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Glossary1

ACIdIty, total the sum of the sou aCIdIty that IS neutral­
Ized by hme or a buffered salt solution to raIse
the pH to 7 0 and the alummum and hydrogen
that can be replaced from an aCId soll by an un­
buffered solution of salt such as KCl or NaCl

AdsorptlOn the process by whIch atoms, molecules, or
lOns are taken up from soll solutlOn or soll atmo­
sphere and retamed on the surfaces of sohdb by
chemIcal or phySIcal bmdmg

Alkalz sod a soll that contams suf&clent sodmm to m
terfere wlth the growth of most crop plants

Alkalme soll a soll wIth a pH value of > 70

Alkalmlty, sod the degree or mtenslty of alkahmty m
a soll, expressed by a value of >70 for the SOlI
pH

Catzon exchange the mterchange between a cation m
solution and another cation m the boundary layer
between the soluhon and surface of negatively
charged matenal such as clay or orgamc matter

Catzon exchange capacIty the sum of exchangeable
bases plus total soIl aCIdIty at a speCIfIed pH
(usually 7 0 or 8 0) It IS usually expressed m
cenhmoles of charge per kllogram of exchanger
(cmol/1..g), or mllhmoles of charge per kg of ex­
changer

Electrzcal conductzVlty (EC) conduCtivIty of electrlClty
through water or an extract of SOlI EC IS com­
monly used to eshmate the soluble salt content m
solutlOn

Evapotransplratzon the combmed loss of water from a
glVen area, and dunng a speClned penod of time,

lExtracted from SOli SCIence SOCIety oj Amerzca 1997

by evaporation from the sou surface and transpI­
ration from plants

Etchangeable bases charge SItes on the surface of soll
parhcles that can be readlly replaced WIth a salt
soluhon

Exchangeable catlOn a pOSItively charged lOn held on
or near the surface of a sohd parhcle by a nega­
hve surface and whIch may be replaced by other
pOSItively charged lOns m the soll solution It IS
usually expressed m centImoles or mllhmoles of
charge per kg

Etchangeable sodIum percentage (ESP) the frachon of the
cation exchange capaCIty of a soIl occupIed by
sodmm lOns, expressed as a percentage

Leachmg the removal of soluble matenals from one
zone m the soll to another Vla water movement m
the pro&le

Leachmg fractlOn the fraction of m&ltrated water that
percolates below the root zone

Leachmg lequlrement the leachmg fraction necessary to
keep soll sahmty, chlonde, or sodmm (the cholCe
bemg that whIch IS most demandmg) from ex­
ceedmg a tolerance level of the crop m queshon
It apphes to steady state or long-term average
condlhons

Preferentzal flow the process whereby free water and
ItS constituents move by preferred pathways
through a porous medmm (also called bypass
flow)

Salme soll a non-sodlc sol1 contammg suffICIent
soluble salts to adversely affect the growth of

v



most plants The lower hmtt of saturahon extract
electncal conductIvity of such sOlIs is conve­
mently set at 4 dS/m (at 25° C) Actually, senSi­
tive plants are affected at half this sahmty and
rnghly tolerant ones at about twice thIS sahmty

Salrmty, soll the amount of soluble salts m a soIl, usu­
ally expressed through the electncal condULtIV1ty
of a saturahon extract

SalzntzatlOn the process whereby soluble salts accumu­

late m the soIl

Salt balance the quantIty of soluble salts removed
from an rrngated area m the dramage water mI­
nus that dehvered m the rrngahon water

Saturation extract the soluhon extracted from a soIl at
ItS saturahon water content

Sodzc soll a non-salme soIl contammg suffICient ex­
changeable sodIUm to adversely affect crop pro-

Vi

duchon and soIl structure under most conditions
of soIl and plant type

SodzcatlOn the proCf'SS whereby the exchangeable so­
dIUm content of a soIl IS mcreased

Sodzum adsorptIOn ratIO (SAR) a relatIon between
soluble sodIUm and boluble dIvalent IOns that can
be used to predict the exchangeable sodIUm frac­

hon of soIl equilibrated With a given soIl soluhon

It is defIned as follows

SAR = [Na]/[Ca + Mg]05,

where concentratIons, denoted by
brackets, are expressed m mmoles per
hter

Sodzum adsorptIOn ratIO, adjusted the sodium adsorphon
raho of a water adjusted for the precIpItation or
dISsolutIOn of calcIUm, that IS expected to occur
where a water reacts With alkalIne earth carbon­
ates Withm a soIl



Abstract

ThIS paper reViews the causes of IrngatIon-1Oduced
sahmty, particularly 10 develop1Og countnes It de­
scnbes the underlY10g chemIcal and physIcal pro­
cesses 1Ovolved 10 sou and water degradation due to

IrrIgatIOn The present state of knowledge and the
contnbutIons made by model1Og these processes are
presented Areas of uncertamty 10 our current upder­
stand10g are Identified Weaknesses 10 the knowledge
base 10clude the Yield response to slmultaneous un­
der-1rngatIon and salt stress, the transport of salts
dunng leach1Og, especmlly 10 the presence of prefer­
ential flow paths 10 the root zone, and the rates of sou
and water degradation durmg salImzatIon and
sodicatIon (1 e , the accumulation of sodmm salts 10
the sou profIle)

The paper d1scusses sever? I remedIal manage­
ment actions, categonzed as engmeermg, agronomIC,
pohcy-Ievel and system-level 1OterventIOns SpeCIal
attention 1S gIven to the reglOnal management of sa­
lme effluent from 1rngatlOn systems, mclud10g op­
tions for Its dIsposal In a section on farmers' response
to sahmty, It IS argued that the fanners should be pro­
Vided With better mformanon on the hazards of sahn­
1ty and sodIClty, but that a farmer's ablhty to prevent
or m1tIgate the problem 1S clo&ely hnked to h1S or her
fInanClal status

There 1S presently a large lillsmatch between the
available knowledge and 1tS apphcanon The techmcal
problems that have led to large-scale, IrngatIon-1O­

duced sallmty are well known They mclude, among

others, poor on-farm water use efhClency, and mad­

equate standards of construction, operatIOn, and
mamtenance of the lITIgation and dramage faClhhes
Many of these techmcal problems, however, are the
product of a host of government polICIes, such as
those concermng water pncmg, and the fundIng lev­
els for mamtenance and operahon of the mfrastruc­
ture Remed1al actIons should address thIS web of
techmcal, economIC, pohtIcal, and sOClal factors, but
are unhkely to lead to qUlck solutlOns However, be­
cause of the need for sustamed and enhanced food
produchon, the prevenhon, lillhganon, and reversal of
further degradahon of sou and water resources m Ir­
ngated agnculture 18 a fIrst pnonty Several broad ar­
eas for further research are presented m the fInal sec­
tIon of the paper The output of the research IS ex­
pected to enhance the understandIng of what hap­
pens when current ungahon and agronolillc prachces
are contmued These fIndIngs also prOVIde the mfor­
matIon that IS necessary to gIve sound practIcal ad­
V1ce on the management of sallmty to farmers and
pohcy makers
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How to Manage Salinity in Irrigated Lands:
A Selective Review with Particular Reference to Irrigation
in Developing Countries

Jacob W KlJne, 5 A Prathapar, M C 5 Woperels, and K L Sahrawat

Introduction

'Some papers m the hst
of CIted hterature winch
are espeCIally useful for
further readmg on the
tOpiCS of this paper are
bnefly annotated

Sahmty has been assocIated wIth IrrIgated
agnculture smce ItS early begmmngs One
reason IS that 1rngatIon often exacerbates
the effects of sahmty, wroch occurs naturally
because of weathenng of sahne parent ma­
tenal denved from sea water deposIts or
other sources Sahmty has thus been hnked
wIth the nse of groundwater tables result­
mg from excess IrngatIon and poor dram­
age m large-scale, perenmal IrngatlOn sys­
tems The resultmg shallow water tables
bnng salts to the upper layers of the soIl
profIle That sahmty can also be mduced by
the use of pumped groundwater of mar­
gmal or poor quahty has been realIzed only
more recently In these cases, the phySIcal
process underlymg sahmzatIon IS the ab­
sence of a downward soIl water flux of suf­
oClent magmtude to leach the salts from the
root zone Sahmty can also result from sea
water mtruslOn mto coastal areas where the
water tables have been lowered by the mm­
mg of groundwater, as has occurred, for ex­
ample, m Bangladesh and the state of
GUJarat m IndIa

One of the techmcal methods used for
combahng ungatlOn-mduced sahmty IS the
mstallahon of expenSIve dramage systems
Examples of successful use of tros techmque
are the mstallatIon, over the last 30 to 40
years, of pIpe dramage m a large part of
Egypt's 1rngatIon system, and of vertIcal
(tube-well) dramage m the IndIan subcontI-

nent Recent research, mcludIng that by the
InternatIonal IrngatIon Management InstI­
tute (IIMI), has focused on potentIal Im­
provements In 1rngatIOn management at
farm and system levels that would proVlde
farmers and system managers WIth better
tools to sustam rrngated agnculture Wlthout
enhancmg sahmty levels m the root zones

These efforts are Important In VIew of
the global extent of salt-affected lands Al­
though there IS no general agreement on
the defInItIon of salt-affected land, WhICh
contnbutes to a WIde divergence m the og­
ures reported ill the hteratur~best estl­
mates illdIcate that roughly one-thIrd of the
1rngated land ill the major rrngahon coun­
tnes IS already badly affected by sahmty or
IS expected to become so ill the near future
Present estImates for India range from 7 to
16 mIlhon hectares, or from 27 to 60 percent
of the 1rngated land EstImates for other
countrIes are PakIstan 14 percent of the u­

ngated land, Israel 13 percent, Austraha 20
percent, Chma 15 percent, Iraq 50 percent,
and Egypt 30 percent (Glelck 1993, and
Ghasseffil et al 1995) 2

Irngahon-mduced sahmzahon occurs m
large and small ungahon systems ahke In
recent years, many farmers have been aban­
donmg theu nce oelds ill Sahehan rrngahon
schemes due to the mCIdence of sahmty
The countnes affected by secondary salm­
lZatIon (another word for human- or rrnga-
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Need for Further Study

tIon-mduced sahmty) are predommantly
but not exclusIvely located m and and
semland regtons Other activIties, such as
land clearmg and replacement of natIve
trees wIth shallow-rooted crops, contnbuted
to the development of so-called dryland sa­
lmtty m relatively hUmId countrIes such as
the USA and Canada and m the dner parts

of Thailand

Much research on the dIagnosIs and Im­
provement of sahne and alkah SOlIs has
been carned out m the past, most noticeable
is the work done by the Umted States Sahn­
ity Laboratory m RiversIde, Cahforma
(Umted States Sahmty Laboratory Staff
1954) Why, one may ask, IS there stIll a
need for further studIes on the Impact of
salme and sodic irrIgation water on crop
YIelds and solI degradatiOn? The answer
would be

2

• FIrst, water scarCIty forces us to rethmk

water use m agnculture, m View of the
competItiOn for water from mdustry
and urban users m developmg
countrIes In many of these countrIes,
agnculture is by far the bIggest user of
water, or, more precIsely, most of the
water that is wIthdrawn from natural
water resources is apphed to
agnculture Then, much of the recharge
or dramage water from IrngatIon is of
poorer quahty than the water that was
withdrawn Leachmg to mamtam an
acceptable salt balance m the root zone
IS often conSIdered by nonspeCIahsts as
wasteful, espeCially as urIgatIon
engtneers and SCIentists appear to be m
doubt about the reqUITed leachmg rates
and the effiCiency of the leachmg
practIce

•

•

Second, the scale at whIch sahmty oc­
curs worldwide, mentioned m an ear­
her paragraph, makes it an urgent
problem m terms of food securIty for
the rapidly growmg populatIOns of
many developmg countrIes The pre­
vention of the degradatIon of more
land by the wrong combmatIon of agro­

nomIC and IrrIgation practices should
be the most Important impact of new

research endeavors These efforts
should be aImed at dissemmatmg eXIst­
mg knowledge and at mcreasmg our
understandmg of the underlymg causes
of sahmty

Thud, to address the economIC and

pohcy impacts of land degradation, re­
hable data and mformation on the rate
of degradation and on the assoCiated
costs of prevention and reclamation are
reqUired Models to predict the eco­
nOmIC impacts of sahmty control mea­
sures need mformation on the expected
impacts of water scarCIty and sahmty
on crop yields All the mformatIon re­
qUired IS not avaIlable at present

Fourth, the irrIgation commumty can
no longer depend solely on the
enhancement of sCientific mSight,
generated m the developed countnes,
mto the phYSical and chemical
processes mvolved m sahmzatIon of
soIl and water resources In the western
world, the focus of research attentIon
has largely shifted from sahmty to
other environmental problems A case
m pomt IS the amount of research done
m recent years on the selemum
problem of the dramage water affecting
the San Joaqum Valley m Cahforma
SophIsticated models that were
developed have only hmited
applicatIOn to salImty and SOdiCity



problems m developmg countnes
because of a much smaller database rn
the latter In other respects, work done,
some of which is m developmg
countnes, has not been continued long
enough to ascertam the long-term
effects of parhcular irngahon and
agronomic practices Unfortunately,
studies were often earned out rn soll
columns or lyslffieters rn the laboratory,
which are less costly than field studies
but are often of very hffilted usefulness
Successful works m developmg
countnes, for example, the sahmty
studies of the Central Soll Sahmty
Research Institute rn Kamal, Inilia, have
not received the attention they deserve
Wider pubhcation of these studies m
mternahonal Journals may help to
dissemmate the results, and should
lead to assessment of their apphcability
rn other agro-ecologIcal zones

Problems

Sahne SOlls contarn suffiCient soluble salts to
adversely affect the growth of most plants
The lower hmit of the saturation extract
electncal conductiVity of such sol1s is con­
vemently set at 4 dS/m (at 25° C) SenSitive
plants are affected at half thiS sahmty and
highly tolerant ones at about tWice thiS sa­
hn~hmty reduces growth rates and
yIelds and, rn severe cases, causes total crop
fallure Most major ungahon systems
throughout the world suffer to some extent
from the effects of sahmty, but the econOffilC
loss as a result of sahmty and SOdIClty has
not been clearly estabhshed (Dmah 1993)

The salt compOSItion of the sol1 water
affects the compOSition of cations on the ex­
change complex of the sol1 collOIds The to-

These factors JUstIfy the urgent wtiation
of a research program that focuses on the
lffipacts of and solutions to salInlty problems
m a Wide range of developmg countnes
Such a research program should rnclude ap­
phed, site-speclflc stuilies to identIfy actions
for the prevention, ffiltigation, and reversal

of resource degradation In rrngated agncul­
ture These stuilies need the partiCipation of
the affected farmrng commumties, rrngation
agencies, NGOs and pohey makers The re­
search program should also mtend to de­
velop genenc flnilings that have Wider ap­
phcabihty They Will enhance the success
rate of management mterventions almed at
decreasmg the rate of degradation of the
natural resources of land and water m rrn­
gated agnculture, or a reversal of this pro­
cess altogether A first step toward the devel­
opment of the research program is to reView
the current state of knowledge regardrng Ir­

ngatIon-rnduced sahmty

tal sahmty level and exchangeable cation
compOSItion together rnfluence sol1 perme­
abihty and SOlI tilth With a predomrnance
of sodmm on the exchange complex and a
low concentration of salts In the mflltratlng
water, the mflltration rate and permeability
can be severely and, rn some cases, rrrevers­
ibly reduced The immediate source of the
salts In sahne SOlIs can be the parent mate­
nal, ungatlOn water, shallow groundwater,
or fertihzers and amendments apphed to
the soIl ThIS salt load WIll gradually In­

crease In the root zone over hme With each
ungahon, unless salt IS removed through
leachmg (over-ungahon) and dIsposal
(dramage) Leachmg and dramage cause
salt loadmg (pollution) of the water re-

3



source mto wmch the effluent IS dIscharged
The volume needmg dIsposal can be re­
duced through Improved lITIgatIon manage­
ment and reuse of dramage outflow for Ir­
rIgation, but ultimately some dIsposal IS
necessary (Rhoades and Loveday 1990)

The reclamation of salIne sous also re­
qUIres leachmg (wIth water of lower salIn­
Ity) and dramage The reclamatIon of SOdiC

sous may, m addItIon to leachmg, reqUIre

the applIcation of amendments to mcrease

sou permeabIlIty and reduce the exchange­

able sodIUm levels
Technologies for the prevention, mItiga­

tion, and reclamation of saline sOlIs eXIst
and are well understood The techmcal
problems that have led to lITIgatIon-mduced
salInIty mclude poor on-farm water use ef­

fICIency, poor construction, operation and

mamtenance of lITIgatIon canals causmg ex-

cesslve seepage losses, and madequate or
lack of dramage mfrastructure or, If dram­
age faculties are present, theIr poor qualIty
of construction, operation and mamtenance
Umah (1993) has pomted out that these
techmcal problems are the product of,
among others, government polICIes With re­
spect to water pncmg, poor water manage­
ment by IrrIgatIOn agenCIes, meffectIve

project planmng, madequate extenSIOn ser­

VIces, and scarce fInanCIal resources of gov­

ernments In many countnes to undertake
corrective measures RemedIal actIOns
should address thIS web of techmcal, eco­
nOmIC, polItical, and SOCIal factors, but they
are unlIkely to lead to qUIck solutions
However, delays m taking actIon WIll esca­
late the econOmIC, SOCIal, and enVIronmental

damage and the cost of reparrmg such dam­

age

Chemical Processes Involved In Salinization

4

State of Knowledge

The total salt concentration and the propor­
tion of sodIUm have long been recognIzed
as the key parameters m the classillcatIon of
a sou as eIther salIne or sodIc The total salt
concentratIon m SOlI solution IS usually ex­
pressed as the electncal conductIVIty (EC) of
the sou extract at saturatIon (m dS/m), and
the sodIUm content as the sodIUm adsorp­
tion ratio (SAR) or the exchangeable so­
dIUm percentage (ESP) (see, for example,
the reVIew by van Hoorn and van Alphen

1994) The Importance of amons In the soIl

solution dunng the process of soIl degrada­

tion due to SOdIClty has also been recog­
mzed (see, for example, van Beek and van
Breemen 1973, Rengasamyand Olsson 1993,
Condom 1996, and Marlet 1996)

Two pathways of salInIzatIon (the gen­
eral term for the accumulation of salts In

the root zone and the assOCIated chemIcal
processes) can be dIstIngUIshed the neutral
pathway and the alkalIne pathway, often
referred to as sahmzatIon and alkalIrnzatIon,
respectively Both processes ultimately
cause sodicatIon (soIl degradation aSSOCI­
ated WIth the presence of sodIUm IOns m
the soIl solutIon), but at drlferent rates The
SOlI SCIence SOCIety of AmerIca (SSSA)
(1997) defInes alkalInIty as the degree of al­
kalImty In a SOlI, expressed by a value of

more than 7 for the soIl pH The SSSA pub­

lIcations no longer use the term alkalI soIl,

preVIOusly defmed as a soIl that containS
suffICIent sodIUm to mterfere WIth the
growth of most crop plants The term IS su­
perseded by SOdiC soIl, defIned as a non-sa



hne SOlI contammg suffIcIent exchangeable more general term than RSC, has been Iden­
sodIUm to adversely affect crop produchon hfIed as a parhcularly lffiportant parameter
and soIl structure under most condItIons of m the process of sahmzatIon It IS defIned
soIl and plant type The SAR value of the as the dIfference between the total amons,
saturatIon extract of sodIc sallIS at least 13, such as carbonate, bIcarbonate, hydroxyl
accordmg to the defIruhon of SSSA (See the and sulphate IOns, and the CalCIum and pos­
glossaly, page v) sibly magnesIUm IOns m the soIl solutIon

The concept of resIdual sodIum carbon- The concentratIon of these IOns m solutIon

ate (RSC) IS controverSIal RSC IS defIned as depends on the solubility of certam calCIum
the dIfference between the sum of carbonate (Ca) and magneSIUm (Mg) contammg mrn­
and bIcarbonate IOns and the sum of cal- erals, WhICh IS, m turn, pH dependent For
CIUm and magnesIUm IOns, expresseaas most of the soIls, alkahmty IS mamly due to
meq/1 RSC was mtroduced by the Uruted carbonate and bIcarbonate IOns Between
States SalImty Laboratory Staff (1954) to pH 6 and pH 103, the proportIon of car­
take mto account the precIpItatIon of bonates m the soIl solutIOn IS neglIgible,
slIghtly soluble salts m the classIfIcatIon of whIch sImphfIes the concept of alkahmty m
IrrIgatIon waters If RSC exceeded 2 5, the most SOlIs to the presence of bIcarbonate
water was conSIdered unsUItable for rrnga- IOns The resIdual alkalmIty on the basIS of
tIon, and If It was below 1 25, the water was calCIte and sepIOhte (a magneSIum contam­
conSIdered probably safe ThIS classIfIcatIon mg fIbrous clay mrneral) conSIders only the
was tentatIve, and It appealS that waters presence of Ca and Mg, and IS equal to
WIth RSC values hIgher than 2 5 could RSC ResIdual alkalmIty can also be consld­
sometImes be used WIthout adverse effects ered on the baSIS of calCIte only, and IS de­
on SOlI structure In Amencan lIterature, fIned as the dIfference between carbonate
RSC IS no longer u~ed, and It IS superseded and bIcarbonate IOns and Ca++ If calcIte,
by the adjusted SAR (see below) Others, for sepIOhte and gypsum are all conSIdered m
example, van Hoorn and van Alphen the analysIs of the geo-cheffilcal processes,
(1994), although agreemg that the classIfIca- RA IS expressed as the dIfference between
tIon may not be correct, stIll conSIder the carbonate, bIcarbonate and sulphate IOns
RSC value a useful warnmg SIgnal for an and Ca++ and Mg++
expected mcrease m SAR of the soIl solu- In bnef, the mam charactenstIcs of
tIon, far greater than the normal mcrease salIruzatIon are the followmg If RA of the
proportIonal to the square root of the con- soIl solutIon IS negatIve, and many salts are
centratIOn factor It IS generally accepted present, the soIl IS salme If Na+IS present
that the SIgn and value of RSC alone cannot m large amounts, It may eventually pre­
be used to appraise SOdICIty hazards RSC dommate on the exchange complex, and
has to be conSIdered m conjunctIon WIth the sodicatIon would occur However, when RA
buffer capaCIty of the soIl, 1 e, the soIl's cat- IS negatIve, sodIcatIon IS a slow process
IOn exchange capaCIty (the sum of the When RA IS pOSItIve, precIpItatIon of
charge SItes on the surface of soIl partIcles Ca and Mg causes a fast drop m Ca and
that can be readIly replaced WIth a salt so- Mg concentratIons, and hence an mcrease m
IUhon), whIch IS largely determmed by the alkalImty ThIs IS the process of alkahmza­
clay and orgamc matter contents of the sou hon When the sou soluhon becomes more

In recent French lIterature (for example, concentrated due to evaporahon and plant
MarIet 1996), resIdual alkahmty (RA), a water uptake, SOdIum IS soon the predoffil-
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nant IOn m the soIl solutIon and, through
catIon exchange, on the exchange com­
plexes of the soIl matnx Tlus IS the process
of sodicatIon, whIch occurs rapIdly when
RA IS posItIve Once Na predommates on
the exchange complex, the soIl IS sodIc ThIS
type of soIl IS unstable and becomes de­
graded It loses ItS structure due to me­

chamcal effects, such as the Impact of ram

drops and tillage, and the clay mmerals dIS­

perse as a result of geo chemIcal processes

Hence, the value of RA, particularly Its

SIgn, pOSItive or negative, helps to distm­
gUIsh the geo-chemical processes that are
hkely to occur

The exchangeable sodIUm percentage
(ESP), whIch IS the degree to WhICh the ex
change complex of the SOlliS saturated With
Na, IS also an Important parameter m the
charactenzation of the degree of sodicatIon
The ESP value IS usually calculated from
the sodIUm adsorptIon ratIo (SAR), because
determmmg the amount of Na adsorbed on
the soIl complex IS tIme-consummg and
rarely done m a routme manner However,
there are vanous procedures ill use to deter­
mille SAR A 'practIcal SAR IS calculated
from the total concentratIons of the Na, Ca
and Mg IOns m the soIl solutIon Vanous
ways of adJustmg SAR to take account of
the preCIpItatIon and dIssolutIon of calcIUm
mmerals In the soIl have been proposed
and, currently, the adjustment proposed by
Junnak (1990) seems to be most WIdely ac­
cepted In thIS method, the eqmhbnum Ca
concentratIon ill the root zone IS calculated
from the molar HC0

3
/Ca ratIo and the

IOmc strength of IrngatIon water by usmg
the method gIVen by Suarez (1982)

Rengasamy and Olsson (1993) found that
the "practical" SAR may underestImate
SOdICIty ill SOlIs WIth alkahne pH WIth re­
spect to the relatIon between ESP and SAR,
Manchanda (1993) has reported that for
vanous cropping patterns In north IndIa,

none of the equatIOns relating ESP WIth
SAR gave a good estImate of ESP For ex
ample, for wheat-fallow and wheat-nce
croppmg patterns, ESP bmldup m the soIl
was best predIcted by equating ESP WIth
1 5 SAR, as measured m the IrngatIon wa­
ter Also, Robbills (1984) reported deVIatIons
between calculated and measured values of

ESP, when ESP was denved from SAR ac­

cordmg to the ongmal empmcal equation

suggested by the Umted States SalImty

Laboratory (1954), espeCially ill SOll samples

where the Na/K ratio was less than 4
These contradIctIOns can only be re­

solved by more fIeld studIes m WhICh the
chemIcal changes re~ultmg from continuous
IrngatIOn WIth salme or SOdiC water are
momtored and m wmch SAR and ESP, and
all other relevant chemIcal parameters are
measured

Models

Attempts have been made to model vanous
aspects of sahmzatIon and solute transport
m SOlIs, rangmg from models to predIct the
major IOn chemIstry to ungatIon system
planmng and management for waterlogged
SOdiC salls An example of a model to pIe­
dict the major IOn chemIstry IS the two-di
menslOnal transport model, UNSATCHEM
2D, developed by the Umted States Sahmty
Laboratory In RIverSIde (SImunek and
Suarez 1994) Panda et al (1996) report on
hnear programmmg to fmd the optImum
allocation of land and water resources
based on a groundwater SImulation model
combmed WIth crop water response func­
tIons Undoubtedly, these studIes have
helped to Identify dIscrepanCies m the cur­
rent knowledge and understandmg of the
processes mvolved, but It IS beyond the
scope of thIS paper to claSSIfy the vanous
eXIsting models (e g, determimstIc and sto-



chastIc) and to reVIew them all (see, for ex­
ample, the reVIew m Lenselmk and Jurnens
1993) Only a few of the most salIent fmd­
mgs wlil be reported here

The numencal model UNSATCHEM
2D sImulates the mam processes mvolved
m salImzatIOn and sodIcatIOn These pro­
cesses are tranSIent water flow m the satu­
rated and unsaturated soli, convection-dIs­
persIOn type transport of carbon dIOxIde,
heat and solute, root growth and lOot water
uptake, cation exchange of Ca, Mg, Na, and
K, and kmetIc preCIpItation and dIssolution
of calCIte and dolomIte It therefore aIms to
mtegrate the vanous transport processes
that occur durmg salImzatIon The model
has mdIcated that the soli chemIstry m the
unsaturated zone IS sIgmfIcantly mfluenced
by changes m soli water content, tempera­
ture, and CO2 concentration of the soli gas
Further complIcations anse from the tem­
perature dependence of the preCIpItation
and dISsolutIOn reactions These studIes are

lIkely to enhance the understandmg of the
baSIC processes mvolved, but at present It IS
dIffIcult to apply the model for the Im­
provement of IrngatIon management of sa­
lIne-sodIc solis m developmg countnes due
to the scarcIty of data The model falls mto
the category of SCIentifIc models, as defIned
by Passwura (1996) Passwura (1996), m a
cntIcal analySIS of vanous modelIng tech­
mques, dIvIdes the models mto two groups
The fIrst compnses SCIentifIc models that
aIm to test theones and hypotheses, whIch
descnbe how the world works and aspIre
to Improve our understandIng of the under­
lymg processes The second group contams

the engmeenng models that are concerned
WIth achIevmg particular practJcal outcomes
by usmg set procedures that are typIcally
based on a mIxture of well-establIshed
theory and robust empmcal relationshIps
ThIs latter group of models aIms to proVIde
sound management adVIce to farmers and
relIable predIctions to polIcy makers

Areas of Uncertamty

Weaknesses m the knowledge base can be
IdentIfIed from the work WIth
UNSATCHEM and sImliar models such as
LEACHM (Hutson and Wagenet 1992)
They mclude uncertamty WIth respect to the
YIeld response to water and salt mputs, and
about the transport process dunng leachIng
Both models Ignore the pOSSIbility of prefer­
ential or bypass flow, m WhICh part of the
mflltratmg water passes through large pores
of the soli matrIX and contrIbutes only lIttle
to the leachmg of salts from the root zone
We WIll return to these pomts m later sec­
tions of thIS paper

The rate at whIch soli degradation oc­
curs under vanous CIrcumstances IS stIll
hard to predIct Van Dam and Aslam (1997)
m a comparatIve study of UNSATCHEM
and LEACHM models, applIed both models
to data from an area of conJunctive use of
canal water and pumped groundwater of
relatively hIgh sodIUm content m PakIstan
They concluded that the root zone of a
loam soli could be degraded by the applIca­
tion of sodIc tube-well water m as lIttle as 3
years

7
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State of Knowledge

It was fust demonstrated m the 1950s that
the permeability of a soIl column IS a func
hon of both the exchangeable sodIUm con
tent relahve to the other cahons and the to
tal electrolyte concentratIOn (TEC) of the

percolatmg solution Basically, the higher

the sodiUm concentratiOn, expressed as

SAR, and the lower the TEC of the percolat­
mg solutIOn, the greater the reductiOn m
hydraulic conductIvity (HC) Quuk and
Schoneld (1955) proposed the concept of a
threshold concentrahon, which is deflned as
the concentrahon reqUired to mamtam soIl
permeabIlIty at an acceptable level relative
to that measured With a strong salt solutIon
for any partIcular value of SAR Solls ex­
hIbIt a behaVIOr that qualitatIvely corre­
sponds With the threshold concept, but ap­
parently each soll has itS own unIque
threshold value as other soll propertIes,
such as clay content and mmeralogy of the
clay fractIOn, organIc matter content, and
bulk denSIty, WhICh strongly mfluence the
permeabIlIty of the SOlI

Swelhng and dIspersIOn of clays have
been proposed as the major mechanIsms
contnbutmg to the reduchon m HC as TEC
IS reduced Clay dIsperSIOn, parhcularly, IS
very senslhve to changes m ESP It has been
argued that m heavy textured solls, the
swellIng of clays IS the mam cause of the
reduchon m HC, whereas m the lIghter tex­
tured soIls, clay dIsperSIOn and movement
predommate, resultmg m ureverslble seal­
mg of soIl pores When Na-affected salls are
exposed to ramfall or IrngatiOn water of

low TEC, permeability IS reduced because
the ambIent concentrahon m the soIl solu­
hon IS not sufflaent to prevent swelhng and
clay dIsperSIOn ThIs IS lIkely to occur m u-

ngated SOlIs, where groundwater and
nearly pure canal water are used mtermlt­
tently to IrrIgate the lands Sumner (1993)
has suggested that parts of the clay frac­
tions of soIls that would not normally be
conSIdered to be SOdiC can be dIspersed
Simply by the velOCity of water of low TEC

passmg through the soil He suggests that

m sandy soils, these COllOids can be moved

over great dIstances, but that they get
trapped where the pores become narrow,
blockmg the pores and consequently reduc­
mg HC Hence Sumner's View that phYSICal
properties of a parhcular soIl are a conhnu­
ous function of Na saturation and TEC (ex­
pressed as electrIcal conduchVity of the soIl
solutIOn, EC), and are moderated by clay
mmeralogy, texture, and organIC matter The
threshold value of ESP above WhICh Na
saturation becomes harmful was set m 1954
by the Umted States Salmlty Laboratory as
15 percent Recent studIes have made it
clear that a smgle value of ESP cannot be
used as a threshold for all condItIOns, and
that sometimes SOlI structure IS adversely
affected at much lower ESP values For ex­
ample, Condom (1996) found that some of
the samples taken from CI usted solls m
Pakistan's PunJab exhIbIted qUite low ESP
values, and lower than ESP's of samples
taken from non-crusted SOlIs Although the
ESP values of the crusted salls showed con­
SIderable vanabllity, the data show clearly
that CI ustIng can occur In SOlIs of the
sample area at ESPs below 4 percent Nev
ertheless, for prachcal purposes, the thresh
old concept IS still useful as a mst mdlca­
han of likely soIl structural damage

Thus, apart from swelling and
dIsperSIOn of clay particles, slakmg of soIl
aggregates IS one of the mam causes of soIl
degradatIOn Slakmg IS the dIsaggregatIOn
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apphed at the top of the layer, IS below 0 5
and sodIcatIon occurs when the SAR of the
rrngatIon water exceeds 3, also when the LF

IS less than 05 Condom (1996), as was
mentioned above, found that above an ESP
of 4 percent there was a fIsk of soll
degradation m an area of southern Punjab,
PakIstan, where canal water and tube-well

water were applIed (conjunctive use) to

fauly lIght textured salls Both
claSSIficatIons reflect local condItions and
are not mtended to have general vahdity
beyond the area for WhICh they were
defmed

In a reVIew article on the use of poor
qualIty water for IrrIgation, Oster (1994)
presents the followmg table as the best
avauable gUIdehne for the use of water for
IrrIgation

Oster (1994) also warns that the effects

of sahmty and sodlClty on hydrauhc con­
dUctIVIty and mfiltratIon rate are not pre­
dictable for speaftc solll cropI hllage SItua­
tIons

Gupta (1994), revIewmg research fInd­
mgs of the last 25 years obtamed at the
Central Soll Sahmty Research InstItute,
Kamal, India, used four categones of water
quahty for mappmg the sUltabIhty of
groundwater for rrngatIon on a large scale,
Ie, for the whole of IndIa These categones
are

121 - 200

When BAR of
Irrigation water
or 5011 water IS

of sou particles mto smaller umts under the
mfluence of mechamcal forces, when the
forces assocIated WIth osmotic swellmg and

arr entrapment exceed the bmdmg forces m
the soIl DIspersIOn and slakmg together
lead to the formation of surface crusts3 and
hard layers m the soIl profIle, whIch

hamper mfIltratIOn and water movement

through the solI profIle In SOdiC SOlIs, It

also narrows the range of water contents

over whIch water IS readIly aval1able (the
non-hmitIng water range, Jdyawardane and
Chan 1993) As SOlI clays are more readily
dispersed under the Influence of mechamcal
energy mputs (Sumner 1993), the mfiltratIon
rate (IR) IS much more senSItIve to
mcreasmg levels of Na than the hydrauhc
conductIVIty at the soIl at greater depth
Oster and Schroer (1979), among others,
have demonstrated that
rrngatIon m whIch water With
a SAR of about 20 was
alternated With dIstilled water
resulted m very low IR values
(03 mm/hr) WIth mechamcal
dIsturbance due to fallmg
ramdrops, clay movement IS
pOSSIble at lower SAR values
than would be reqUlred
withm a saturated soIl

column

Thele IS no generally agreed clas­
sIfication of the hazards of soIl degradation
due to SOdlClty One categorIzatIon was
presented by Rengasamy and Olsson (1993)
from expenments on the effects of salme­
SOdlC ImgatIon waters on soll properties of
duplex red-brown earths (AlfIsols) m
Austraha The mam pomt IS that salt
accumulatIon occurs m the red-brown
earths when the EC of the lrngatIon water
exceeds 0 2 dS/ m, and the leachmg fraction
(LF), the ratIo of net deep percolahon below
a speclued depth and the amount of water

'Two types of surface
crusts can be dlshn
gUished those due to
dIsaggregatIOn of SOli

partIcles and those con
sistIng of layers of fme
particles that "ere de
posIted on the surtace
when covered by water
( deposIted crust )

9
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good water EC<2 dS/m, SARdO meq/l

sahne water EC>2 dS/m, SARdO meq/1

lugh SAR sahne water
EC>4 dS/m, SAR>10 meq/l

alkah waters both EC and SAR vanable,
RSC>25

These categones can be used as a fIrst

mdicatIOn, smce they were denved from

many IrngatIOn waters covenng vast areas

of Irngated lands Gupta (1994) added that

apart from the sahnity aspects, groundwater
may also have local pollution problems,
such as exceSSIve amounts of mtrate, fluo­
nde, boron, magnesIUm or toXiC heavy met­
als, or be contammated due to human ac­
tiVIties These aspects were not consIdered
m the assessment of water qualIty due to
pauCity of mformatIon, and pomt to the ne­
cessIty to carefully consIder the local condI­
tions

In recent years, one has become more
aware of the fact that soIl degradatIon can
result from the use of tube-well water for
IrrIgatIOn There are mdicatIOns m some
command areas m PakIstan, but not m oth­
ers, that the quahty of pumped groundwa­
ter tends to decrease toward the tall end of
the systems (Kuper and KIJne 1996) ThIS
SImple spatial pattern IS clearly dIsturbed
when there are ObVIOUS areas of groundwa­
ter recharge elsewhere m the command
area, for example, areas m close proXImIty
to nver bends, lmk canals, or other mam
canals

Leachmg and dramage are the mam
mechamsms for the removal of salts from
the root zone as the uptake of salts by fIeld
crops contnbutes only httle to the removal
of salts It has been calculated that pasture
and cereal crops can remove 0 1-0 5 metnc
ton of Na+ per hectare per year from moder­
ately salme salls, compared to up to 1 met­
nc ton of Na+ per hectare per year for halo-

phytes, such as saltbush, from hIghly sahne
salls (Rengasamy and Olsson 1993) A mod­
erately sahne-sodlc soIl can contam about
2,000 metrIC tons of Na+ per hectare, at a
rootmg depth of 1 meter

Van Hoorn and van Alphen (1994) dIS­
cuss m some detaIl the concept of leaclung
effICiency The leachmg fraction, LF, the ra­

ho of the net deep percolatIOn to the

amount of IrngatIOn water applIed, IS as­

sumed to be IdentIcal to the ratIo of the salt

concentratIon m the rrngatIon water to that
m the soIl solutIon m the root zone at fIeld
capaCIty ThIS IS true only If all IrrIgation
water mIXes completely With the soIl water
m the root zone

LF =Vd/Vl =CI/Cd (1)

where Vd IS the seasonal depth of deep
percolatIon, VI IS the seasonal depth of
IrngatIon water, CI IS the mass salt con­
centration m rrngahon water, and Cd IS
the concentrahon m the dramage water

Tlus equation IS based on the sImphfted
salt balance equahon The assumptions un­
derlymg It mclude steady state condItions,
salt preCipItation equal to salt dIssolution,
no upward movement of salts from the wa­
ter table, and no seepage from outSIde the
area

The leachmg effICIency IS then defIned
as the fraction of IrrIgation water mlxmg
WIth the soIl solutIOn FIeld experIments
have mdlcated that the leachmg effICIency
may range from 02 for clay salls to 06 for
a sIlty loam SOlI Van Hoorn and van
Alphen (1994) compare the water and salt
movement of a soIl profIle that IS conSId­
ered as one layer WIth the water and salt
dIstrIbution of a four-layered SOlI profIle,
takmg mto account the water that passes
through the large pores m the soIl WIthout
leaclung salts effICIently They conclude that
when a hIgh leachmg effICiency can be ex-



pected as, for example, under dnp Irnga­
tIon or careful surface lITIgation on a coarse
textured soIl, the use of the one-layer con­
cept will overestimate the leaching reqUire­
ment (the leachmg fraction reqUlred to

maintain a speCifIed electncal conductivIty

In the sou soluhon In the root zone) It may
then be better to use the four-layer concept
However, for most practical purposes, the
leaching reqUirement can be calculated by
USing the SImple one-layer approach, wIth
the understanding that In reahty the sahruty
of the upper layers of the root zone Will be
somewhat lower than the average value,
and the sallllity of the lower part of the root
zone somewhat hIgher

Models

Uncertainty With respect to the leaching ef­
fICIency, espeCially on a regIOnal scale, was

consIdered by Gates and Gnsmer (1989) In
theIr study on the preferred Irngahon and

drainage strategy of the San Joaquin valley
In Cahforrua, whIch IS well known for the
presence of tOXIC levels of selenium In the
drainage water The SImulation model they
dISCUSS IS, however, generally apphcable to
areas underlaIn by shallow sahne ground­
water tables for whIch the economIC net
benefIt of vanous IrngatIOn and drainage
management practices need to be deter­
mined

The concept of a preferential flow path

or bypass flow In solute transport has re­
ceIved consIderable attention m recent
years A complete reVIew of the lIterature
on thIS tOpIC IS beyond the scope of this pa­
per However, some Intereshng conclusIOns
were drawn by Prendergast (1995) m hIS
study of bypass flow and solute transport
under Irngated pasture In Austraha, whIch
are relevant to the dIscussIOn on leaching
effiCIency Prendergast found that bypass

decreased and the penetration of tntIum-la­

beled water decreased With increasing sahn­
Ity, despIte a greater leaching fraction under
sahne condItions He attnbuted this effect to

hIgher antecedent water content due to

lower crop water use under saline condI­
hans, whIch, In turn, resulted In less soIl
crackmg and hence less bypass flow The
results of the SImulatIOn model and the
measurements dId not agree as the model
assumed that bypass was of low sahnIty,
whereas the expenment indIcated that by­
pass contnbuted to leachmg In the next
paragraph, we will consIder vanous model­
Ing attempts In more detaIl Here, we can
conclude that the tOpICS of leachmg effI­
CIency and the predIction of water and salt
movement In salIne-sodic salls are comph­
cated and deserves further study

Prendergast et al (1994a, 1994b) ex­
tended the steady state equations of earher
work (Prendergast 1993) by includIng the
groundwater mass balance of an uncon­

fIned aqUifer, to model conjunctive use of
groundwater and surface water for the con­
trol of soIl sahnIty The model was apphed
to the Shepparton IrngatIon RegIOn In the
Murray BaSIn, Austraha (For addItional in­
formatIOn on the salInity management of
the Shepparton regIOn, see Heuperman
1993) The mass conservation of groundwa­
ter was Introduced because water sallllity In
the conjunctive use model IS determIned by
volume and salt content of the pumped
groundwater A semI-empincalleachmg

equation (Rhoades 1974) was used for the
development of the conjunctive use model

Cs = 05 J*C, (1 + l/LF) (2)

where Cs and C, are the average con­
centratIOns of salts In the SOll solution
In the root zone and In the water ap­
phed to the crop, respectively, and J IS
an empmcally determmed coeffICIent,
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FIGURE 1

InsenSitIVIty of root zone salinity to leaching fractions encountered In

field situations

WhICh Rhoades (1974) suggested to be
about 08

An mterestmg conclusIOn from these
studIes by Prendergast et al IS that root
zone salmIty, as affected by groundwater sa­
hmty, IS msensltIve to the actual leachmg
fractIon for the common range of leachmg

fractions (01 to 04) encountered m held

sItuatIons ThIS IS shown m fIgure 1 As the

model mdicated that hIgh mduced leachmg
rates were unhkely to mcrease root zone sa­
hmty, lowermg the water table m water­
logged areas could be achIeved by usmg
hIgh pumpIng rates or more contInuous
pumpmg to Increase the pumped water
depth The proVISO m thIS approach IS that
the non-Ieachmg recharge to the groundwa­
ter, WhICh IS the recharge that does not con­
tnbute to root zone leachIng m the conJunc­
tlve use area (conslstmg of pel calahan
losses from IrngatIon channels, flow
through SOll cracks, and upward movement
from deeper layers of the aqmfer), IS not m­
creased excessIvely Whether thIS IS the case
depends on the local and regIOnal
hydrogeologIcal charactenstIcs of the IrrI­
gated area The relatIons depIcted m fIgure

1 are speCIfIc for the condItIons of the study
and have no general vahdlty For example,
It should not be assumed that 10 percent
leachmg IS normally suffICIent for salt re­
moval There are many examples m the ht­
erature (Bower et al 1969, Rengasamy and
Olsson 1993) that show a much more
gradual change IS soIl sahmty WIth mcreas­

mgLF
The model calculatIOns for conjunctIve

use m the Shepparton region mdicated that
the hIghest value of the average groundwa­
ter sahmty at WhICh no YIeld reductIon oc­
curred was 5 dS/m for a crop WIth a salm­
Ity threshold of 1 6 dS/ m for leachIng frac­
tIons between 0 15 and 0 5 A crop threshold
sahmty of 3 0 dS/ m would be requIred for
an average groundwater salmIty of 10 dS/m
The contrIbutIon from pumped groundwa­
ter m the total IrrIgatIon supply (Includmg
ramfall) ranged from about 20 percent to 40
percent ThIS fraction was not constant as It
depended on a varIable leachmg fractIon,
because mass conservatIon of groundwater
demanded that the eqUlvalent depth of
pumped groundwater equals dll recharge to
the groundwater, such as leachmg from IrrI­
gated fIelds and seepage from IrrIgatIon ca­
nals In the Shepparton regIOn, the rate of
groundwater degradatIon caused by salts In
the IrrIgatIon water and ramfall under good
conjunctIve water management was found
to be as low as 0 02 dS / m per year for a
SItuatIon m whIch the depth from the soIl
surface to the base of the aqUIfer IS 10 m,
and the annual InfIltrated depth of surface
watel supphed for IrrIgatIon IS 08 m

Good salImty management of the
groundwater resource Imphes that pumped
groundwater IS dIstrIbuted over the entIre
area of mfluence of a groundwater pump,
or at least a large part of It When salts are
exported from the conjunctIve use area

05 through dIsposal In a dramage system, the
depth of exported groundwater must be
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less than the depth of groundwater re­

charge, otherwIse the water table would
drop and the steady state assumptions used
for the denvatIOn of the conjunctive use
model are no longer valId Pumpmg
groundwater for IrngatIOn m excess of re­
charge mduce., faster degradatlOn of the
groundwater A 5Imllar conclUSIOn was
reached by KIJne (1996) m a water and salt
balance study of IrngatIon areas wIth con­
Junctive use of groundwater and surface
water m Punjab, PakJ.stan

Kuper and KIJne (1996) compared the
results of the water and salt balance study
m PakIstan wIth earher SImulatIOns wIth
models of Hanks and coworkers (for ex­
ample, Hanks 1983), and found consIder­
able dIfferences m computed average root
zone sahmty and leachmg fractions There
was agreement that present management
practices of conjunctive use of groundwater
and surface water mvolved pumpmg rates
greater than the recharge rate and that salt
accumulatIOn m the root zone was occur­
nng However, the dIfferences precluded
rehable estimation of the rate of soIl degra­
dation

An alternative approach to the develop­
ment of conjunctive management of
groundwater and canal water m PakJ.stan's
Punjab was taken by Afzal et al (1992),
who, usmg a hnear programmmg model,
optimIzed the use of dIfferent quahty wa
ters by alternate IrngatIons rather than by
the blendmg of canal water and pumped
tube-well water The aim was to determme
how much land can be cultivated WIth a
vanety of crops and how much groundwa­
ter should be applIed to each of these Al­
though some of the advantages of mtermit
tent IrngatIons WIth good and poor water
are ObVIOUS (for example, no detenoratIOn
of the good qualIty water, and apphcatIon
of good quahty water dunng senSItive
glOwth stages see Hamdy 1996), m many

practical SItuations, mfrastructural con­

stramts preclude the option of alternative
use of the different qualIty waters

Areas of Uncertatnty

From the above descnptIon of the adverse
effects of sodIUm m soIls and IrngatIon wa­
ter It can be concluded that mflltration rates
and the hydrauhc conductlVlty of many Ir­
ngated soIls are severely reduced The ex­
tent to whIch soIls are affected, however, IS
dIfficult to estabhsh when benchmark data
of unaffected SOlIs are not avaIlable More­
over, SAR values are often not measured
EC values can be approXimated m the held
(1 e, by electromagnetic mductIon measur­
mg techmques) but there IS no eaSIly mea­
surable proxy for the SAR value For the
deternunatIon of SAR, one remams depen­
dent on laboratory determmatIons

At present, the mterdependence of the
&nal m&ltratIon rate of IrngatIon water mto
a soIl and the SAR (or ESP) and EC of the
top soIl IS not well estabhshed for a WIde
range of soIls Quantitatively predIctIng the
effect of usmg dIfferent quahty IrngatIOn
waters on the m&ltratIon rate and hydraulIc
conductiVIty and, m general, on the rate of
soli degradation m fIeld SItuatIOns IS not
pOSSIble In the absence of more genenc
fmdmgs, It IS necessary to evaluate the smt­
abIhty of IrngatIon water for the speCIfIc
condItions at the location where It IS to be
used (Suarez and Lebron 1993) Vanables
hkely to affect thIS relation between soIl
degradation and water quahty mclude the
relative water supply (1 e , the degree of
over-IrngatIon or applIed leachmg fraction),
the croppmg mtensIty, and croppmg pat­
tern From a practical pomt of VIew, one IS
mterested m a method of predicting the ef­
fects of usmg a particular kJ.nd of IrngatIon
water If It mvolves a few parameters that

13



can easdy be measured m the fIeld If pre­
dIctions can only be made on the baSIS of a
large number of parameters, for example,
mcludmg soIl orgamc matter, free Iron ox­
Ides, etc, ItS practical value would be small

The leachmg process IS an Important
aspect of many dIfferent types of models
WIth vanous obJectives, but modelmg the

leachmg process IS no SImple matter Con­
sIderable progress has been made but no
smgle model of the leachmg process IS ap­
propnate for all purposes As was pomted
out before, consIderable doubt still eXIsts
about the rate of soIl and water degradation
when fIelds are rrngated Wlth water of mar­
gmal or poor quahty The need for further
research IS apparent, WhIch should mclude
systematic testmg of eXIsting models by
someone other than the developer-pres­
ently a rather rare occurrence as noted by
Addlscott and Wagenet (1985)-rather than

the development of more models The need
to test eXIsting models under a vanety of
condItions apphes equally well to eXIstmg
SCIentifIc models, Ie, those mmmg to en­
hance understandmg of the underlymg geo­
phySICal processes, as well as to the"engI­
neermg types" that aIm to fmd manage­
ment solutions, such as the agro-hydrologI­

cal model of van den Broek et al (1994) and
the models proposed by Prendergast and
coworkers The underlymg assumptIons of
these latter models, especrally WIth respect
to the reqUITed mass balance of the ground­
water, may not be satisfIed under all prach­
cal SItuations (for example, With extenSIve
pumpmg of groundwater), but It IS ex­
pected that the model outcomes Will pomt
us m the nght duectlOn for fmdmg Im­
proved sahmty management practices Re­
search needs wdl be addressed m more de­
tad m the fmal section of the paper

Impact of Irngatlon-Induced Salinity on Plant Growth

14

State of Knowledge

The effects of salts on plants have been re­
VIewed many times m recent years The
Handbook of Plant and Crop Stress edIted by
Pessarakh (1993), and the paper on Sailmty
Management In Imgated Agriculture by TyagI
(1996) are examples It IS not pOSSIble to do
Justice to the tOpIC Withm the scope of thIS
reVIew In general, three categones of salm­
Ity effects have been conSIdered general
growth suppressIOn, especrally durmg ger­
mmatIon, emergence and early seedhng
growth, growth suppresslOn due to nutn­
tIonal Imbalance of essential lOns, and
growth suppresslOn caused by lOns of tOXiC
nature Often, these dIfferent effects are m­
dlstIngUlshable and, m fact, the pnmary

cause of sahmty damage IS not known
Moreover, It IS qUlte dIffIcult to clearly ms­
hngUlsh between the effects of sodmm as a
tOXiC IOn (maInly for trees), and ItS effect on
the soIl phYSICal properties and hence mdI­
rectly on plant growth

HIgh concentrations of parhcular lOns,
for example, Na+ and Cl, mterfere With the
uptake of other IOns, leadIng to cntIcal nu­
tnent deficrencres, or have other tOXIC ef­
fects on plants One example of many such
studIes on the specrfIc response of a number
of crops to mgh exchangeable somum m the
soIl under fIeld and greenhouse condlhons
IS the study by Gupta and Sharma (1990)
These studIes are Important for the estab­
hshment of genotypIc dIfferences for
SOdlCIty tolerance of, for mstance, wheat



and nce, but they need to be conhnued for
several years under fIeld condItions to
momtor the long-term changes In sOlI struc­
ture and crop response ansmg from Irnga­
tIon wIth sahne or SOdiC water

Tolerance to salImty depends on,
among others, the type of crop, ItS vanety
and growth stage, the avaIlablhty of water
In the SOlI, soIl structure, and the
evaporative demand from the atmosphere
Maas and Hoffman (1977), and vanous
updates of theIr work Since then (for
example, Maas 1990), have gIVen the
threshold values and yIeld loss per umt
Increase In salImty In excess of the
threshold value for many fIeld crops YIeld
response functions have been reported for
yIeld as a function of amount of water
apphed, but data on the combmed effect of
vanous depths of IrngatIon water and the
quahty of the water on crop Yield are rare
Recently, Panda et al (1996) have developed
quadratic and square-root functions for
eIght fIeld crops commonly grown In
Punjab, IndIa, based on lImIted
expenmental observations of crop Yield as a
funchon of EC of the IrngatIon water The
coeffICIents of the response functIOns were
computed usmg the least-squares techmque
It would be worthwhIle to compare any
other observatIOns of yIeld response to
water quantity and quahty, for example,
those developed by Dmar et al (1993) m
lyslmeter expenments, wIth the calculated
yIelds as obtamed from these regreSSIOn
equations

Apart from the dIrect effects of salts on
plant growth, crop Yields are also affected
by the mteractIon between sahmty and fer­
tIlIty Most salme and SOdiC soils are low m
fertIlIty and crops growmg on these SOlIs
suffer from suboptImal supplIes of mtrogen
(N) and need to be supplemented by chemI­
cal fertIhzer However, the condItions of the
salt-affected salls do not favor effiCIent mtro-

gen use from sources such as urea because
of mtrogen losses by ammoma volatIllza­
han It has been suggested that for mtrogen
management of nce on salme and SOdiC
salls, substItuhng part of the mmeral mtro­
gen by orgamc forms can Improve mtrogen
use effICIency (Ghm et al 1988) Shalhevet
(1994), In reVIeWing the relationshIp be­
tween the level of mtrogen apphcatIon and
sahmty, found very few studIes that report
a response to hIgher levels of mtrogen fer­
hhzatIon at hIgh sahmty than are conSIdered
optimal levels under non-salIne condItions
The most common type of response re­
ported In the hterature IS that the addIhon
of mt;ogen results In the same relative Yield
Increase at all levels of sahmty, or that the
response In relative yIeld IS greater at low
levels of sahmty than at hIgh levels

SOdiC salls m IndIa have been reported
by Gupta and Abrol (1990) to contam hIgh
amounts of avaIlable phosphorous (P),
whIch IS to be expected consldenng that the
concentration of phosphorous In the soIl so­
lution IS hIgh at hIgh pH levels, such as are
found In SOdiC SOlIs Although the apphca­
tIon of gypsum IS expected to lower the
level of extractable phosphorous In SOdiC
SOlIs, long-term fIeld expenments at the
Central SoIl SalImty Research Institute,
Kamal, IndIa, have shown that after gyp­
sum was applIed to a typIcal SOdiC SOlI,
there was no benefIt from phosphorous and
potassIUm (K) fertilizer apphcatIon during
the flTSt SIX years of reclamation (Chhabra
1985) It has been known for years that
crops grown on sodIc salls WIth pH values
around or above 8 are hkely to respond to
ZinC (Zn) applIcation, although the total
zmc level m the sad may be hIgh already A
complete reVIew of plant nutntIon on salt­
affected SOlIs IS beyond the scope of thIS
paper However, the Importance of plant
nutntIOn In yIeld response on saline and
SOdiC sods should be recogmzed
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Models

YIeld response funchons of water and salt
were revIewed by Hoffman et al (1990)
The most sIgmfIcant advance smce the de­
velopment of the threshold-slope model of
Maas and Hoffman (1977) IS probably the
numencal model for water and solute

movement m and below the root zone by

van Genuchten (1987) ThIS model also m­

cludes a root extractIOn telm One of the

persIstent problems IS how to account for

the nonumform dIstnbuhon of salts m the
root zone and across nelds, a question that
was addressed by Shalhevet (1994) He con­
cluded that although current understandmg
of effective root zone sahmty IS mcomplete,
estimates of a mean sahmty over the root
zone would be satisfactory for all practical
purposes Shalhevet (1994) also dIscussed
whether salt tolerance parameters, 1 e , the
threshold and slope values of Maas and
Hoffman (1977), can be used under dIfferent
condItions Shalhevet pomted out that there
are several factors that may affect the sahn­
Ity response curve One of these IS a re
stncted water supply as the curves were
based on ample water supply, 1 e , heavy
leachmg Prendergast (1993) calculated,

FIGURE 2

Effect of salinity on Yield Results of simulation for 3 different leachmg
fractions applied to lucerne
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from a sImulatIOn model, the effect of the
sahmty of IrngatIon water on the yIelds of
pelenmal and annual pasture, lucerne and
tomato, for the Shepparton IrngatIon Re­
gion m the Murray Basm, Austraha The re­
sults ot the sImulation for three values of
the leachmg fraction (0 05, 0 1, and 02) ap
phed to lucerne are shown m fIgure 2 Un­

tortunately, no mdependent neld measure

of yIeld response of these crops WIth van­

ous leachmg fractions IS available

The YIeld response of nce to sahne wa­

ter has been reported fOl the NIle Delta m
Egypt by EI Gumdy and R1sseeuw (1987)
Rice, when grown m paddy nelds (lowland
nce), IS WIdely consIdered to be tolerant to
sahmty and alkahmty, although Maas and
Hoffman (1977) put It (WIth a threshold
value of 3 dS/m and a12% decrease m YIeld
per dS / m mcrease m sahmty) m the group
of moderately senbitIve fIeld crops Never­
theless, nce has been grown on salme and
SOdiC salls as a reclamation crop The sub­
merged condItIons reqUIred for optImal
growth of the crop mcrease the partial pres­
sure of carbon dIOXIde m the SOll solutIon,
whIch causes a decrease m pH and ex­
changeable sodIUm The produchon and ac­
cumulatIon of carbon dIOXide can be further
enhanced by the apphcatIon of orgamc mat­
ter RIce IS known to be sensItive to salts
dunng the early seedlmg and ImtIal repro­
ductive stages, and ItS survIval under salme
condItions IS most hkely due to the over-Ir­
ngatIon that takes place under submerged
condItions, WhICh contmues to push the
salts out of the root zone

Uncertamty about the simulatwn of
water uptake by plant roots under Irngated
neld condItIons IS also a recurrent problem

m modehng studIes, and It has a duect
bearmg on the calculatIon of leachmg frac­
tIons m soli layers Recently, MonteIth
(1996), m a dISCUSSIon of crop models, de­
plored the absence of data on the perfor-



mance of crops over a wIde range of enVI­
ronments, data that could be used for ngor­
ous testIng of the underlymg hypotheses of
eXlstmg crop models, espeCIally WIth re­
spect to the uptake of water and nutnents
by roots m relatIon to theIr growth,
anatomy, and actIVIty

It IS not surpnsmg then that Bresler and
Hoffman (1986) concluded that IrrIgatIOn
management for soil salImty control cannot
quantItatIvely be descnbed by the SImple
steady state equatIon relatmg volumes and
concentratIOns of IrngatIon and recharge
water (equatIon 1 above), not even for the
extreme case of near constant IrngatIon A
tranSIent model they developed IS more In
agreement WIth measured fIeld data VenfI­
catIon of the vanous models (for example,
by Cardon, Letey, and Mmha~ [1990], as
quoted by Hoffman et al [1990]) stIll IndI­
cates conSIderable vanatIOn between mea­
sured and predIcted YIelds as the YIelds are
mfluenced by the depth of IrngatIon water
applIed and ItS qualIty Hoffman et al
(1990) conclude that

a senous lumtatIon [In determInIng op­
tImum leachmg reqUIrements] IS the
lack of knowledge on how plants re­
spond to salImty stress that vanes WIth
tIme and space Our knowledge on sol­
ute transport, partIcularly In the pres­
ence of shallow, salIne groundwater, on
a fIeld baSIS, IS InSUffiCIent Most of our
present knowledge on the movement of
water and salts IS In the absence of a
shallow water table

The use of salt-tolerant trees, espeCIally
Eucalyptus vanetIes, In reclalmmg salIne
areas by lowenng the groundwater level, IS
Important In addItIon, other benefIts of a
tree crop, such as erOSlOn control and prOVI­
SIOn of shade, shelter and timber, have been
IdentIfIed (van der Moezel et al 1991) Ban
and SchofIeld (1992) have reported the con-

trol of human-Induced salImty through re­
forestatIon WIth Eucalyptus speCIes In West
AustralIa, where groundwater levels de­
creased In 10 years by 15m under the for­
est, and mcreased by 18m under nearby
pasture land InterestIngly, groundwater sa­
lImty levels under the forest were reported
to have decreased by 11 percent It IS deSIr­

able to have more data on the changes m
the water and salt balance dunng the recla­
matIon process

Prendergast's (1993) model of crop
YIeld response to IrngatIon water salImty,
referred to above, quantIfIes the economIC
ImplIcatIons of management practIces that
Increase the salImty of the IrngatIon water
over tIme (for example, the dIsposal of sa­
lIne dramage water Into the IrrIgatIon sup­
ply) ThIS study IS Important as It shows
what can be achIeved WIth a relatIvely
SImple determImstIc model The model can
reduce the number of costly, local yIeld re­
sponse expenments that would otherWIse
be reqUIred for dIfferent crops and soIl
types It can also be used to determIne the
SUItabIlIty of partIcular crops for an Irnga­
tIon regIon If the salImty of the IrngatIon
water IS hIgh The speCIfIc set of problems
assocIated WIth the use of illgh sodIum wa­
ters IS not addressed In tills model

Prendergast and coworkers, USIng the
Maas and Hoffman (1977) approach, calcu­
lated LIOp water use and relatIve YIeld estI­
mates for conjunctIve use of groundwater
and canal water, when the salt content of
the root zone IS more than the crop thresh­
old value More recently, the agro-hydro­
lOgIcal model SWAP93 (van den Broek et al
1994) was used by Smets et al (Forthcom­
Ing) to assess the effects of vanous Irnga­
tIon practices on sahruzatIon and crop tran­
spIration for condItions slmuar to those In

earher studieS ThIS model IS far more so­
phIsticated than the models that were used
earlIer, and hence reqUIres more Informa-
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FIGURE 3
A successful simulation of the salinity profile
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Note ECe = electrical conductivity of the sOil extract

tion on SOll and crop charactenstics Never­
theless, It was found that the model could
be used successfully for PakIstan conmtions,
prOVIded accurate data are avaIlable on
crop factors, SOll evaporation, rooting depth,
and SOlI hydrauhc charactenstics An ex­
ample of the successful sImulation of the
sahmty profIle by Smets et al (Forthcom­
mg) IS given m fIgure 3 One of the conclu­
SIons of the study IS that because of short­
age of water farmers tend to under-rrngate
therr crops The model mmcates that after a
few years, sahmzation has reached an eqUl
hbnum and no further salt accumulation
occurs, as the amount of salt added by rrn­
gation equals the amount leached from the
root zone ThIS eqUlhbnum IS reached ear­
her on sandy SOllS (after two years) than on
loamy SOlIs, and the resultmg sahmty IS
hIgher on the fIne textured SOlIs The rela­
tive transpIration by the crop IS more af­
fected by the amount of ImgatIon water ap-

phed than by ItS salt content AgaIn,
SOdIC1ty of the IrngatIon water IS not con­
SIdered m the model

Areas of Uncertamty

The yIeld response to sImultaneously Im­
posed under-rrngatIon and salt stress IS stIll
not well known ThIS, as was pomted out
before, has ImphcatIons for the modehng of
salt and water balances of Irngated crops
because of the Importance of the water up­
take function In these models YIeld re­
sponse functions of water and salt should
also be known for estabhshmg the economIC

and pohtIcallmphcatIons of current agro­
nOIDlC and Irngation practices Further test­
mg of mtegrated models, such as the agro­
hydrolOgical SWAP93 model, under a WIde
range of condItions may help to f1ll thIS gap
In our knowledge



Remedial Management Actions

Categones of PotentIal
Management Actwn

Several types of management mterventIons,
collated from the hterature, are presented m
table 1 These possIble actIOns aIm to pre­
vent, mItIgate, or reverse soIl and water
degradatIon at vanous levels WIthm Irn­
gated agnculture Some are applIcable at
fIeld or farm level, others at system, re­
gIonal, or subregIonal level In table 1, the
management mterventIons have been cat-

TABLE 1

Vanous remedial options and interventIOns

egonzed as engIneermg, agronomIc, pohcy,
and management optIons (KlJne and Kuper
1997) The dIstInctIons between the dIfferent
categones, however, are not water tIght
Often, before engmeermg or agronomIc op­
tIons can be Implemented, certam polIcy
decIsIOns need to be made Nevertheless,
for clanty of presentatIon, we WIll dISCUSS
the optIons m terms of these vanous types
For pOSSIble remedIal actIons regardmg sa­
hmty management for mdIVIdual countnes,
see GhassemI et al 1995

Category

Englneenng

Agronomic

Policy

Management

Options

Construct additional storage facIlities for water (dams and reservOIrs) and salts
(evaporation ponds)

Improve maintenance of Irngatlon Infrastructure

Conserve water In catchment and rain In Irngated areas

Construct drainage facIlities

Improve maintenance of eXisting (Including natural) drainS

Reuse waste and drain water and find alternative ways to dispose drainage effluent
and Industnal and mUnicipal waste water

Prevent or reduce canal seepage I e through lining

Grow different crops or Introduce different crop rotations I e less water demanding
crops more drought and salt tolerant ones

Irngate according to reliable crop water requirement estimates (yield response
functions) and leaching requirement calculations

Reduce Irngated area (use more water per unit land)

On farm watercourse Improvement and precIsion land leveling

Apply sOil amendments such as gypsum

Introduce water and power pnclng to make water more expensive

Introduce transferable water entitlements

Set limits for allowable groundwater recharge (amount and quality) and Introduce
penalties for exceeding these limits

Provide incentives for land reclamation I e subSidiZing gypsum

Improve the operation of eXlstmg Irngatlon and dramage Infrastructure through
Introduction of management mformatlon systems etc

Enhance farmers Involvement In management and maintenance of Irngatlon and
drainage facIlities
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'Computer modelmg
pnor to desJ.1tmg IS rec
ommended to assess the
lIkely effect of the exer
C1se m terms of 1m
proved eqUIty of dIstn
butIOn of the lITIgatIOn
water and evaluate the
costs and benefIts of the
des1lhng operation (see
for example Murray
Rust and Vander Velde
1993)
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The frrst category, engIneermg optIOns,
mcludes mterventIons aimed at enhancmg
the supply of good quahty water and the
removal of poor quahty water Dam con­
structIOn, Wlth Its environmental and soual
unphcatIons, IS not popula! With donors or
With envIronmental actIon groups m the
countnes m need of more water Moreover,
the high costs associated With the construc­

tion of water storage facilities, m countnes

where the eaSIer and less costly sites have

all been used, reqmres pnonty settmg dt
government level

The optIons aimed at the removal nf
poor quahty water mclude constructIOn of
dramage faclhtIes and Improved mamte­
nance of eXlstmg (natural) drams, alterna­
tIve disposal of dramage effluent (for ex­
ample, m evaporatIon ponds, which Will be
discussed m more detatl below), illsposal of
mdustnal and urban waste such that It does
not contammate water supphes, and reha­
bilitation of ImgatIOn canals to enhance the
rehablhty and quantIty of supphes (for ex­
ample, the hydrauhc performance of Imga­
tIon canals IS Improved through destltmg4

)

The Implementation of any of these engI­
neenng optIons (whose beneflts mature
slowly) depends, Just hke the constructIOn
of storage facilittes on strong-gmrernmental
support both m terms of mcentIves and
sanctions as well as m economIC pnontIz­
mg Often, there IS no ImmedIate prospect
of enhancmg the supply of good quahty
water to the system or of redUCing the
amount of poor quahty water that remams
m the system

The agronomIC optIons aim to prevent
or mitIgate degradation of soll and water
resources Anyone of these apphed m areas
where degradatIon IS already present
presupposes that scarcity of water and
sahmty Will not be totally ehmmated and
that one has to learn how to hve WIth them
One of the key agronomic optIons IS crop

dlverslt1catlOn Different crops have
different evapotranspiration patterns and
lead to different rates of recharge of the
groundwater In areas With nSIng water
tables, plantmg suffICient trees can reduce
or even reverse thiS trend VanetIes and
speCles With hIgher salt tolerance can be
planted to replace those that yIeld less
when the &alt LOntent of the available

JrngaLlOn water mcreases, for example,

when more of the IrngatIon supphes are

drawn from pumped groundwater Of
course, thIs optIon IS only feaSIble 1f there IS
a market for these crops and farmers who
glOW them can make a decent hVIng
Fodder crops that have successtully been
Introduced on salt-affected land In the
IndIan subcontInent Include kallar grass
(Leptochloa fusca) and sesbama (Sesbama
aculeata) However, the economIC factors
should be conSIdered, whether It would be
economIcally more advantageous to obtam
a somewhat lower Yield of a good cash crop
as a result of Increased sahmty than a full
Yield of a forage crop tolerant to saimity

Improvmg SOlI fertIhty by the addItIon
of orgamc matter through green manunng
can help to restore a more favorable root
zone enVIronment Other agronomIC Inter­
ventions that can be exerCised at farm level
Include preCiSIOn land levelmg to remove
hIgh spots In flelds, such that a thinner
layer of water would cover the entIre fIeld
Expenence m the Murray-Darlmg Basm m
Austraha has shown that laser levelmg of
the land can greatly Improve net salt accu­
mulatIon m the root zone

Perhaps the last agronomIC optIon a
government would be prepared to support
IS to dehberately reduce the area that IS
cropped each season, to match demands for
good quahty water WIth avallable supphes
ThIs could be done by reducmg crop mten­
sitIes whIle mamtammg the total command
areas, through the mtroductIon of penodic



'The apphcatlOn of gyp
sum IS reported to be
more wIdely practIsed
In IndIa than In PakI
stan partly because of
subsIdIes and better dIs
tnbutlOn m IndIa One
drawback of wIde
spread use of gypsum
would be enhanced de
tenoratlOn of shallow
groundwater as soluble
salts are leached

i:or example rrngatIon
and draInage responsl
bIllties m PakIstan s
Punjab are not coordl
nated at fIeld level but
only at the level of the
office of the Cluef Eng!
neer probably oversee
mg around 1 mIllIon
hectares Also coordIna
bon between power and
water supplIes m rural
areas IS lackIng, WIth the
result that power cuts
occur when farmers
need to use therr e1ectn
cally powered tube
wells to water the crops
Another example IS the
well known lack of co
ordInation between the
departments of Agncul
ture and IrngatIon

fallow Rotation of canal supplIes and re­
stnctmg the use of pumped groundwater

are the mstruments to achIeve It Leavmg
fIelds fallow has the dIstinct disadvantage
that they tend to accumulate salt through
capIllary nse from a shallow water table or
through lateral flow from adjacent fIelds,
whIch contmue to be Irngated Reducmg
crop mtenslty can also be done by closmg
off parts of command areas, WIth the result
that these areas would depend completely
on tube-well water and would most hkely
contmue to degrade The SOCIOeconomIC
and polItIcal ImplIcatIons are huge The
government probably has to stimulate alter­
natIve sources of employment m rural areas
to proVIde acceptable lIvehhoods for the ru­
ral populatIon affected by these changes

Othel polIcy options avaIlable to gov­
ernments to change current agronomIC and
IrrIgatIOn practIces mclude water and
power pncmg, Issumg transferable water
entitlements, subslchzmg gypsum for recla­
mation of SOdIC sOIls,5 and better coordma­
tIon of the actiVItIes of vanous mImstnes
and departments dealIng WIth water and
power supphes 6 Examples of successful m­
troductIon of penalties for exceedmg agreed
hmIts on quantity and quahty of recharge to
the groundwater, for example, by stIpulat­
mg the area cropped under nce, can be
found m Austraha and parts of the Umted
States Increasmg charges for water would
tend to reduce apphcatIon per umt area and
hence exacerbate the problem of sahmty

Management optIOns that come to
mmd mclude Improvmg the management
(operation and mamtenance) of IrngatIOn
canals, for example, through the mtroduc­
tIon of management mformatIon systems
(deCISIOn support systems see, for example,
TyagI et al 1993) These mformatIon sys­
tems would reqUIre that data on water sup­
plIes and demands throughout the system,
and the breakdown of mfrastructure (1 e ,

breaches) are avaIlable and are qUickly com­
mumcated to the deCISIon center TradItion­

ally much of tlus mformatIon system was m
place m a country such as PakIstan but has
smce been allowed to break down and IS
not m use any longer Current commumca­
tIon techmques and computer modehng al­
low vast Improvements to be made over the
present deCISIOn support systems Another
lffiportant management optIon IS to mvolve
the lfTIgatIon commumty to a much greater
extent m the management of the natural re­
sources, water and SOlI, mcludmg theIr
quahty (sallmty) aspects Many govern­
ments, often spurred on by the World Bank,
are movmg toward greater mvolvement of
farmers m the management of (parts of) Ir­

ngatIon systems

Scale of Concern

Of the vanous management actIOns dIS­
cussed above, the agronomIC options are
mamly apphcable at field or farm level
That IS the level where chOIces concernmg
the croppmg pattern, the proportIon of land
left uncultIvated, land levelIng, and water
apphcatIons are made Some of the polIcy
mterventIons attempt to make It pOSSIble for
the farmers to make these chOIces m a ratio­
nal manner

Most of the engmeenng and manage­
ment actIons take place at system level, or
at canal command area level, as m the large
systems of, for example, the Indian subcon­
tment ImplementatIon of VIrtually all of
these actIons can take place only WIth the
exphCIt approval of and fundmg by the rel­
evant government agenCIes Management
Improvements, such as partICIpatory m­
volvement of the farmers m system man­
agement and transfer of part of system
management to the farmers, are rarply ll11tI­
ated at the level of the ImgatIon agency En-
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couragement and mcentIves from pohcy
makers are essential prereqUisItes

All In all, thIS dISCUSSIOn of pOSSIble ac
tIons aImed at the preventIon, mItigation,
and reversal of soll and water degradatIon
agaIn illustrates the compleXIty of the Issues
and InterrelatIons between agronomIC, engI­
neenng, management, and pohcy aspects of

the salImzatIOn process The key to the so­

lutIon, however, IS the polItIcal Will to gIve

pnonty to and faCIlItate the vanous actIons

that Intend to sustaIn the natural resources

whIle maIntaInIng or even IncreasIng agrI­

cultural prodUCtIVIty

Regwnal Salme Effluent
Management

LeachIng and draInage remove salts from
the soll solutIOn What happens WIth the
salt once It enters the draInage system IS
often Ignored DraInage water IS regularly
dIsposed of mto nvers In the absence of
other economIcally more attractIve dIsposal
optIOns ThIs practIce Increases the salt load
of the nvers and makes the nver water less
SUitable for IrngatIon or other uses down­
stream It IS a challenge to keep the nega­
tIve Impact from the removal and dIsposal
of excess salt from the root zone to a mInI­
mum The volume of sahne water needIng
dIsposal can be reduced by the nght combI­
natIon of agronomIC and IrngatIon manage­
ment practIces, such as crop rotatIon, crop
dIversIfIcatIon, agroforestry, and pressurIZed
IrngatIOn systems If proper draInage and
recyclIng systems are deSIgned and oper

ated, draInage water can be used cychcally

on crops of IncreasIng saIt tolerance untllit

becomes unSUItable for IrrIgatIon and has to

be dIsposed of fInally
The process of salt removal reqUIres

water to transport salt In and and semIand
regions, prOVISIOn of water to transport salt

over long dIstances, for example, to the sea,
IS not always pOSSIble Therefore, It IS Im­
portant m water-scarce enVIronments to
Implement salIne water dIsposal measures
at subregional levels Potential measures In­
clude outfalls or pipehnes to seas, evapora­
tion baSInS, aqUIfer storage, and desahnIza­
tIon

The constructIOn and operatIOn of a

beparate draInage system to transport salt to

the sea IS an expenSIve propOSItIon (the

constructIon cost of the Left Bank Outfall

DraIn In SIndh, Pakistan IS approxImately
one bIllIOn US dollars, to prOVIde draInage

for approXImately 05 mllhon hectares) Sa
lIne water can sometImes, under speCial
geo-hydrologrcal condItIons, be dIsposed of
Into shallow or deep aqUifers DIsposal of
salme effluent In deep aqUIfers must be
cntIcally evaluated because hydrauhc pres­
sure and solute pulses move rapIdly In con­
fIned aqUifers, In ways that are hard to pre­
dIct FInally, desahnatIon of draInage water
IS (stlll) very expenSIve, espeCially for hIgh­
salInIty water

As the other options are both expenSIve
and apphcable only under speCIal condI­
tIons, evaporatIon basms have been m­

stalled In recent years In many countnes
There are over 200 evaporatIon baSInS, rang­
Ing from 2 to 2,000 hectares In SIze, In the
Murray-Darhng BaSIn alone They Include
constructed evaporatIOn baSInS as well as
natural depreSSIOns and salt lakes Some of
them are Intended to hold sahne water tem­
poranly untIl released durIng hIgh nver
flows, whIle others are expected to have
operatmg hves of 50 to 150 years Other

countnes, for example PakIstan, now In­

clude the constructIon and operatIOn of

evaporatIOn basms m dramage projects
(MIan and van Reemen 1991, Trewhella and
BadruddIn 1991)

The dIsposal of sahne water Into subre
gIonal evaporation baSInS was found to be
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Salinity (EC)

Source Evans 1989

tIcal, aqUIfer recharge---cannot easily be dIs­
tmguished They can also be conSIdered In
terms of local and regIOnal Impacts A
groundwater "mound" IS usually bUIlt up
beneath a basin, whIch over tIme may
cause leakage to a deeper aqUIfer, whIch
then results m the transmISSIOn of a "hy­
draulIc pulse" and a "solute pulse" through

the aqUIfer to a lower hydraulIc potentIal

dIscharge locatIon The rate of movement of

thIS dense flUId IS hard to predIct

Mass balance-based estImates of leak­
age for several dIfferent baSinS yIelded sur­
pnsIngly SImilar data despIte dIfferences m
soIl texture of the baSin bottom matenals
Generally, leakage rates decreased dramatI­
cally following inundatIon, and vaned sea­
sonally about a steady-state leakage rate of
a few mIllImeters per day after apprOXI­
mately two years of continUOUS inundatIon
The estImated leakage rates of evaporatIon
basms are much less than those obtamed for
canals and recharge baSinS Whether the

seasonal vanatIon m leakage rates IS sIgmh
cant IS not clear at present, but It appears
that leakage rates are lower In wmter than
In summer (Gnsmer et al 1993) Laboratory
measurements of hydraulIc conductIVity as
a functIOn of pore water salImty, ranging
from 0 to 120 dS/m, and SAR values rang­
Ing from 210 to 660, mdIcate that conductIv­
Ity tends to decrease as salImty Increases
The process IS partially reverSIble when sa­
lImty of the percolatmg lIqUId IS reduced

More sIgmhcant, however, IS the degree
of bIOlOgical actIVIty In pores where bIO­
logIcal actIVIty was not artIfICially sup­
pressed, hydraulIc conductIvIty decreased
IrreversIbly WIth tIme and WIth the volume
of water that passed through the sample re­
gardless of ItS salImty MIcrobIal actIVIty
Within the pore structure appears to use the
carbon-nch, salIne water to produce
polysacchande compounds that clog the
soIl pores, WhICh m the fIeld eventually re-
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cheaper than other optIons consIdered for
the Murray-DarlIng Basm (Evans 1989), as
illustrated m hgure 4 Inferences from thIS
study may be applIcable to large water ba­
sms such as the Indus Basm Many evapo­
rahon basms cost very lIttle, as for example,
when they are sImply salInas or depreSSIOns
m the landscape mto whIch salme water

flows by gravIty

To sustam the use of an evaporatIon

basm, mflow must equal outflow The"out­
flow" processes mclude evaporatIOn and
leakage EvaporatIon trom a free water sur­
face IS governed by net solar radIatIon, air
temperature, wmd speed, humIdIty, solu
tIon (water) temperature, salImty, and color
SalImty IS a key factor affectIng evaporatIon
but It IS not a lImItIng one for salImty up to
60 dS/m (McCullough-Sanden 1987) The
relatIonshIp between evaporatIon rate and
salImty IS curVIlinear, but nearly lInear at
lower concentratIons

The two types of leakage-lateral aqUI­
fer recharge and deeper, predommantly ver
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FIGURE 4
Relative costs of saline water disposal options In the Murray Darling
baSin
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SInS IS the perceived benefit to the commu­
mty If the source of sahne water needIng
disposal IS far awav from the disposal SIte,
then httle benefit IS perceived by the local
commumty and commumty acceptance may
be poor (Evans 1989)

Areas of Uncertamty

The effects of decommlsslOmng baSInS have

not been considered unW relatively recently

There IS no doubt that some eXisting baSInS
-----1'resent a slgmflcant problem for the future

It IS relatively simple to undertake
measures (for example, Interception bores)
to stop any adverse effects However, the
economics of the measures would need to
be consIdered for each mruVldual baSIn The
sIte-speCIfic enVlronmental Impacts need to
be studied In relatiOn to the size and depth
of the basm, the geo-hydrologlcal
conditions, and the antiCIpated salt and
water balances A fmanClal analySIS IS
needed for vanous SItes and deSIgn
characterIstics, which should consider other
potential benefits such as aquaculture and
brIne or salt harvesting SimulatIOn models
may enhance the effectiveness of varIOUS
measures to contaIn lateral and vertical
leakage from evaporation basms These
studIes together Will provide the
Information for pohcy makers regardmg the
relevance of evaporation basms, on a
reglOnal or subregtonal baSIS, In the Indus
BaSIn and m other semiarId regtons, where
the disposal of excess salts presents an
IncreaSIngly large problem

One of the common CrIticisms of evapora­

tion baSInS IS that they occupy large areas
However, In most cases, the land IS already
severely sahne and virtually unproductive
The Wakool/Tullakool Subsurface Dralhage
Scheme In New South Wales, Austraha pro­
tects an area of 30,000 hectares, and the
evaporatIOn baSIn covers 2,000 hectares, an
evaporation baSIn to total area ratio of 115

The environmental Impact of evapora­
tion basms IS probably related to the CIr­
cumference of the baSIn, In which case large
evaporation baSInS would be better How
ever, the magmtude of the Impact, for ex­
ample on the groundwater resource, may be
greater for bigger, deeper baSInS Hence, the
relative merIts of bIgger versus smaller ba­
SInS need to be deCIded on the baSIS of the
local condItions A slgmflcant factor In local
commumty acceptance of evaporatIOn ba-

DeSIgn and OperatIOn of
EvaporatIOn BaSinS

sults m "bottom sealmg II McCullough
Sanden (1987) showed that leakage rates
and basm water depth or groundwater
depth were not correlated Thus, varIability
In soIl texture and the degree of mIcrobIal
bottom seahng appear to be of greater Slg­
mflcance In determuung leakage rates The
addition of cyanobacterIa or blue-gteen al­

gae to basm water fac111tates sealmg of the
bottom solls, reducmg leakage to a mIm­

mum There IS some eVidence that evapora­

tion may be enhanced In basIns havIng a

green hue due to greater energy capture
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Farmers' Response to ::;a.l1ntty

It has been sald that an mformed farmer can be successful on poor land and an un­
mformed farmer wlll not be successful on good land As to dramage and saltmty, It
can be restated that the best farmer cannot be successful on lands of madequate dram­
age and the worst farmer wlll have a dlsaster on good land (Weeks and Levy 1985)

There are few systematIc studIes of
how farmers deal WIth sahmty and

SOdiCIty In Irngated agrIculture, In spIte
of the long expenence of many IrngatIon
farmers In semIand countnes wIth these
adverse effects of lfngatIOn A fIrst at­
tempt by IIMI In Paktstan to document
farmers' practIces related to the manage­
ment of salmtty showed that farmers of­
ten supplemented canal water WIth tube­
well water and Increased IrngatIon fre­
quency and amount to mItIgate the ef­
fects of sahmty on crops (Kuper and van
WauJen 1993) By mlXlflg canal water and
tube-well water, farmers often succeeded
In keepIng the sahmty of the IrngatIon
water below an EC of 115 dS/m In­
creasIng the frequency of lfngatIon IS
usually not the best management prac-

, tIce when IrngatIOn water IS apphed
more often, the peak salt concentratIon In
the soIl profde shIfts upwards, and be­
cause sahmty reduces evapotranspIra­
tIon, the soIl dnes slower than under
non-sahne condItIons (Shalhevet 1994)

, Other researchers, for Instance Bras and
< Sea (1987), have also shown that control­

lIng root zone sahmty whIle IrngatIng
wIth salme water IS a balancmg act
leachmg the root zone before the Irnga­
tIon season starts or Irngatmg mtermIt­
tently wIth non-salme water IS to be pre­
ferred

Kielen (1996) found that a large
group of farmers m Paktstan's Punjab IS

unable to reduce or prevent sahmty and
SOdiCIty because of lack of funds (espe­
CIally true for tenants) or because they
are faced wIth shallow groundwater
tables and totally Inadequate canal sup­
phes, CIrcumstances whIch are outSIde
theIr control Farmers WIth better fInan­
CIal means are generally-not surpns­
Ingly-more InclIned to take addItIonal
measures, such as the apphcatIon of gyp­

sum or laser-Ievehng of theIr fIelds
Many farmers, however, have no clear
Idea what they could do about sahmty,
especIally when they have only recently
been confronted wIth the problem as a
result of mcreased croppmg mtensIty
and relatIvely greater use of poor quahty
tube-well water Sahmty IS often Judged I

by farmers on the basIs of the whIte ef­
florescence due to preCIpItatIon of salts
or of dark depOSIts on the soIl surface
resultIng from the dIspersIOn of orgamc
matter, and the presence of surface crusts
and hard layers as eVIdenced by reduced
germInatIon rates Often farmers are well
aware of the hazards Involved In the use
of tube-well water as they notIce the soIl
becomIng "bltter" or the surface crusted,
both of whIch are effects of sodlClty
There seems to be ample room for better
extensIOn servIces to mform farmers on
what they could or should not do, espe­
CIally m terms of crop chOIces and crop- r

pmg mtensitIes when sahmty and
SOdICIty are mCIpient problems
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DIscussion

The state of knowledge regardmg the mCI­
dence and causes of IrngatIOn-mduced soIl
and water degradation IS ImpreSSIve Con­
SIderable advances were made dunng the
last 10 to 15 years m understandmg the
physIcal processes of water and solute trans­

fer m saturated and unsaturated SOllS, and m

the chemIcal processes of soll degradatIOn

under the mfluence of exceSSIve relative

amounts of sodmm m the soll solution The

factors that govern preClpitahon and dISSO­
lution of salts, or those mfluencmg mftltra­

tIon rates and permeabIhty of the soIl pro­
ftle, are now much better understood Also,
our understandmg of how the adverse con­

dItions of msufftClent IrngatIon and poor
quahty IrrIgation water change crop yIelds,
has grown over the years Moreover, It IS
now WIdely recogruzed that the prevention,

mItigation, and reversal of IrrIgatIon-mduced

sahmty are not Just a matter of applymg the

nght combmatIon of technologtes It reqUIres
an array of measures many of whIch need to

ongtnate at the level of pohey makers But,
m spIte of these advances, m many If not
most developmg countnes, the area ad­

versely affected by sahmty stIll mcreases
faster than the rate at WhICh affected land IS
bemg reclaImed The mIsmatch between

knowledge and ItS apphcabon IS mscouragmg

The reasons for thIS mIsmatch are
many The absence of an effective agrIcul­
tural extensIOn servIce WIth mformatIon on
water and salt management IS a key one at

farmers' level At system managers' level, It
IS often the lack of mformatIon about what

happens elsewhere m the system, and the

decIsIOn support the manager reqUIres to

make the nght deCISIOn concernmg water

allocation and dIsposal It could also be that
the mfrastructural constramts, for example,
resultmg from deferred mamtenance, are
such that the manager IS mcapable of taking

"the nght deasIOn" But, perhaps most Im­

portant at pohcy level, mformatIon may be
lackmg on how to pnontIze scarce funds
such that Irngated agrIculture can be sus­
tamed and agncultural productIon en­
hanced And, If the mformatIon IS avaIlable,

confucbng sector mterests may preclude the

allocatIon of sufficIent funds and other re­

sources to reverse the trend of SOll and wa­

ter degradation

The econOmIC Impact of salmIty has not

been calculated WIth any degree of precI­
SIon Quantitative mdicatIons have mostly
been hmIted to the amount of land affected

or abandoned, often WIthout considenng
the amount of land that had to some extent
been reclaimed and taken back mto produc­

tion JOShI and Jha (1991), as ated m Umah
1993, through a study of farm-level effects

of IrngatIon-mduced sahmty m one Irn­

gated area of IndIa, found that the Yields of
nce and wheat on the degraded land were

roughly half those on the unaffected land

Correspondmgly, net mcomes of the farm­
ers m the salt-affected sods were only 10 to
20 percent of those on unaffected land Eco­
nomIC analysIs mdicated that sahmty ac­

counts for as much as 72 percent of the dIf­
ference m gross mcome between normal

and salt-affected plots An Important con­

clUSIOn was that farmers tend to revert to
low-mput tramtIonal vanetIes and practices
as soIl condItions detenorate

Ghassemi et al (1995) quote some esti­
mates of damage to the economy of a few
countnes WIth IrngatIOn-mduced sahmty

For Pakistan, they gtve the cost of damage

as US$300 mdhon per year for PunJab and

North-West FrontIer Provmces alone, based

on estImates of Pakistan's Water and Power
Development Authonty In Austraha, It has
been estImated that annual agncultural
losses from sahmzatIon m the Murray-Dar-



hng BasIn amount to more than U5$200

mJ1hon, and for the Colorado Rtver BasIn In

Cahforma, the eshmate IS as illgh as U5$750
ml1hon per year Very hmlted research has
been done to empmcally quantIfy the eco­
nomIC Impact of IrngatIon-Induced sahmty
In developIng countnes The development
of the world's land and water resources for

Irngahon has taken huge Investments In the

past and contInues to requIre large sums for
annual maIntenance and rehabilitatIon Un­
doubtedly, reclamatIon of salt-affected land
through the InstallatIon of draInage, and the
preventIOn or mItIgatIon of sahmty damage
through Improved management at farm and
system levels are also expensIve The costs
of sahmty and pOSSIble reclamatIon and
preventIve measures need to be compared
wIth the expected productIon benefIts re­
sultIng from the reclamatIon of affected
lands and the preventIon of land degrada­
tIon, to ascertaIn what level of worldWIde
Investments In land reclamatIon and pre­
ventIon of sahmty IS economIcally JustIfIed
The challenge for pohcy makers and donors
then IS to weIgh the costs of addressmg
short-term needs, whIch Indeed are often
very pressIng In developIng countnes,
agaInst the long-term benefIts that are hkely
to accrue from Investments In reversmg the
present trend In land degradatIon due to Ir­
ngatIon-Induced sahmty

ConclUSions

Areas of uncertamty were IdentIfIed In ear­
her sectIons The two maIn concerns are the
present mabIhty to quantItatIvely predIct
the effects of usmg dIfferent quahty Irnga­
han waters on (1) crop YIelds, and (2) the
mfIltratIOn rate and hydrauhc conduCtIVIty
of the IrrIgated soIls In spIte of a large

The preventIon and reversal of SOll and

water degradatIon resultmg from Imgated

agnculture depend on vanous actors work­

Ing JOIntly Researchers can playa role In
convIncmg these actors that It IS In theIr
self-Interest to collaborate In the concludmg
sectIon of tills paper, the need for further re­
search studIes will be dIscussed, but here It

should be noted that research and develop­

ment, that IS the applIcatIOn of aval1able

knowledge, are of equal Importance In Iden­
hfymg practIcal solutIons to the WIdespread
adverse effects of Irngated agnculture The
urgency of the solutIon IS apparent for any­
one who has looked at current data of
populatIon growth and food productIon
One Just cannot JustIfy more Irngated land
gOIng waste because of sahmty and sodIcrty
when preventIve measures can be taken
However, where the adverse effects of a
harmful combInatIon of agronomIC and Irn­

gatIon management practIces may become
apparent In 3 to 5 years, the tIme scale for
the Impact of most remedIal actIons IS
longer PartIcularly, those actIons that re­
qmre the full pohcy support of govern­
ments (most of the engIneenng and man­
agement actIons dIscussed above) have a
faIrly long gestatIon penod so much the
more reason to start WIth what can be
Implemented now, as soon as pOSSIble

body of SIte-specIfIc studIes, uncertamty
about the effects and the rate of resource
degradatIon perSIsts Research studIes that
plan to reduce thIs uncertamty are needed
to rehably predIct the changes that are
likely to occur when lands are rrngated for
a long tIme WIth sahne or SOdiC waters The
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research needs can be bnefly summanzed
as follows

1 There IS a need to momtor the chemIcal
and physIcal changes that occur at van­
ous depths m the root zone dunng rrn­
gatIon under fIeld condItions, 1 e , con­
dItions m wmch the crop IS exposed to
dIfferent water and salt stresses over

time ThIs means momtormg changes

over time m key cheffilcal parameters,

such as ESP and EC of the saturation
extract, and physIcal charactenstIcs,
such as InfIltration rate and the pres­
ence of soil crust

2 Crop Yield response needs to be deter­
mmed for condItions of defIcIent rrnga­
tIon supply WIth water of margmal or
poor quahty, 1 e , when the crop IS sub­
Jected to sImultaneous water and salt
stresses

3 Leachmg reqUIrements, effICIency, and
bypass flow need to be determmed m
the fIeld under vanous crop, soil, and
water quahty condItions

The outcome of the fIrst study IS
needed for the determmatIon of the hazard
of soil degradation resultmg from ImgatIon
WIth poor qualIty water IrngatIOn waters
should be categonzed usmg easily measur­
able parameters, In order to reach agree­
ment on the classIfIcation of salImty and
SOdICIty hazards of vanous types of Irnga­
tIon water (mcludIng reused dramage wa­
ter), or to determme the addItional (SIte-spe­
CIfIC) parameters that govern the use of
vanous types of water for IrngatIon If
momtonng IS contmued for a suffICIently
long time, It will enhance our understand­
Ing of soil degradatIon and hence of the
sustaInabilIty of Irngated agnculture as
presently practiced The Issue of scale and
trends over time m water quahty momtor­
mg reqUIres good statistical analyses, many

of whIch are now avaIlable as computer
programs (see, for example, LoftIs et al
1991) Agncultural land that IS now Irn­
gated WIth mamly SOdiC waters, or alter­
nately WIth SOdiC water and good qualIty
water, or WIth SOdiC water blended WIth
vanous amounts of good qualIty canal wa­
ter, should be mcluded m the selectIOn of

research SItes and conditions for these stud­

Ies WIth the magmtude of such momtonng

programs, the need for representative SItes

and SImple, practical methods for measur­

mg salmIty and SOdICIty m soil and water IS
obVIOUS (Hoffman et al 1990)

The second study called for above IS
needed to estabhsh Yield response functions
of water and salt These are needed m the
development of quantItatIve models de­
scnbmg the quantity and qualIty of re­
charge to the groundwater from IrngatIon,
wmch IS a necessary step m the protection
of the quantity and quahty of our water re­
sources YIeld response functions provIde
the necessary mputs m engIneenng-type
SImulation models that help to determme
the economIC SUItability of crops m VIew of
the qualIty and quantity of the IrrIgatIOn
water avaIlable In a regIOn They are also
needed m benefIt-cost analyses of reclama­
tion when calculatIng the potential benefIts
of reclalmmg salt-affected lands

The thIrd study deals speCIfIcally WIth
the leachmg of salts from the root zone and
WIth quantIfytng the amount of recharge to
groundwater Information on salt and water
balances under fIeld condItions combIned
WIth records of the salImty changes m the
root zone IS of paramount Importance m
ImproVIng our understandIng of leachIng
reqUIrements and leachIng effICIenCIes for
dIfferent soil types Tms, as was pomted out
before, IS mcreasIngly urgent as competition
for water Increases the pressure on water
use In agnculture when leachIng IS often
seen by others as a wasteful practice More-



over, Improved understandmg of leachmg

wIll also help to formulate water uptake re­
lations, whIch can be used In modelIng ex­
erCises Combined With crop YIeld data, the
information wIll help to develop yIeld re­
sponse functions of IrngatIon depth and

water qualIty that are relevant for the eco­
nomIC Improvement of agronomIc practices

(cf Prendergast 1993)

In short, the three types of research are

needed to further enhance our under­
standing of the underlYing processes,
for example, the geo chemIcal changes
occurnng In the SOlI dunng prolonged
IrngatIon WIth salIne and SOdlC water, the

response of crops In terms oLpelds to these

changes In the root zone, and the response

of the soIl Itself as eVIdenced by changes In
the water-holding capaCIty and water

transmItting functions The processes of
leaching of salts and water uptake by plant
roots are lInked, because water that IS not

taken up by the crop, due to adverse effects

of sallmty or sodlClty on the plant Itself,

wIll be recharged to soIl layers below the

root zone and ultimately to the ground-

Literature Cited

water Both processes, leachmg and water
uptake, are components of the more

complIcated sClentlhc models that aspIre to
enhance our understanding of these
processes However, they are also needed
for the engineering-type models that wIll
support sound practical adVIce on the
management of salinIty to farmers and

polIcy makers alIke

AddItional areas of research that were

IdentifIed In the paper Include the study of
the envIronmental Impacts of the dIsposal
of salme effluent, espeCially concermng
evaporation baSinS, and including the effec­
tiveness of measures to constrain lateral and

vertical leakage from the baSinS The pohcy
ImplIcations of salmlty development and

management m lrngated agrIculture also
form a separate but Important area of re­

search (see, for example, Dinar et al 1993)
The research should conSIder the lIvelIhood
of the farmers as It IS affected by the inCi­

dence of salImty and SOdlC1ty along the

lInes of Klelen's (1996) study referred to

above, but augmented by a thorough eco­

nomIC analySIS

Addlscott, TM and RJ Wagenet 1985 Concepts of solute leaching m SOlIs AreVIew of modehng approaches
JOUlnal of Sod SCIence 36411-419

Afzal, J, D H Noble, and E K Weatherhead 1992 Optmuzatlon model for alternate use of dIfferent quahty
Irngatlon waters Journal of Irrzgatzon DraInage EngIneerIng, ASCE 118 218-228

Ban M A and N J SchofIeld 1992 Lowenng of a shallow sahne water table by extenSIve eucalyptus refores­
tatlOn Journal of Hydrology 133 273-291

Bower, C A, G Ogata, and JM Tucker 1969 Root zone salt profIles and alfalfa growth as mfluenced by
Irngatlon water sahmty and leachmg fractlon Agronomy Journal 61 783-785

Bras R Land D J Sea 1987 Irngatlon control m the presence of sahmty Extended lmear quadratic approach
Water Resources Research 231153-1161

Bresler E and GJ Hoffman 1986 IrngatIon management for saimity control Theones and tests Sozl SCIence
SocIety of Amenca ProceedIngs 501522--1559

Chhabra R 1985 Crop response to phosphorus and potaSSIUm fertIhzatIon of a somc SOll Agronomy Journal
77 699-702

29



30

Condom, N 1996 SalmlsatlOn, alcalmzsatlOn et sodlsatlOn sur un pmmdre zrrzgue du Pakistan MSc ThesIs Inter­
national IrngatIOn Management Institute, Lahore, PakIstan and Centre de Cooperation InternatIOnale en
Recherche AgronomIque pour Ie developpement, MontpellIer France

Dmar, A, M P Aillery and M R Moore 1993 A dvnamlc model of sOlI salImty and dramage generation m
rrngated agrIculture A framework for polIcy analysIs Wate! Resource~ Research 291527-1537

This paper presents a dynamic model of Irrzgated ag1!culture that accoHnb for dramage generatIOn and salmlty
accumulatIOn Yield response functIOns are based on lyslmeter etpmments The model IS applr[d to conditIOns m the
San Joaqum Valley of Callforma and IS characterlstzc of ,llmlar stUdll~ In the USA and Australra armed at reducmg
dramage flaws and salt accumulatIOn In the root zone of crops A good dl!>CUSSlOn of the 1Equlnri poliCy adjustments

EI Gumdy, S M and I A RIsseeuw 1987 Research on watel nranagement of nce fields 111 the Nzle Delta Egypt
PublIcation 41 Wagenmgen, The Netherlands InternatIOnal Institute for Land Reclamation and Improve
ment (ILRI)

Evans, R S 1989 SalIne water dIsposal optIOns Journal of Australran Geology and GeophyslC!> 11167-185
Gates T K and M E Gnsmer 1989 IrngatIon and dramage strategies m sallmty-affected regions Journal of

IrrzgatlOn Drainage Engmeermg, ASCE 115 255-284
GhaI, S K, D L N Rao, and L Batra 1988 NItrogen contrIbution to wetland rIce by green manunng WIth

Sesbama spp m an alkalIne soil BIOlogy and Fertllrty of SOlis 6 22-25

GhassemI, F A J Jakeman, and H A NIX 1995 SalmlsatlOn of land and water resources Human causes manage­
ment and case studies Canberra, AustralIa Centre for Resource and EnVIronmental StudIes

A nch source of mformatlOn on the worldWIde mCldence of salmlty as a result of ImgatlOn The paper contams
sectIOns on the management of salmlty With speczal reference to engznemng and polzcy optIOn!>

Glelck, PH 1993 Water m crIsIs A guide to the world s fresh water resources New York, USA Oxford Umverslty
Press

GrIsmer, ME, F KaranJeh, and H Bouwer 1993 Evaporation pond hydrology m management of IrngatIon
and dramage systems In Integrated Perspectives, ed R GAllen, pp 580-586 New York, USA Amencan
SOCIety of CIvIl Engineers

Gupta, RJ 1994 Groundwater quahty for IrngatIon In Salmlty management for sustamable agriculture, eds
D L N Rao, NT Smgh, R K Gupta, and N K TyagI, pp 89-100 Kamal, IndIa Central SoIl Sahmty Re
search Institute

Gupta, R K and I P Abrol 1990 Salt affected soils Therr reclamatIOn and management for crop production
Advances m SOil SCience 11 223-288

Gupta, S K and S K Sharma 1990 Response of crops to hIgh exchangeable sodmm percentage IrrzgatlOn
SCience 11 173-179

Hamdy, A 1996 Use and management of sahne water for IrrIgation towards sustamable development In
Sustamabllzty of Irrzgated agriculture, eds L S Pererra, R A Feddes, J R Gilley, and B Lesaffre, Proceedmgs of
the NATO Advanced Research Workshop, Vimerro, Portugal, 21-26 March 1994 Dordrecht The Nether­
lands Kluwer AcademIC Pubhshers

Hanks, RJ 1983 YIeld and water-use relatIOnshIps An overvIew In LimitatIOns to efficient water use m crop
productIOn, eds H M Taylor, W R Jordan, and T R Smclalr MadIson, WI, USA AmerIcan SOCIety of
Agronomy

Heupennan, A F 1993 Salmity management m the IrngatIon areas m northern VIctOrIa, Austraha, WIth spe­
CIal reference to bIOlOgical management options In ICID Fzfteenth InternatIOnal Congress on IrrzgatlOn and
Dramage The Hague, Netherlands Water Management m the Next Century TransactIOns voll-G Speczal SessIOn
IrrzgatlOn and Dramage m CompetitIOn for Water New DelhI IndIa International COmmISSIOn on IrngatIon
and Drainage (ICID)

Hoffman, G J , J D Rhoades, J Letey and F Sheng 1990 SalImty management In Management of Farm Irrzga
tlOn Systems, eds G J Hoffman, T A Howell, and K H Solomon New York, USA AmerIcan SOCIety of CIvIl
Engmeers



Hutson, J Land R J Wagenet 1992 LEACHM Leachmg estzmatlOn and chemzstry model A process-based model of
water and solute movement, transformatIOns plant uptake and chemical reactIOns m the unsaturated zone Research
Senes 92-3 Ithaca New York, USA Department of SoIl, Crop and Atmosphenc SCIences, Cornell Umver­
Sity

Jayawardane, N Sand K Y Chan 1993 PhysIcal propertIes of Austrahan soIls Australzan Journal of Sozl Re
search 32 13-44

Jurmak, J J 1990 The chermstry of salt-affected soIls and waters In Agrzcultural salmzty assessment and manage
ment ed K K TanJI New York USA Amencan SOCIety of CIVIl Engmeers

Ktelen, N C 1996 Farmers perceptIOns on salzmty and sodzczty Internal Report, InternatIonal ImgatIon Manage­
ment InstItute Pakistan Lahore, Pakistan InternatIonal IrngatIon Management InstItute

KtJne, J W 1996 Water and salmzty balances for zrrIgated agrzculture m Pakzstan Research Paper 5 Colombo, Sn
Lanka InternatIonal IrngatIon Management InstItute

Kuper M and J W KtJne 1996 Advances m the understandmg of the zmpact of IrrIgatIOn management on salmzty
sodlClty and sad degradatIOn m Pakistan Conference Proceedmgs InternatIonal IrngatIon Management InstI­
tute Pakistan Lahore, Pakistan InternatIonal ImgatIon Management InstItute Duphcated

KtJne, J Wand M Kuper 1997 Sustamable development and management of rrngated land m the tropICS,
especrally the serm-and tropIcal countrIes In Proceedmgs of the June 1996 Conference at OhIO State Umverszty
on the sustamabllzty of zrrIgated agriculture, ed R Lal Columbus, OhlO OhlO State Umverslty Press

Kuper, M and E W van WaIlJen 1993 Farmers IrrIgatIOn practices and their Impact on sad sallmty Is salmzty here
to stay? Paper presented at the Internal Program ReVIew of the InternatIonal ImgatIon Management InstI
tute,1993 Colombo, Sn Lanka InternatIonal ImgatIon Management InstItute Duphcated

Lensehnk, K J and M Jumens 1993 An mventory of IrrIgatIOn software for mzcrocomputers Wagenmgen ,The
Netherlands InternatIonal InstItute for Land ReclamatIon and Dramage

Lofus, J C, G B McBnde, and J C Ellis 1991 ConSIderatIons of scale m water quahty momtonng and data
analySIS Water Resources Bulletm 27255-264

Maas, E V 1990 Crop salt tolerance In Agricultural salzmty assessment and management, ed K K TanJI New
York, USA Amencan SOCIety of CIvIl Engmeers

Maas, E V and G J Hoffman 1977 Crop salt tolerance-current assessment Journal of IrrIgatIOn Draznage DIvI­

SIOn, ASCE 103 115-134
Machanda, H R 1993 Long term use of sodlc water m north IndIa and the rehability of empmcal equatIons for

predIctmg therr sodIUm hazard In Toward the ratIOnal use of hzgh salzmty tolerant plants, eds H LeIth and A
Al Masood, vol 2 433-438 Dordrecht, The Netherlands Kluwer AcademIC Pubhshers

Marlet, S 1996 AlcahmsatIon des sols de la vallee du fleuve NIger modellisatIon des processes physlOchrrmques
et evolutIon des sols sous rrngatIon Doctoral Theses, Montpellier, France

McCullough-Sandan, B 1987 EvaluatIOn of seepage m an on-farm evaporatIOn pond MSc TheSIS DaVIS, Cahfor­
ma, USA Umverslty of Cahfornla

Mtan, M A and T van Reemen 1991 EvaporatIOn ponds for dzsposal of salme dramage effluent m Pakistan Lahore,
Pakistan Water and Power Development Authonty

MonteIth J L 1996 The quest for balance m crop modehng Agronomy Journal 88695-97
Murray-Rust, D and E J Vander Velde 1993 ConjunctIve use of canal and groundwater m Punjab,
Pakistan Management and pohcy optIons In Advancements m IIMI s Research 1992, pp, 161-188 Colombo, Sn

Lanka InternatIonal IrngatIon Management InstItute

Oster, JD 1994 ImgatIon WIth poor quahty water Agricultural Water Management 25271-297

It IS argued that because of mcreasmg water scarcity the use of poor qualzty water Will continue to mcrease In most
cases only minor modificatIOns of eXlstmg IrrigatIOn and agronomic practzces are needed but In some SItuatIOns It
wzll reqUire major changes In the crops grown the methods of water applzcatlOn and the use of sozl amendments The
paper looks at farmers expenences and dzscusses specifzc examples of waters that caused problems With infiltratIOn
rates and SOil tzlth

Oster, JD and FW Schroer 1979 InftltratIon as mfluenced by ImgatIon water quahty Sozl SCIence Society of
America Proceedmgs 43 444-447

31



32

Panda S N S D Khepar, and M P Kaushal 1996 Interseasonallrngahon system plannmg for waterlogged
SOdiC SOllS Journal of ImgatlOn and Drainage Englneenng ASCE 122135-144

Passwura, JB 1996 SunulatlOn models, SCIence, snake 011, educahon or engmeermg AglOnomy Journal 88 690­
694

Pessarakh, M (ed) 1993 Handbook of plant and crop stress New York NY USA Marcel Dekker Inc
Prendergast, JB 1993 A model of crop Yield response to rrngahon water sahmty Theory, testmg and apphca­

hon ImgatlOn SCience 13 157-164
Prendergast, JB 1995 SOll water bypass and solute transport under Irngated pasture Soli SCience of Amenca

Journal 591531-1539
Prendergast, JB , C W Rose and W L Hogarth 1994a A model for conJunchve use of groundwater and sur­

face waters for control of 'rflgahon sahmty rmgnf,on Sc'ence 14167-175

Prendergast, JB, CW Rose and WL Hogarth 1994b SustamabIhty of conjunctive water use for sahmty can
troI m Irngation areas Theory and apphcation to the Shepparton regIon, Austraha ImgatlOn SCIence 14177­
187

An interesting set of papers that Illustrate the use ofa steady state model In the analySIS of conjunctive use ofground­
water and canal water for salinity control The data are from the Murray Basin In VlctOl za Australia

Qurrk, JP and R K SchofIeld 1955 The effect of electrolyte concentration on SOll permeabllity Journal of SOli
SCience 6163-178

Rengasamy, P and K A Olsson 1993 IrngatlOn and SOdICIty Australlan Journal of Soli Research 31 821-837
Rhoades, JD 1974 Dramage for sahmty control In Drainage for Agriculture, ed J van Schl1fgaarde Agronomy

Monograph vol 17 433-461 MadIson, Wlsconsm, USA Amencan SOCIety of Agronomy
Rhoades, JD and J Loveday 1990 Sahmty m rrngated agrIculture In IrrigatIOn ofAgJ Icultural Crops eds B A

Steward and D R NIelsen, Agronomy Senes number 30, pp 1089-1142 MadIson Wlsconsm, USA Amen­
can SOCIety of Agronomy

Robbms C W 1984 SodlUm adsorption ratIo-exchangeable sodlUm percentage relationshIps m a hIgh potas
SlUm sahne-somc SOll ImgatlOn SCience 5173-179

Shalhevet, J 1994 Usmg water of marginal quahty for crop production Major Issues Agricultural Water Man
agement 25 233-269

A review article With clearly articulated answers to a numbel of practical questIOns With respect to the use of poor
quallty water for crop productIOn Among others It addresses Issues of soli fertillty spatial dlstnbutlOn of salt Imga
tlOn requirements and frequency, and leaching requirements

Simunek, J and D L Suarez 1994 Two mmenslOnal transport model for vanably saturated porous medIa
With major IOn cherrnstry Water Resources Research 301115-1133

Smets, S M P, M Kuper, JC van Dam, and R A Feddes Forthcommg SahmzatIon and crop transpIration of
rrngated fIelds m Pakistan's Punjab IrrigatIOn and Drainage Systems

SOll SCIence SOCIety of Amenca 1997 Glossary of SOli sCience terms 1996 MadIson, WI USA SoIl SCIence SOCIety
of Amenca

Suarez, D L 1982 GraphIcal calculation of IOn concentrations m CaC03 and/ or gypsum soIl solutions Journal
of EnVironmental Quallty 11 302-308

Suarez, D L and I Lebron 1993 Water quahty cntena for rrngatIon WIth hIghly sahne water In Toward the
ratIOnal use of high salt tolerant plants, eds H LeIth and A Al Masood, vol 2 389-397 Dordrecht, The Nether
lands Kluwer Acaderrnc Pubhshers

Sumner, ME 1993 SOdiC 50115 New perspectIves Australzan Journal of 5011 Research 31 683-750

An excellent overview of recent research results of the effects of sodium on Salls The effects ofNa and solutIOn concen
tratlOn ale discussed In relatIOn to hydraullc conductiVity InftltlatlOn crusting runoff erosIOn and hard-setting The
mam conclUSIOn IS that the advelse effects of Na occur slgnlftcantly down to very low levels far below those plevlOusly
used to deftne sodlc sOlis



Trewhella N Wand M Badruddm 1991 EvaporatIOn pond<; for dlspo<;al of salme dramage effluent m Palastan
Lahore, PakIstan International Water and Sahmty Research Institute

TyagI, N K 1996 Sahmty management m lrngated agrIculture In Sustamablhty of lIrzgated agrlcultUle, eds L S
Pererra, R A Feddes J R Glley, and B Lesaffre, pp 345-358 Proceedmgs of the NATO Advanced Research
Workshop, Vlmelro, Portugal, 21-26 March 1994 Dordrecht The Netherlands Kluwer AcademIc Pubhsh
ers

TyagI, N K, K C TyagI, N N Pillal, and L S Willardson 1993 DeC1SlOn support for ungahon system Improve­
ment m salme envIronment Agricultural Water Management 23 285-301

Umah, D L 1993 ImgatlOn-lnduced salinity A growmg problem for development and the environment World Bank
Techmcal Paper Number 215 Washmgton, DC, USA The World Bank

The leport revIews the e:dent of the salInity pl0blem m several countrzes and c<:ammes the techmcal economiC, soczal
and m<;tltutlOnal factors contllbutmg to the onset of Irrzgatwn-Induced salmlty It draUJs on varIOus World Bank
reports It concludes that governments have to commit to the fostmng of an economic environment that promotes
effiCient water resource use

Umted States Sahmty Laboratory Staft 1954 DiagnOSIs and Improvement of saline and alkali sozls Agncultural
Handbook No 60 Washmgton D C USA Umted States Department of Agnculture (USDA)

van Beek, C GEM and N van Breemen 1973 The alkahmty of alkah SOlIs Journal of 5011 SCience 24 129-136
van Dam J C and M Aslam 1997 Sozl salmlty and sodlclty m relatIOn to IrrigatIOn water quality sozl type and

fal mer management Internal Report Lahore Pakistan International IrngatlOn Management Institute
Duphcated

van den Broek J B J C van Dam, J A Elbers, R A Feddes, J Huygen, P Kabat, and J G Wesselmk 1994
SWAP 1993 mput mstructwns manual Report 45 Department of Water Resources Wagenmgen, The Nether­
lands Wagemngen Agncultural Umverslty

van der Moezel, PG G VN Pearce-Pmto, and D T Bell 1991 Screenmg for salt and waterloggIng tolerance m
Eucalyptus and Melaleuca speaes Forest Ecology and Management 40 27-37

van Genuchten M Th 1987 A numerzcal model fm water and solute movement m and below the root zone Research
Report 121 RiversIde, Cahforma, USA Umted States Sahmty Laboratory

A WIdely quoted paper on the tOpiC which ha::, become the present standard

van Hoorn, J W, and J G van Alphen 1994 Sahmty control In Dramage Prmclples and ApplicatIOns, 2nd EdItiOn,
ed H P RItzema PubhcatIon 16 Wagemngen The Netherlands International Institute for Land Reclama
tIon and Dramage (ILRI)

A solid hl<;torzcal overvIew of the tOpiC espeCially mSlghtful With respect to the salt balance of the root zone and
leachmg effiCiency The paper cantams numellcal et:amples of water and salt balances With contrzbutwn due to
capillary nse from shallow watel tables

Weeks L 0, and TE Levy 1985 Management solutlOns for sahmty control m an ungatlOn dlstnct In Water
and water pollClf m world food supplies ed W R Jordan pp 153-157 Proceedmgs of the Conference, 16-30
May 1985 Texas, USA Texas A&M Umverslty

33



SWIM Papers

1 Accountmg for Water Use and Producttvlty DaVId Molden, 1997

2 How to Manage Salmlty In Imgated Lands A Selectwe RevIew wIth PartIcular Reference to
Imgatwn m Developmg Countnes Jacob W I<1Jne, S A Prathapar, M C S Woperels,
and K L Sahrawat, 1998



INTERNATIONAL IRRIGATION MANAGEMENT INSTITUTE
POBox 2075 Colombo Sn Lanka

Tel (94-1) 867404 Fax (94-1) 866854· E-maIIIlMI@cgnetcom

Internet Home Page http / /www cglar org/llml

~~~
CGIAR

ISBN 92 9090 353-8


