigations are then needed

to investigate such a dynamic behavior. The osmotic

adjustment can be also regarded as a reason for the

dynamic change of root activity during the stress period.

This may also explain the reason for non-unique response

of water extraction rate under similar matric and osmotic
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Fig. 4 The relation between the in-point measured soil solution

salinities and uptake rates (calculated with Eq. 2 and reduction term

of Eq. 6) for all experimental data
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potentials. While roots may adjust to salinity, there seems

to be no such short term apparent adjustment for water

stress. Also, this may explain the reason for some dis-

crepancies in the numerical simulation models that deal

with root water uptake under salinity stress. Because, in

those models the root activity is usually assumed to be

constant during the stress period. Although these observa-

tions can explain some mechanisms involved in adjusting

plant water extraction under saline environment, the mag-

nitude of each remains to be verified in more details.

Conclusion

From the results obtained in this study, it may be concluded

that under real conditions plants tend to minimize the

energy needed to overcome the soil water osmotic head.

This means that plants tend to take up water from the depth

with minimum salinity and minimize the uptake from other

parts as long as the zone with minimum salinity contains

enough water to satisfy the evaporative demand. When this

zone can no longer satisfy the evaporative demand, the
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major amount of water will be taken up from the next less

saline depth. This process continues until the free energy of

the soil water due to high salinity decreases to such an

extent that the biological energy of the plants has become

insufficient and water uptake stops altogether. When plants

take up water from one depth (due to lower salinity), the

water moves from another depth with higher water content

resulting from soil hydraulic head gradient. The soil solu-

tion salinity may or may not change due to the transported

water at that depth, compared with that before root water

uptake. But, the salinity at the depth from which the water

was taken up will certainly increase if the water is not

replenished from another depth. Thus, at a certain time and

depth ECss may change or remain unchanged due to root

water uptake. Therefore, the dynamic change of water

uptake patterns under stress period as shown in this paper

indeed resembles many mechanisms that act simultaneously

in the root zone. As long as the influence of each inde-

pendent responsible mechanism is not fully understood, the

quantitative description of plants water integration remains

complicated enough to be verified. More detailed experi-

mental studies are still needed to gain such quantitative

description. An overall influence of all these mechanisms

does finally appear in crop yield. This means that the water

integration is indeed included when crop yield is expressed

as function of averaged soil salinity over the root zone. For

this purpose, usually the salinity weighted average is used

rather the uptake weighted mean (Eq. 1). Fig. 6, compares

the two averaging method. Since the relation is almost

unique, if an averaging is needed (e.g., to use Eq. 6), one

may better use the simple salinity weighted average. In

Fig. 7 when the mean uptake rate was plotted against the

salinity-weighted average, the nonlinearities of Fig. 5

reduced to almost linear shape. This resembles the

hypothesis of Maas and Hoffman (1977). Thus, for practical

purposes the available averaged empirical expressions such

as that of Maas and Hoffman (1977) seems to be reasonably

well to consider the internal water integration and to predict

the crop yield under salinity stress.
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