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éoi} Degradation and Climate-Induced Risks
. of Crop Production in the Tropics

Pla Sentis. Instituto de Edafologia. Fac. de Agronomia.
Umversmdad Central de Venezuela. Maracay. Venezuela
nbstraet. 'S0il degradation and associated risks of crop production

re  generully stronger in tropical regions due to the climate and
‘s0il characteristics, but also due to inapropiate use and

‘managenent of the natural resources imposed by population pressure

and social & economic factors. This has led to a generalized non

"sustainable agricultural production, and to an increased inability

.to produce food for the growing population in many developing
eountries of the tropies. Not less important are the increase of
‘risks  of catastrophic floodings, sedirentations, landslides,
-mudflows.  etc, and the effects on the global climatic changes.
Host of the agricultural production in the tropics is still mainly
based on rainfed crops, growing in seasonaly rainfed areas with
‘semiarid to subhumid climates., These climates are characterized by
;continuous high evapotranspiration rates and a high variability
“and unreliability of rainfall, mostly concentrated in a few high
.intensive storms. Therefore, water is the main single limiting
factor of crop producticn. and the main responsible of the high
risks- of crop production and s0il degradation. These risks are
‘further accentuated with the increasing physical and chenical
degradation of soils. To decrease those risks there is required a
better understanding and prediction of the efficient use of
~rainfall "water, and its relationships to rainfall characteristics
wnd soil properties. Rainfall records, together with adequate
information on crops and hydraulic properties of soils, and their
ynamic changses under different land use and management, wmay be
ntegrated. in simple water balance models, to sassess the
ntensity, timing and probabilities of conditions affecting ecrop
production and s0il degradation. The generated information would
.be -uged. in planning strategies on land use, and in the selection
f - water .'and scil conservation and wmanagement practices based on
of success, levels of risk, and long term
ugtainability. The development and application of those models
ust take into consideration the limited availability of the
climate and soil data in many tropical regions, and the
y to gather the missing information through direct
gsursments using simple and reliable field methodology instead
f: unreliable computsr gensrated data. Exemples of application of
he. -proposed sapproach .to different agroecological systems in
ropical Latin America are prosented

: Introdnction Soils and wuter ares the most important resources for

ensuring sustainability of food production. Reduction of the level

" "of production risk is one of the basic objectives of sustainable
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n risk include adverse effects such
ag fall in production, fall in profits, and soil degradation,
derived from unforeseen epvironmental changes. Hueh of the risk is
ralated Lo rlimate. gubsistence farmers often develop and use
spropping  patterns that produce low, but dependable yields under
situations of risk and uncertainty.
Caar soll and water nanagement may cause severe 1land and soil
degradation. 3c¢i)] degradation has peen defined as @ decrease 00
ithe ability of the s0il to perform its functicn as medium for
growth, regulator of the water regime, and as environmental

"and management 12, Froductio

plant
tfilter, due fa nateral and pan-induced causes. Unfavourable
physical, chemical and biological

alterations of the soil's
properties have a negative effect on plant productivity and

environmental quality. The process of =01l degradation starts with
the dJegradation of so0il structure, specially the functional
attributes of s0il pores Lo transmit and retain water, and to
farilitate rootb growth (2Z). The deterioration of those attributes
ijs manifested through interrelated prcblems of surface sealing,
so0il compaction, impeded root growth, poor drainage, frequent
drought, excessive rnnoff, and accelerated erosion. Although land
Jegradation problems are not confined to tropical regions, they
are generally worse in those reglons wecause of the prevailing
climate and so0il characteristics,

and the increasing pressures
brought about by population growth and lack of resources.

In spite of some technological advances in agricultural
production, strill millions of pecple in developing countries of
at. There are 2 numbey of

tropical reginns do not have enough to €
sauses, but the main one is the fast reduction in the productive

-apacity of land and in the gquantity and quality of water
resources, by increasing rates of seoil erosion and land
degradaticn 1in general (18). Land degradation directly affects
food supplles, diminishing crop vields and increasing risks of
production.
Acenrding to some evaluations about 70% of the potentially
~ultivable lands in the World lies in tropical developing
countries. and presently less than half of that land is used for
agricuiture (10y. Only two O three decades ago it was assumed
that there was plenty of potentially arable land in the tropics,
specially in Africa and Latin America, from which to feed
additional population. The real situation igs that most of that
land 1is marginal for agricultural use, Or it is geographycally
inaccesible. In other cases the economic resources for their
development and the required inputs for sustained production are
not available, with the result that some of the land already
cultivated exceeds what is compatible with sustained agriculture
(5). Previous projections of production potentials in the vet
unexploited land resources of the tropics have also failed because
the effects of soil degradation were not previewed (32). The
result is that problens of sustainable crop production in the
tropics have led to inability to produce enough food, angd Pper
capita focd production is even lower that two decades ago in some
tropical regions and countries (273(37). 1t is considerd that land
degradation, due to different processes of soil degradation, has
hecome the mailn limitation for the expansion and intensification

2f sgriculture in th
e whole world, e i ] i
Jf sard ure 1 world, especially in t
gheref re llmlt%ng the possibilities to produce thrO?lcal peaLons
Increaze;ngrea51ng population (43(11), ® food required
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‘ninfed,:ﬂuith“problems of uncertain or low rainfall i
.Although-limitations from poor chemnical fertilit i dﬂ;t
. gnil sin the tropics, may be relativelly easily:cor ad AR
cases, the required lime and fertilizers are generally ;scprod,
expensive - in tropical developing countries; and the-scon &

tvhe: - humid tropics,. .protecting the soil against leaching,
cpaction - and erosion, if they are associated with agrophorestry
systews ~with carefull soil and vegetation management. Therefore,
he-possibilities of =soil degradation, and not only the short term

1 fodudtion, must.bé considered before any deforestation and change
possibilities of the farmers to buy and use them is very linitted >use "or -intemsity of cropping in tropical lands, in order Eo

Therefore, under those conditions chenical -fertility may - . develop ~or adopt cropping systems to maintain and increase
strong limitation to food crop production, but for large aresa ! A L produe ty. In many countries in the tropis, the application of
the .seasonally rainy tropics water continues to be;the~nain;s“nglo ) Pevo - wongsrvation méasures is limited by lack of integration between
limiting factor for crop production. The posibilities to 'decreass gnservation. and = development, tack or no application of

risks.. and increase food production‘bv-increased:useuﬁtnirrid'tion ~rlegid¥lation, and shortage of basic information and of economic and
yepared--lunan resources.

where water resources are available, is Qinitedldue_-to.‘the : )
costs . of development. and —wmaintenance, and . the mscarcit he;pnxsioal degradation of agricultural soils in the tropics .is
gainly -due .to deterioration of soil structure, with loss of

raSOErces. Host of the agricultural land presentlyébSEhz;ir ¥
in !the -tropics is:concentrated in-Asia, with only . X and 2% 6 the orosity ‘and of pore continuity, and different consequences, bei
cnqppedzland_p:esently being ir;inatod'in-Lstin_Aneriea;sqdlﬂf:icu rogion the wost frequent. In surface soil it is manifested by tgg
respactively . -Almost 30X of that:.drrigated’ landxjxa;;a}fOﬁdY‘ formation of seals and crusts, resulting in  decreased water
affected by. problems of salinization and sodifieation - (30). jnfiltration, - waterlogging,  increased runoff, poor seedling

_energence..and increased erosion, depending on the particular

Therefore, much -of the additional agricultural production’-in the
gitustion. In deeper soil, it may result in general compaction, or

negar| future in the tropics, will have to be based: on rTainfed
cropping. - o : B I T -4n the development of shallow compacted pans, leading to decreased
-availablé. water holding capacity, poor drainade, and aeration
problems.. Another important consequence is the reduction in plant
root- development and root depth. Therefore, the maintenance of
good 'soil physical properties is very ieportant, besides chenical
fertility and crop veristies, to maintain soil productivity in the
- tropics (41). For many vears the research on management of soil
physical  properties of tropical soils was, and still is in many
tropieal regions, neglected, assuming that most of them hnau only
chenical - fertility problens, and an inherent very stable
structure. . . o . -
Inesrrect-tillage and intensity, both in low input agriculture and
ini. “large scale mechanized -farms in the tropics, may be one of the
pain causes of soil-degradation. But tillage, the main management
practice. for surface soil, may also be an effective tool to
alleviste some soil-related physical constraints to crop
production; like compaction, low infiltration, and poor drainage.
_ﬂAppropiate'tillage-nethods differ amcng soils, crops and climate,

aggizthe‘,right oholice depend on a range of interacting factors
{ ol :

oo
Risks -of Soil Degradation in the Tropies. In a -large - propor%ldhi“
the, | soil degradation in the tropics is a result of inadequate use-
and; panagement of land as a- consequence ~ of povertz;‘-caused.:pr’
increased by population growth and unfeir distribution of land’ #nd’
resqurcas among countries and . within each country. The  poor’
farpners are responsible for land degradation when they are cbliged
to do so to cover their food and fuel reguirements to survive,. but
also large public and private land development projects, pursuing:
short = term objectives, 1lead . frequently = to- extensive: . soi
degradation (37)(40). Severe #0il srosion and degradation is"ale
cauged by . overgrazing and irproperly panaged-. .rangelands
especially in steep lands (33). - O

Risks of soil 'and environmental d gradation are  high in% the
tnogics ~ when already cultivated lands are overused .due  to-.sy
-popqlation pressures and limited resources, or the agricuilture  is

extdnded to marginal lands. These risks are further accentuated by

the.resource based and: low input agriculture widely practiced  in

tthe  tropies. - Shifting cultivation based on long fallow periods,
was |generally effective in the humid and subhumid “tropies,:..for
subsistence . food. production, .with low inputs and . low risks of "~
degradation., With.:the shortening:of the fallow periods-.dus..to.
increased . population . and food  needs, that system ' has qapbnd“
increasingly -inefficient, leading i to fazt soil . degradator . and .
production : decline (21). Introduction of permanent farming and’
continuous’ cultivation in humid itropical regions: has -been only:
exceptionally . succesful, reguiring the use of large amounts of

:Ferpilizers and organic .residues. The jncreasing large scale farms .
in:gﬁthe_'hunid and subhumid tropics, with snnusl crop and

7 Riske of Crop Produotion in the Tropies. It is generally assumed
that “elimatic conditions in most of the tropics are suitable for
growing & wide variety.of crops through the year, but in many
cages there are -climatic constraints derived of unreability of
rainfall-in onset, duration, intensity and volume, and high
voncentration of a substantial part of the rainfall in a few
- intensive storms (153). This is further aggravated by soil related
“congtraints (40). Although no valid general statements can be made
- about the production potential and limitations of the tropical
“goils, where all orders and extremes can be found (25), a large
- proportion have inherent limitations related to low fertility and
high acidity, low available water-holding capacity, mechanical and
chenical restrictions to root development, and low structural

‘mechanized practices, are often.not sustainable unless therd are
-hide gﬁsuitable:c;op;rotationSqandununagement practices to midimize
‘sui degradation. Large scale rplantations with perennial |crops

fqu £964r~c000&3ﬁ1t0bber,‘tea,-oil.paln) may be highly sustainable
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Bility of surface scil to raindrop impact. Different levels
ise-constraints. and on the possibilities of using external
wte by ' farmers, makes sgriculture in the tropics more or less
itainable, limiting crop and pasture production more in some
1s| environments and soclo-economic conditions than in others:
fEhigh, variability of rainfsll in the humid and _subhuh1d
;bi al~ regions, ind inadequate amounts and lrregqlar
itribution of rainfall in the semiarid tropics, result in large
‘{ations in water supply to the crops during the growing season,
.h. periods of excesses and deficits of available soil water,
!chrpreate a risky environment for plant grgwth (44).
le:

|
may serve to buffer the erratic and variable supply of wqter
cough rainfall, or to accentuate the conditions of moisture
re88 or deficit. With soils faving a low chemical, and usually a
ir [ physical fertility, the levels of productivity are generally
t;,~and’ the risks of crop production very high. Periods of water
'ioits way occur frequently even in subhumid tropical regiqns.
srefore, drought stress is an important climatic constraint: to
wp " production in large areas of . tropical redions, bqing
tributed - to poor rainfall distribution, variable and inadequ§te
infalli - amount, high evapotranspiration rates, low water ho}d;ng
pacity; of the soil’'s root zone, and poor structural stability
drhigh compactability of soils resulting in reduced infiltration'
tes{ . and; high runcff and erosion. In some cases, even: s?ort
riods of waterlogging ‘of of soil woisture i may

and excesses

sult 'in'strong reductione in plant growth, and even a total kill”*_' i

.. plants (31).  Variability in net returns ooning from &
pbination of crop yields and purchased inputs, increase the risk
;qupssesg lessening the ' degree of security. That is why wsany
rmers-in the tropics are resistant to adopt new nanagenaqt
actices or systems regquiring more inputs, if more risky, even if
sy are more profitsble in average. o
11 and water conservation practices minimizing those eclimatic -
d #moil constraints will contribute to improve crop growth and to
duce production risks (31)(39)(42). On the cother hand, cropping
stems and land management practices leading to soil degradation,

th further loss of so0il chewmical and physical fertility, 'mnay
sult. in° a decreased productivity and increased production
8ks. S0il and water nanagement systems pust also be developed to
store productivity of land already degraded, if that is still
asible. . - . L
1e’§i-k3'of g0il degradation and drought, and the difficulties of
ywweloping sustainable agricultural systems, increase with higher

mmperatures and lower precipitation, and in the s0il oxders 'nore;-{j
mmonly found in tropical regions (47). These effects are related,,_-

» the decomposition rates of =so0il organic matter, to - the:
)ssibilitits to produce enough residues for mulch cover, to the
rapotranspiration rates in relation to the _amount, distribution-:
1d.F{uncertainty of rainfall,' to: the available water-holding
1pa 1tyﬂotitho‘soil root zone,: and to the fertility of subsur@acq_
slilz=There are mome exceptions, especially ‘in the humid tropics, -
jere’ the ' extremelly high rainfall " may " increase erosion | and-.
iteient ileaching and mcidification in soils used for agricuolture..
ithisimilar soils and clinate, the.agriculture is more sensitive 7 .
D .
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0  risks in crop production due to climatic variations and soi

n & degradation in some regions and countries than 1in others
: by - .. Different factors, including low and unstable yields and foo
) production, limited economical resources to import food, etc

increases the vulnerability
¢limstic variation.

of tropical developing countries t

*S50il Degradation and Productivity in the Tropies. Soil erosion 1i:
one of the major threats to a sustainable agriculture in the
tropics, because much of the rain occur during short intens:
storms. Erosion is particularly severe following deforestation,
by the introduction of mechanized seasonal crops leaving the soi
unprotected, overgrazing, improper maintenance of plantations
ete. common in tropical regions. The susceptibility of soils ™ o
the tropics to surface erovsion, is on the average not much highe:
than in other ¢limatic regions, but the erosive power of rainfaj

©. structural and hydraulic properties of the surface soil (38).

s A given amount of soil loss by erosion generally causes a mor

~ serious decline in ecrop production in the tropics than il does 1
tenperate environments, due to shallower so0il rocting depths

"putrient concentration in the surface soil layer of the profile

~untavourable subsoil properties, and higher water requirement fo
the c¢rop 1in tropical climates. Yields generally decline linearl

“'with seoil loss for soils with uniformly distributed nutrien

reserves, and exponentially in texture contrast soils and in thos

“ with nutrients concentrated in the wupper layer, common in th
tropics (48). ’

- As the result of erosion,

; so0il physical, chemical and biologica
-properties are changed,

) usually reducing the amount of water an
- nutrients available for crops t~ use, and leading to reduce
Uwields and more risky production. As erosion brings subsoi
. ~ -horizons, richer in clay or more compacted, closer to the surface
VT the risks of runoff and further erosion increases (23). I-
L adittion to effects on productivity and crop production risks, i
many tropical regions so0il erosion and subsequent sedimentatio
degrades hydrographic catchments, affecting negatively th
production of -hydroelectric power and irrigation of low land
~{33), Matural disasters (flooding, landslides) are also rooted i
;- 6011 . degradation and ars affecting with growing incidence th
‘developing tropical countries. In both cases, the decrease o
risks “of * those -problems depends on a appropiate land use an
anagement planning for sustainable agricultural development. Thi
equires - an  adequate identification and evaluation of th
and. of the relations cause - effects of the differen
3 *- For-example, although a grassland or mulch cover may b
ry. good *to increase infiltration, reducing runoff and surfac
arqsion’.in. moderate slopes of sewiarid to subhumid tropics, it ma
‘on ateep landg with humid tropical climates. and soil
~prone” to-lanslides and mass movements (38), where the tree roo
“ahegr strengh given by an appropiate forest cover may be importan

",
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is mueh higher (19). All erosion processes are active in th
tropics. Mass movements and slip erosion are common in stee

- slopes.  This process of erosion gHenerally affects scils witt
. exceptional resistance to sheet erosion due to the excellen:

¢
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42 moisture sStress or excess for prolonged periods, during and

. ) ’ f
,a rx'ultural management systems asnd their sustainability. .
q ¢ E 4 |4 after the establishment of the c¢rop, are generally the most

'; equired a better use of climate probabilities, and to rely

i verages. which have little mesning, particularly in the important cause of crop tailure and production risks, the
ally = rainfed (semiarid and subhumid) tropical regions. The afsessment of the soil moisture regime during the growing season,
: iritegrating climatic data with soil and land manadement

#fenil attributes (indicators) for sustainability or rate
degradation analysis must include the ones determining the sgil
”%1@:_ heving ' more direct or indirect influence on ;he
H;yy of the use being investigated (8). mainly productivity
raﬁnfed or irrigated crops, and hydrological regulation. The
ection  of the attributes, which may be measured, observed:or
imated., rfequires an understanding of cause-effect relationship
ng - them and soil qualities. ‘It is preferable that he
vibutes used are readily observed or measured in the fieid,
heq t thah ‘belng dependent  on ' laboratory and on complex b
cessing. There is.a need to eliminate insignificant attribupes »
or]to the analys;s in order te ninimize the cost and effort: of :
luation. =~ "
troplﬂal ‘regions with 'seasonal rainfall distribution, ;he
nfall pattern, with large variability from year to year, from
ce to place, and within the same year at any one place, is the
or | factof determining crop yields and soil degradation. This
1nbillty has to be taken into consideration - for planification-
'selact1on of management and conservation practices to nlnlnlze
KB i The:efore. the gquantitative evaluation of -crop- pr0duch;on
““influenced by soil degdradation or soil conservation
5e5.|as influenced by climate. has to be done on the basis| of
yariability. Conclusions based on the results of one or two
rs|exper1ments can be misleading.- Instead of using only slow
expensive field experiments, they can also be estimated in a
atively fast and cost-effective manner analyzing historical :
matic data: and using computer simulation models. These models
.,able, through various combinations of soil, crop, rainfall and
agement  practices, to predict crop success or risk, and, to
ntify optimum conblnatxons. based on research findings of short
B experiments in particular sites. In this way the selection-of
agement  practices wnay be based on the probabilities ' of
‘ferent  ‘rainfall patterns and not on results of experiments
'ried-on short t1ne span w1th extreme or low probable climate
ditions.’ ' ‘
irefore, under the high variability and uncertalnty of tropical
.mate,- rainfall dats analysis, integrated with information from
ils:and orops are crucial for predictive purposes, on the
tluation of risks of crop production and of soil degradation
ler; different management systems and practices,  and on’
riopltural’ planning for .a most efficient use of natural
jources. A serious limitation for that -is the lack - or
wficienocy  of -available climatic data in many tropical regions,
i:o ‘the ‘records are generally too short or discontinucus, .and
;n lsparse recording sites. There have besn developed spatisal
ithari'generators for daily weather sequences of given tropical
|d1tions.' trying - to fill the gsps in space and time, but th;s S
ot substitute the requirements on’ longer., better  and* “more -
itipuous: .clinatic data for. relilble predlctzons and plannlng
-popes..ﬁ _ .
1 .
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‘ifformation is very important. The concep:t of length of growing
pariod (9), or period where the climatic constraints would permit
growth of crops, 1is based on average values of amount and
distribution of reinfall, evapotranspiration, and tempersture, and
ofh an assumed fixed (100mm) soil available water capacity. 1t is
only useful for regional or global assessments of land
.suitsbility. The use of average values is an oversimplification,
not useful to define the soil moisture regime in a particular
situation, because it say nothing about the distribution and
variability of rainfall during critical growth periods. The
effective growing season is also a function of the soil available
water~holding capacity, which depends on soil characteristics and
root depth, very .variable in the tropics. It is also necessary to
take into consideration the way in which water can be stored in
the soil for latter uptake by roots, which depends on rainfall and
"2 80il surface characteristics, affecting infiitration and runoff,
"When ~wvariable rainfall is irregularly distributed, it is =also
“wery important to evaluate the amount of water roots can extract
.from the soil, known as available water-holding capacity. It is
" difficult, and subject to significant errors to calculate the
"amount of water roots can actuslly extract from soil, based only
“ on laboratory measurements of water retention (44). If roots are
. not growing in some parts of the soil, depending on crop species
and scil mechanics)l &and chemical properties, no extraction is
poseible except For some amount of flow that sometimes will occur
"from wetter deeper soil where roots are not growing to upper drier
) 80il with roots. This amount is less important when there is a
;... - . sharp . contrast . between the two layers, and with high
3 avapotranspiration and root absorption .rates (26}, the most
' .compon situation in tropical soils and climates. There is also &
"strong interaction between the pattern and rate of evaporation
.fiom the soil surface, affected by climate and soil cover, and the
dynamzos of water movement from deeper soil to the root zone (38).
"It is also comson that those contrasting layers below the root
- depth have a low hydraulic conductivity, restricting the internal
dra:nage of the soil profile. Under those conditions a significant
.apount of water, above the classical laboratory upper 1limit of
"available water, can be held at root depth for encugh long period
Jof time to be used by plants, or to create aeration problems. In
~humid  tropical climates and steep slopes this situation may
in¢rease the risks of lanslides and mass movements.
- Accurate evaluation and prediction of the soil water regime and
.water balance in general, also requires an estimate of the amount
- af "rainfall water able to infiltrate. In many cases, and
Cespacially - '1n .tropical: regions with most of the rainfall
-concentrated in a . few high intensive storms, this is mwmore
important . than ' tha total awount of rainfsll and the capacity of
apil to-store.water in defining the best beginning and effective
lcnith“ of tho growing season, and on the prediction of levels and

e
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risks of crop production. A large smount. of rainfall is- ismpor
but'|it .does not ussualy compensate Por the lack of -infiltratic
the.lrainfall is not well distributed (31). The  proporti
rainfall able to infiltrate depends rainly . on-the voluws
intensity of rainfall, on the so0il ‘type, vegetation gover,

surface roughness, and initial water content of the surface -s®oi

Some‘of these soil properties responsable of - how: much,  water

infiltrates into the soil, especially the soil surface condition,
are subject to rapid dynamic changes by cultivation and effects:t
raindrop impact. These changes .are .also a conseguence of 80

degradation precesses, including. structure degradation. in ; ‘surPaoe;

.....

soil, and water erosion. That is: why nany -infiltration ~equation
or skatistical models that have been. proposed to estinate:

intake are often. useless, or cannot be.extrapolateéd outsgide-
site, and conditions. where the -experimental -data - for.: thei
development or test were taken, The use of indices of Values

obtained using direct measurements in the field or laboratotry
rainfall simulators, have probved tc¢ be mnore useful for
purpose (29)(31)(32). . - g Tt e
Noti:gnly temporal: varisbility in - rainfall, but  -alsé " 8p al
vari

statistical methods to deal with spatial variability, but
practice - still the  identificstion of such.  varisbility
decissions: about sampling and measurements taking it

consideration, have to rely. mainly on the experience ofi the -
technjcian.to recognice it in the field, on the scale-:iasnd

precission’. of previous soil surveys;.and on empirical field tests
using simple equipment &as penetrometers. The - only . practieal

approach at ‘field scale:! will be to estimate the averagé
rredominant water balance for a whole area, bamed on éstimates
the- ! . same . ~level ., .of surface. runoff, infiltration,
evapotranspiration, soil-water storage and root depth. - R

{nformation about. the time, length, probabilities and 'frequent é#

of the periods with critical so0il moisture conditions, for single
crops; and cropping sequences, would  be required for better
planning. of cropping cycles and for decissions about land use
management -to increase produection -and wmininize .risks of -

. rop
fajlures and =cil degradation,’ while maximizing rainfallﬂusa

officieney. For. this, the dry or wet spells, based on - the .Heil
noisture conditions, must be . interpreted according to treslold
noisture values for the soils and crops under congideration, “and

their. occurfence in different crop -growing pericds. The effect of

s;0il |physical properties, especially the .. ones " affecting

infiltration, water retention, drainage, and root devélopment, iw"
ritical in the assessment of the smoil moisture regime in relation’

0. ayailabllity . of - water to the crop during the growing sesson.

‘hemical fertility is of obvious importance, but the . natural:}or -
an ¢ induced defficiencies can often be easily rectified, wheress . -

‘he ‘reclamation of eroded and physically  degraded soils in"” the
-ropids -is - a - rather - difficult and often uneconnomical task.' An
mportant factor in the widespread non. reversible iand degradation

n..many - tropieal regions has been the failure to recognize the
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bility. has ‘to be of concern;in evaluating water avajlable
capacity, drainage 'and infiltration characteristics of . the .moil -~
ufider ‘field conditions. There has been a lot of work being donpe on.

P

portance . of  soil- physieal properties  in  maintsining the
roductivity. of tropical soils (18).
elationships between moil physical characteristics and eoil
~hydrological properties  are the beginning point to simulate or
redict dynamic moil processes, :including water sopply. erosion
arérd,. ‘etc. Standard soil profile deseriptions in soil survey are
ore-oriented toward taxonomic grouping. with obgervations and
inple “imeasurements of long lasting features. Host of Lhe
mportant soil physical characteristics required for the
‘aggeftment of the soil moisture regime for crop growth. or of soil
eregion, ) are overlooked at that point (17). Some times there are
‘fadd:pedotransfer functions to transiate, through mostly empirical
‘rélationsghips, the basic information collected in soil survey into
3901l properties, to be used to deduce land gualities. This is only
posgible’ if an ‘appropiate set of accurate primary data is
—"available, -but in any case emphasis has to be placed upon
£ nessurement and estimation of soil-water properties, pretferably in
gitu. . Through simulation models it is possible that the measured
br " estimated intrinsic s0il properties may be converted or
nterpreted in terms of dynamic soil qualities, as the soil water
egime’. .
he' techniques for measuring the soil hydrauiic properties to
model the soil water regime include from simple, straightforwara
field techniques (24), usually providing rough estimates of those
properties, to rather complicated technigues for accurate time
consuning measurements, requiring sophisticated skills and
equipment. In deneral, but specially in the scarce resource
developing countries of the tropics, the simple field techniques
nust -be prefered (32), because of operational considerations, and

. because they ‘are more able to be adapted to the required sample

volume ~and spatial - variation of soil hydraulic properties under
ield ‘conditions.” In -soil survey, in addition to _the usual
ecognition in the field of goil morpholody, efforts shoud be made
< for a further physical characterization by applying .simple Field
ests - such as cone resistance, soil moisture, rooting patterns,
nfiltration, - and water Fflow in the profile following
nfiltration. 'In general, it is required that soil surveys move
fron- a -purely qualitative description of soil to a nore
quantitative process-oriented approach.
Hethods of predicting soil erosion have been and are widely used
to:.identify excessive s0il losses and to select the best srosion
control practices. In tropical regions, direct measurements of
soll ‘' erosion 1is hot practical because erosion varies greatly in
ime and space (34)..Therefore, the prediction of water erosion is
generally done using mostly empirical, and much less process based
methods - and  models,” combining climate, so0il, topography and
nahagenent. Among the. empirical models the one more widely used in
‘the tropics to assess soil erosion problems for different land use
systems .  -has been the =so-called Universal Soil Loss Equation
{USLE), ‘some times with adaptations to the tropical conditions
based. on ' results obtained in runoff plots and in rainfall
sinulation studies (7). This model, among other problems %o be
used for tropical smoils and clizates, does not predict adeguately
the effect of disastrous stores occurring frequently in- the
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an{ig_énspbyﬁusing models will beﬁﬁbﬁl&“190§kible ' i; no1s§ure;f§oi;jhoist.)‘(solid curved line) at root
-aged jon igood data {rom field observations and neagot rﬁg“gg&:;ﬂ%;i’l;g:ﬁg:;:;t:I;ipsgsintin;hewgi;:ioggizg
anyi#iimes are - scar in. -t icalis i0 : : i : Bt : - . KooL~ . .
*eheratgd B ;i .ba:;::edln dazggﬁﬁa;odgﬁgzgn?5has“ T 4 el : Theuho?i!¢bti1€nootdinateuare,the days from sowing oi
dent}Fi i “the g Sinpu’ : 3 ; : Yrl ¥ig11)y, of Jthe first crop in the cropping sequence (Fig.
:eq_1f1catxon of ‘the most important inFuus and -h AT o ) ot he*;erié&“ﬁith,higher‘rainfall concentration (Fig:2y.
.qunirement for more and accurate observations and pesfdrements : ke . ks of “on and drought, due to surface
01l properties under tield conditiens (50). ' Y ; y *:ﬁgac:rgilbar: soil and.shallow rooi depth

‘scessary, gathering of the missing data, and Guality contEsl ef s o, Pl . B} . A :
he available data. would be a prerequisite to use mod f J ‘ od of prev¥ious soil erosion losses, in an Alfisol en

EriV \
ase, | models should only be used wheh the user - - T w Te oot 4 Vo gloping land (BX slope), and semiarid climate (800 mm/yesr
'KP‘.‘!‘iPﬂﬂ"‘, 50 that -unreasonablé: rasults ©an . be‘ -de : ‘fainfﬂl'l)'-iﬂ‘ tl.'le, Centrﬂ! Eastern Plalns. of Veneguela.‘
xpliained - ' o i N T Y s_used,fot edhtinuous, high input mechanized cropping of
'he tundamental data required for models nsed in - . ; _ 8. A #in sorghum, with crgp_resldues mostly used for cattle
wertotmance and soil degradation’ processes in the -tropid i S ; :place. The npsxﬁstrzk}ns_effects observed in the graph.
f the impant of land use and nanagenent - practices =iy ] P nfail.-data fron-n‘year:y;th average rainfall (frequency of
wdrology, must’ include weather {(mainly rainfallo‘vdfﬁ ¥ &efthe.hig@jeoncaqtrution of rainfall and runoff at the
pace. and time. and soil properties-and their spaci#l ng-of > the growing period (12-20 days) of sorghum, with low
‘he #ata abeut soil properties ‘generally required: a ro%éction;‘1andgAtnerefora high rtisks of accelerated soil

‘nEiuknceing water entry and retention in the soil, iimilts ; : ;- b bs;pn“with_1osses.o£§surface goil, fertilizers .and seed}iqgs;
retenﬁion- capacity .of the soil, loss.of water by svaptpation i 3 - nd - the o very high risks of drought (SH < WP) during the critical
-nyirmnment for root growth. When thefe are not posbjﬁiliti" '3 d grain filling stages of the crop after 860 days.

we the risks of mass pmovements by landslides in a
- yery.- steep slopes (30-100%), in the SH of the
spprogimabe’ " \;Andes.l.with;asub-hunid to humid tropical climate
LaxnnJmic‘data;‘huﬁ{many.times;nwhenf‘thé' correlations Hu : 1. - fnn/year“.of -?ainfall), 'dur1ng the wetter part of the
been | obtained: “in- ‘situ;‘the‘posdibilities of ‘large eértors i L & n of an-exceptionally ' rainy vear (frequency of ten
)utput'bf5the'modelﬁa;equry-highiuThe wenther dats required . where the natural forest is being changed to grassland,

rhé! direct measurement of the soil attributes requirdd to
a-“sipulation :model.. there have. been proposed N thods:
‘the needad  seilvi properties from ¥ Bting

the hodeis‘a;e”thé"nnes*inffueﬁéing“potentialﬁwatef suppdlyt ‘g e 't rgrazed, ‘and to continuous subsistence, low _xnput
CTOp Pnd-to?rﬁhofff?and evapotranspiration. These: daily 5 ] - cassavs,  sugar-cane, coffee, etc. The continuous
values. ofgiraihféll,ﬁand%uonthlyﬂvalues*of- radint: Ay R ifwint dnringAthe;56f64.and 110-116 days of the maln rainy
méxidumiand"mininum?tenpeiaturésEkﬁhen long “tern westhed r g, i L1 ‘g4 .80il already wet, results in ge;y.wet topsoil, §bova
oﬁtfd%ilyhrainfhllflafe*notfavailuble;“anfalternativb Pr oy ; ndﬁigztusatgo;, t:ith' pas§13111t;e3 ﬁgghasfiii:t§§
$use stic tibe-skr spnodi rtofg - Y gy rhy $e1.d j runoff. . during. ose periods, n
tofuserrstochastic tibe-s¥ries nodeling' to! generate sequunc : LoncSNLIEL e P8 (30 om) consists nd ey | stable

weat effdgta;_similér_Eéahistdrichlﬁsequences-(45) 3 : e : ) . X
astantexample iof the:proposed spproach--to  evaluat n F s Hi <1 yhieh,are_veryﬂsens;tive to liquefaction when the
orop | production” and ' soil degradation- risks, ‘there &r fht 117 ren%ins, very wet; due to. the restricdted drainage of .the
th:eq%isolated_examples. showing different copbinationg -of: v .ergillic hor;zon.“, .
climﬂte;"Elope;mrcroppinﬂ pattern ‘and land panagexsnt .. Th gl e 3. show the ;risks - of low_ vields aqd crop loss by
noisture ‘regime, !¥is- calculated  using ~ au agroclisgtie ~.imodel: i g-gandrdrpuiht;_du:ing critical growing gerxods on the
¢35)¢38)(39), ' that''simulates «the: evolution - of ' th } ¢ 1 s corn-sesame, in 8 flat IncePFlsol, under A
balanecidiwith a time step of one--day,- The t } : limate . (1400 mm/year of -gverage ‘ralnfall), in the
inclydes the soil’ moisture regime:of the soil.-in  al 18 ' = L34 1 iains of -Venezuels. The land = is continuously used for
inclyding average soil moisture in the root zone, water.: % CHIgH Afipu nechanized, ~ rainfed sgriculture, where the repeated
runoﬂf?ﬂrandEk:inﬁernai ‘drainage ;=i guration - and ' d. !k“hurrowing:zenerallymleads to the formation of shallow
waterlozsins;?;nd~auplenentary'irrightion requiresgen ; i’ ompacted . pans; - Due  to surface sealing, and reduced
moisture. 'conditions,  and: waterlogging. pay - be - iaterpre i S i b e I@drainnge'aﬁdﬁrdutadepthi;in n year with rainfall close to
relation to drought and aeration ~problems along- ithen g i aver _(frequencyi;bf;xhrae-years); the risks of waterlogding al
peridds of different crops. - . 77 S R AT ning of the?grbwinslperiod of corn (upper graph), and of
The‘éraphsnin“figures'1;u21andh3?represent'in:a ple, in - ththZHd.:halfﬁofjtha_growing period of sesame (lower
the’ 'inputs and outputs ‘of 'the modelv The left yertical coordi b ‘graph e very highw:imonl = o :
représents the mm of rainfall (Rain) (vertical_bnru)wnnd_6f*iﬂEt6r The -Eage-wdy, we night aimylste the sffects on those risks, of

storedLi(horizontalnclines)*'at“neffective naxinum root depth) at.' {ﬁanngenoht; practioe!‘Qprovidinﬁ“surface cover, surface drainage,
satutation (Satn), - field “cmpacity - (F.Cap.). “ liquid: allﬁit?- “and breaking or preventing the forpation of compacted pans, for
(LiqutLin)3i;0.15 ¥pa suction (WP), 1,5 Mpa suction (PNP),-and o - various crops and eropping patterns, on wetter and drier years.

kR | .f;f\

o | |
178 . |
|

179

1



Fig. Soll Moisture Regime {CHAGUARAMAS)
1 June-20 Sept.(Barghum.10cm Root Depth)
{8% Slope. Bare. Average Rainiall)
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¢eneral:Conclusions. The actual and potential damage-t
enpvironment by 'agricultural “developments " in . -
gensrslly more dangerous than in other ~climatie .
world/ - Due to..increased demand of food by the fastly.
popilation, or to urgent requirenents to increase - export
the-’ traditicnal - jow input shifting cuitivation i th
based .on ' long fallow periods 1is intensified .oF
continuous _eultivation, ‘and . the cultivated land .is -

through deforestation and development -of new land - mostly! i
fragile ecosystems. In both cases, the degradation of the scil’s
life 'support prqoesqes.is accelerated, reaching in many cases the
point of no returm. . o LTl <
The Bajor constraint for sustained rainfed agricultyry
in the tropies is the variability in the supply-of
plants, due to the ~varisbility, uncertainty, .
pattern of rainfall, and the variable and dynamic soi
limjtting the infiltration - of = rainfall  water,; an
development. With high potentialk-evapo-tranpirutibn
result are unreliable soil noisture availability - during. prth
growing periods, leading to low yields and high preduction. ri k&
These problems are being intensified when alsoc due.to‘the‘cliia;i
and soil characteristics, the soil is degraded by erosion; loss of"
structure and decline in chemical fertility. T e
The obiective of agriculture and land management systeng © in | the
tropics. must be to achieve a high and stable production, with low
probabilities of risk, and ‘desirable . yields, . while causing 8"
minimum degradation of the soil quality. Conservation practides
have to be degigned to comnpensate for non-uniformities ,’ axcesges .
or inadequacies, in amount and distribution of rainfall, and.to’
reduce risks of crop _fajilure, and stabilize crop yields . &t
economic levels. Low input systems, like traditional shifting;
cultivation, ‘cannot solve any more the problems . of . food "defivit
for *the increasing population in- most of the tropical developing:
countries. ‘A large portion of - the - food fequiredjufor-:theﬁinqar
future ' in the tropics Will have to come from intensification und,
improving the crop production in the present agrioultursal - lands,
making more effective use of water and fertilizers, and using
practices that wminimize risks of production and " of ! s8o0il .
degradation. ‘The - most effective way to control erosion, and. =
increage crop yield in the tropical semiarid to subhumid  troplies, .
is through better-rainfall,wntsr nanagenent. Practices that reduce.’ -
water related constraints (excesses o defioits) that . limit. -orop .. - -
production, and ' minimize rinoff loskes, result in more efficient '
use of rain water for crop production, while reducing erosion,.’ To.
resch those - objectives, the management efforts have to be nainly
directed to maintain or to increase the effective plant . available .
water-holding capacity of the 'soil, by giving the physical and
chemnical oconditions for a» non - restrictive root - development, -
tog?thef?withﬁproviding sufficientiprotection and stabilization of
the! itoi A

sealing effectaii IWith'sxhighery

b

‘ros1duoshlevels'cgn*'be?‘nnnnsqd

; y T M ratiite” ~farther intcrease |water
conhervdtion?“rbduoinz'the”lewdlaoffrisk;of crop production and of
sdii,degradntionffIn,nnother_wo;du;_this nsans using a sustainable

£
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surfaoe-so@l@to{preﬁent;stgpng{reguctionsiin-in{i!ttubility by
: ;q?ppsgy}alds;- also higher erop- .. %

land - hanpgeuent" The 'new ' areas to be developed are situated 1n

dverse environments, where production risks will be higher

o*. inereasing’ -hazards such as droughts, floods, ernsion,

;atdyjunlens.drdstic peasures are undertaken Lo coRbAL
b and. effects of land .misuse.

Iﬂﬁfbved._systeis‘_for)‘the econjunctive use of the inherently

T onpredictable - rainfall and _ suplementary irrigation for crop
#ﬁ‘produetionﬁin fhe .memiarid and subhumid tropics, may be &n

inportant -factor for a greater use efficiency of both water
resources; _increasing and stabilizing, with decreased risks.
futiire agricultural activities on those areas. ln regions or areas
with 'high population pressure, it may be the only way to reach
sugtainability. :

nisong;trupioal"regions the“ previous traditional stratedy for
Eiigtainable  agriculture through soil modifications (fertilizers,
rillage, irrigation) to suit the needs of annual crops for food

.production, will have to be substituted by crop (mainly perennial
¢ropy) —-adaptation to

adverse conditiens and low input.

iAgricultural systems based on perennial crops, including trees

coffee, tea, rubber, oil palm, cocoa) and grasses, alone or in

“combination with. annual crops, have been, and may be the best
tsolution,for proper and efficient use and management of soil and
‘Wwater resources, while keepingd relatively high productivity, in
-many tropical areas where sustainability of production of annusal
:crops.would be not possible or too costly.

;Id,itropical sress where sSoil resources for
~agricultural production are limited in extension and quality for
‘eropping, efforts have to be also directed to the rehabilitation

expansion of

oﬁf;slready. degraded 1snds. It 1is necessary to investigate the
extent .to which the degradation-induced productivity loss is
reversible; and if - it , is more cost effective to iutensify
production on alresdy cultivated lands of higher quality than tc
iqv!ft;in‘rehabilitation._x

Thaﬁdevelopnent'andﬁﬁseleetion of agrotechnology for a . better
mantgenent -of -soil-and water resources, to optimize productivit:
und . to . decrease levels of risk of crop production and ot
degradation of soil and water resources to & minimum in tropical
regions, reguires a better snderstanding of the efficient use of
water and its relstionship to soil properties. This understandin:

_is also required for the study of possibilities and development o!

technologies for the :rehabilitation of alreedy degraded lands.
Historical climatie records, including statistics of past event:
and trends, together with adequate infornmation on crops and on th
hydfaulic properties of moils snd their dynanmics under differen
lsnd use and nanagenent, .mway be integrated in simple water balanc
podeis, énd used to assess the intensity, timing and probabilitie
of_'unfuvournble'soil noisture conditions, and other environmenta
factors nffecting crop producticn and soil degradation in
particular . area." - When ~these  assessments are analyzed 1!
conjunction ~ with- other .social, eccnomical and environmenta

-;issues,;_they nay. provide a very meaningful information on ris
jevels,  and possible consequences of drought,

: 3 waterlogging
surface -erosion, floodings, sedimentation, landslides, etc, i
different tropical- regions. Thig information can be used 1
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- abservations on their habits* (1881) and the work of Miiller on humus forms (1884) are still fa
+ products of an active scientific community which inspire the creation of soil ecology (Bal, 198
. the same time, Dokuchacv (1883) forniulated the basic concepts of pedology, but soil biolog
- pedology largely ignored cach other for seveil decades while they devoted considerable effo
.- soil classification and the separate elucidation of basic soil processes,

In the 1970's, the International Biological Programme (IBP) produced a large amou
quantitative data on the abundance of soil invertebrates and their participation in energy flu
" different ecosystems (see e.g., Petersen and Luxton, 1982). It was concluded that their direct e

3 - .on the release of CO2 from soils was limited to a few percent of the total, microorganisms beir

ik . far the major decomposers. During the following decade, considerable efforts were devoted 1
-1 description and quantification of the direct and indirect effects of soil invertebrates on the 1
' processes that determine soil function, i.e., regulation of microbial activities, the dynamics o
. . organic matter and nutrient cycling, and the formation and maintenance of the physical siructurn
- e.g., Lavelle, 1978; Barois, 1987; Coleman, 1985; Anderson and Incson, 1982 ; Eschenbre
.. . 1986; Martin, 1990; Andren e1 al., 1950; Blanchart, 1991). Experiments in small laboratory char
- _.catled microcosms, and field observations and experimentation, mainly developed over short
~periods, gave a large amount of results, sometimes quite contradictory (Anderson, 1987}, The ¢!
“of soil invertcbrate activities on plant growth have been considered in'a number of studies, as an
Joultimately est their effects on fertifity (e.g., Stockdill, 1959, 1982; Sctild and Hubta, 1991; ¢
ctal., 1992; Okellp-Oloya and Spain, 1986 ; Pashanasi ct al., 1992),
“~These experiments have demonstrated that 1). in small laboratory designs, soil invertebrates -
ave effects which are largely disproportionate to their abundance and biomass, especially on «
1erm processes, ©.g., the release of mineral-N and P from decomposing litier, or aggregation of
“2). in field conditions, the addition of thesc short-time effects may not have significant effect:
 larger scale of time and space since climate, soil characteristics or the chemical composition of or;
matermay bave a larger impact in determinating soil processes than invertebrate activities.
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SOIL SALINIZATION AND LAND DESERTIFICATION
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SUMMARY

The salinization, or development of salt affected soils (saline and sodic)is a degra-
dation process usually leading o desertification of lands. In general, in salt affecled soils
the water defficits make the survival of natural vegetation and crops difficult or impossi-
ble. These moisture deficits are due to the difficuities for the plants 1o use the water sto-
red in the soil (“saline soils™), or to the difficulties for root development and for water
infiltration into the soil (“sodic soils™). Although those processes may occur, and have
ocurred under natural conditions, , they become accelerated, leading to secondary salini-
zation, when, mainly in arid and semiarid environments, the soil walter regime is drasti-
cally changed with the introduction of irrigation and/or drainage.

In many countries the irrigation has become a very important component of food pro-
duction, sometimes the most important. The area with irrigation in the World has incre-
ased from 50 Mha in the year 1900 to 100 Mha in 1950, and to 250 Mha today. To this
phenomena has also contributed the decrease of productivity and the increasing risks of
dryland agricultural production on lands already affected by other degradation processes,
mainly water erosion. The yearly loss of productivity, and desertification of irrigated
lands, amounts to 1.5 Mha around the World, but the salinity problems, in different
degrees, presently affect almost 50% of all the irrigated land. Although the affected are-
as by salinity are much less than the ones affected by other degradation processes like
erosion, the social, economical and environmental effects are of the same magnitude, as
a consequence of the high value and productivity of irrigated lands, and their coinciden-
ce with areas of large urban and industrial developments. In arid and semiarid climates,
the scarcity and erraticity of rainfall, together with the high evapo-transpiration rates,
makes the water and salt balances favourable for the processes of soil salinization, spe-
cially under poor drainage conditions. These are the predominant conditions in the plains,
valteys, deltas and coastal plains of the Mediterrancan Region where irrigation has been
introduced, because the soils and climate are favourable for a continued agricultural pro-
duction of high productivity, if the soil moisture and salinity are well controlled.
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The problems of secondary salinization are a consequence of non adequate water
management by irrigation and drainage, under a particular set of conditions, including
climate, crops, soils, fertilization, grounwater depth, water quatity, and irrigation syst'e‘m.
Therefore, the possibilities to preview the best conditions and alternatives of irrigation
water management Lo prevent, control and decrease the problem of salinity, will depend
on the understanding and modelling of the interactions of those factors for each set of
conditions. This becomes more important when the limited waler resources of good qua-
lity are preferentialy used to satisfy the urban and industrial requirements, and when the
quality of surface and ground waters used for other purposes may be affected by the drai-
nage effluents from irrigated lands. In this paper there is presented an improved version
of a model dev=inped by the author, which may be useful, among other things, to pre-
view the best siternatives for the use and management of the available soils and waters,
prevenling the process of desertification by secondary salinization.

1. Introduction

Salinization, or development of salt affected soils, is one of the processes of soil
degradation icading to fand desertification. The salt accumulation may fead to a partial
or complete loss of the soil capacity to provide the required amounts of water 10 plants,
changing fertite lands to “deserts”. Frequently, the salinization processes creates a prac-
tically irreversible chemical or physical internal soil degradation.

Worldwide more than 10% of lands are affected by some type and level of saliniza-
tion, with 350 Mha already completelly “desertified”. Although the salt affected soils
may be found in almost any climate, they are more common in arid and semiarid clima-
tes, and in flat and low lands. it is considered that about 25 Mha of lands have been sali-
nized thro .gh human intervention since the development of irrigated agriculture thou-
sands of years ago (Szabolcs, 1989; WRI-TIED-UNEP, 1588).

The swlinity problems appear as a consequence of sait acummulation in zones and
depths where ihe soil moisture regime is characterized by strong fosses of water by eva-
poration and transpiration, and by reduced leaching of the remaining salts. Although the-
se processes of salinization may progressively develop under natural conditions where a
combination of aridity and restricted drainage exists, they may only be accelerated when
the soil moisture regime is drastically changed with the introduction of irrigation, without
appropiate drainage conditions.

2. Salinization and irrigated agriculture

Irrigation of agricultural lands has been considered for sévéral milenia the most effec-
tive way to increase and regulate the crop production, specially in arid and semiarid
zones. Frequently those benefits have not been sustainable mainly due to soil saliniza-
tion. This is known from the ancient times, and it has been said that the salinization of
large irrigated areas in the Mesopotamian Plain conduced to drastic decreases in food
production, a.d was one of the main causes of the fall of the Sumerian civilization almost
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5000 years ago. Both then and nowadays, the salinization of agriculiural Tands is a col
sequence of an inadequate combination of ifrigation waler management, and drainag .
conditions.

Salts, in variable amounts, are always present in irrigation waters. The input of sal
through irrigation may reach more than 10 Mg/ha in one year. Most of them remain 1
the soil when the water is lost by evapo-transpiration. When those salts are not leache
1o the subsoil and lost through internal drainage, they will accumulate in the surface soi
reaching levels which may affect the plant growth. When the required lcaching is not pr
vided by the excess of rainwater, commen situation in arid and semiarid climates, it -
required to apply an excess of irrigation water for such purpose. If those excesses «
waler are not taken away by the natural or artificial drainage systems, probably the lc:
ched salts will come back to re-salinize the surface soil.

From the previous arguments it may be deduced that the introduction of irrigation 1
arid, semiarid, and ocassionally subhumid zones, will lead 10 soil salinization problem
unless there are provided adequate drainage conditions. The drainage practices to contre '
salinity problems in irrigated areas were practically unknown unti! the beginning of th
century, and only after 1945-50 they had a scientific base (Boumans, 1987). The conce|
of leaching requirement, or leaching required to control salinity under tolerable limi
(expressed as a % of the irrigation water applied), was introduced only in 195
(USDA,1954). The application of all these recent advances have allowed in many cas
to control salinization, and even to recover areas already affected by salts, {inishing wil
the old axiom that irrigation would lead in any case to soil salinization.

Although the development of irrigated agriculture has been associated 10 the dew:
lopment of great ancient civilizations, its rapid expansion o farge areas has been only -
recent times. From about 8 Mha of land with irrigation in the whole World in 1800, tl
jrrigated area was extended 1o 50 Mha in 1900, anl to alimost 250 Mha at present, w
projects to expand it to 350-400 Mha in the next twenty years. Presently, 80-1000 millic ,
people in the World have activilies related to irrigated agriculture, which produces abo:
35 % of the food in only 18 % of the cropped area (Szabolcs,1989; WRI-IIEI
UNEP,1988). The main factors responsible for such acceleraled growth of irrigated agi
culture are:

1) The need to intensily the agricultural use of lands for satislying the increasit
food requirements of people.

2) Meore than 75% of the World agriculiural lands are in arid, semiarid and subh
mid zones, where the scarcity and erraticity of rainfall leads (o very poor
risky production of rainfed crops.

3) The more or less irreversible loss of productivity in large arcas of rainfed agi
cultural lands affected by some other processes of soil degradation, mainly wal:
erosion.

In many cases, the irrigated agriculture developed in the lower and flatter lands «

valleys and watersheds, makes use of soils formed on sediments originated from past a1
present processes of erosion in the higher and steeper lands of the watershed. It also us:
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surface and ground v oiers feeded by runoff losses from those degraded lands, due to their
low rainwater intake rates and reduced moisture retention capacity.

Regretfully, the fast development of irrigated agriculture has been, and still is, asso-
ciated to an increase in soil degradation by salinization processes. This happens despite
our generally good knowledge about how to predict, control, and revert such processes.
The precise evaluation of salt affected areas of human origin is somelimes difficuit
(ISRIC-UNFP,1990), because the problems of salinization develops progressivelly, and
sometimes they are only visually apparent when they have reached conditions difficult to
recover. It is known that every year about 1.5 Mha of irrigated land lose 25-50% of their
productivity due to salinily; and that 50% of the whole irrigated area in the World suffer
losses of productivity due to salinization processes. Taking into consideration the great
investments required ior the development of irrigated agriculture, and their high contri-
bulion to the Werld 1nod production, we may conclude about the great importance of land
degradation by soil salinization from the economical, social and environmental point of
views; and abov the urgent requirements to prevent and control the processes leading to
such degradation.

3, Salinization in the mediterranean region

In the predominant semiarid mediterranean climate rainfall is impredictablc, and with
great variation from one year 1o another. Therefore, the probabilities of low yiclds, and
the risks of complzte losses, of rainfed crops is very high. In addition to that, the high
erosivity of rainfall, together with poor soil cover and inadequate land use and manage-
ment, have led to advanced land degradation by water erosion in the predominantly hilly
topography of the -egion (Chisci,1990), decreasing the potential for producing rainfed
crops. This, added o the increasing markets for some agricultural products requiring irri-
gation, explains why the irrigated area in the Mediterranean Europe has increased three
times since the beginning of the century.

The development of irrigation has been mainly in flat alluvial lands, bottom of
valleys, and coastal plains and deltas, generally with slopes less than 5%. Those areas,
under the predominant mediterranean climate, are frequently affected by floodings and
sedimentation. In L:== lands, with low risks of erosion (Rubio and Sanrogue, 1990},
the main potential jroblem of desertification is soil salinization, due 1o the combina-
tion of climate, drzinage, quality and management of the irrigation waters.

The needs to increase the areas with agriculture under irrigation, and the increasing
problems of salinization in irrigated lands, in most of the mediterranean countries, has
been already recognized (Albaladejo,1990; Chisci, 1990; Generalitat Valenciana, 1987,
Pereira et al,1987; Yassoglou, 1990). Irrigation developments have not only reduced the
production risks due to moisture deficits, but have also aliowed cropping in the summer
months, and the introduction of perennial fruit crops. With the high sun radiation in the
Mediterranean Region, the irrigated crops are usually highly productive, if there are
maintained adequate water and sall balances in the soil. The area under irrigation is alre-
ady in some medilcrranean countries more than 1/4 of the total cropped area. About 25%
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of the 6 Mha of irrigated lands in the Mediterranean Europe are desertified by moderate
and severe degrees of salinity (WRI-1IDE-UNEP,1988). Compared with this, 39% of the
76 Mha with dryland agricultural production (40 Mha with crops), are desertified mainly
due to water erosion. The last twenty years, the irrigated area has been continuously
increasing, while the area with rainfed agriculture has decreased almost 20%.

Frequently the areas with irrigated agriculture are located close to zones with high
urban and industrial developments, which demand and consume most of the scarce water
of good quality. For irrigation of crops there are sometimes only left walers of poor qua-
lity, mainly saline groundwaters and partially treated urban and industrial effluents. The
over pumping of groundwaters in coastal plains frequently leads to intrusion of sea water
in the aquifer, gradually increasing the salinity of the pumped water (Generalitat
Valenciana, 1987) . Similar results are obtained when the over explotation of aquifers
brings to the pumping level deeper and more saline groundwater.

The excess of water required to léach salts from the soil, to reclaim or to prevent sah-
nization, may cause other environmental problems derived of the disposal and further use
of that water. The problem is agravated because those feachales may contain not only
salts, bur also residues of fertilizers and pestictdes, which are generally used in large
amounts in the intensive irrigated agriculture. They may contaminate surface or ground
walers 1o be use for human, industrial, or agricultural purposes. In those cases, the prac-
tices and systems of drainage and irrigation must pursue a maximum ctliciency in the use
of irrigation waler, reducing the possibility of losses and contamination of other waters,
but keeping at the same time he salts at depths not reached by the crop roots. This has
to be sometimes combined with systems for disposal of drainage waters belore they mix
with others.

Desertification of lands by soil salinization in the Mediterranean Region may be wor-
sening al increasing rates in the next decades, due to the previewed increase in irrigated
areas, and to the increasing scarcity of good quality waters, unless some preventive
actions are urgently taken. The problem may be aggravated due to the global climatic
changes, previewed for the near future. It has been speculated that in the Mediterranean
Europe those climatic changes would double the salt affected arcas in the next 50 years,
mainly in the same zones where salinity is already a problem (Szaboles, 1990} This
would be caused by an increase in the aridity index, alfecting the moisture regime and
salt balance in the seil, with less leaching and more salinization. The increase in aridity
would also force an increase in the irrigated arcas, and the use of waters ol poorer qua-
lity. Another previewed effect on the salinization of lands would be due o the rise of sea
level, by flooding the low lands in deltas, and by increasing the intrusion of saline water
in coastal aquifers.

Another reasonings, preview some positive eflects of the future global climatic chan-
ges on the crop growth and productivity, due to the increase of CO2 in the atmosphere
(Goudrian and Unsworth, 1990). Under greenhouse conditions it has been proved that
higher levels of CO2 increases its assimilation by plants, even in conditions of modera-
te soil moisture stress, due to low moisture (matric stress) and/or salinity (osmotic stress).
This would happen because the CO2 and the transpired water follow the same physical
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pathway through the stomata. The final result is an increase in the efficiency ol water use,
mainly duc io a decrease in the transpiration rates (C4 plants), or 1o a stimulation in the
rate of CO2 assimilation (C3 piants). These effects would indirectly increase the availa-
bility of photosinthetic products for esmotic adjustments regutired to keep cell turgor in
more saline soils. Nowadays, some of these effects are obtained with the increasing use
of greenhouses for different crops in the Mediterranean Region.

It may be concluded, that although at present time the area desertified by human indu-
ced (secondary) salinization in the Mediterranean Region is less than the affected by
other degradation processes like erosion, the importance of both problems, from the eco-
nomical, social and environmental points of view are comparable. This is due to the hig-
her value ar:! froductivity of the affected irrigated lands, and their location generally in
areas with hig. urban and industrial developments, competing with agriculture for the
use of the scarce available water resources.

4, Saline and sodic soils. Characteristics and effects

En general, all soils with problems directly or indirectly derived from the amounts and
kind of salts in solution are referred as “salt-affectd soils”. The resulting problems may
be very different, depending on the geochemical processes involved in the development
of salinization. This applies both to the salinization developed through natural processes
(primary salinization), and to the salinization induced by human intervention (secondary
salinization). In both cases, the main responsible factors are the concentration and the
telative composition of salts in the surface and ground waters, and the changes they may
suffer in soil solution. These changes are dependent on the soil moisture regime, which
is a corsequence of the drainage and climate conditions. Drainage is the result of the
hydrauiic nroperties of the soil profile, of the groundwater depth, and of the landscape
position. Rainfall and evapo-transpiration are the main climatic factors to be considered.
The dev~lopment of secondary salinization, in different soils and climates, is generally
caused by drastic changes in the soil moisture regime due to the introduction of irriga-
tion with drainage restrictions.

Both in surface and groundwaters, and in soil solution, most of the salts are a combi-
nation of the cations Ca++, Mg++ and Na+, and of the antons HCO3-, Cl- and SQ4=.1n
some highly fertilized soils, the anion NO3- may also accumulate in soil solution. The
main naturai source of the predominant salts is the weathering of minerals in the earth
crust, the rainfall in coastal areas, and the dissolution of fossi! salts in some geological
formations ¢i marine origin, The human intervention brings additional salts (o the soils
through irrigation water, residual waters, and fertilization: ‘The differences in amounts
and kind of salts accumulated in soil solution result in “salt-affected soils™ of varied che-
mical, physical and physico-chemical properties, having different management require-
ments for their prevention, use and reclamation.

Based on the main effects on soils and crops we may classify the “salt-affectd soils”
in “saline soils” and “sodic seils”. Traditionally the “sedic soils” have been called “alka-
li soils”, ali;7ugh these include only the sodic soils with presence and accumulation ol
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Na bicarbonates and carbonates and pH higher than 8.5-9.00. There are other soils wit
properties of sodic soils with lower pH and lower relative levels of Na than the alka
soils {Pla,1988).

The “saline soils” are those where the salt content and osmotic pressure of the so
solution do not allow the absorptian by the crop of a great portion of the soil water, an |
do not show any direct effect on the soil physical properties. The main consequence
the partial or complete reduction in plant growth due to physiological water defficits. Fe
practical purposes, lhe salt concentration is expressed in terms of electrieal conduct
vity (units of dS/m:deciSiemen/meter at 250C) in soil saturation extract (USDA, 1954
One dS/m is aproximatelly equivalent to a salt concentration in solution of 10 meq.fite
and to an osmotic pressure of 36 KPascals,

It is well known that the soil moisture stress tor plants is composed by the matn
stress, which increases when the soil moisture decreases, and the osmotic stress, whic
increases when the salinity in soil solution increases. Both stresses are more or less add
tive. Theretore, one approach to reduce the effects of salinity would be to maintain (h
matric stress as low as possible, through frequent or continuous irrigation (see fig. |1
Another approach would be to plant salt-tolerant crops, which are able to grow and pnt
duce economical yields even at high soil moisture strexses, through adjustments in the 1+
transpiration rates or in the osmotic pressure in their cells.

As a consequence of the selective accumnulation of some specific electrolites in so
solution, in some occasions, specific natritional or toxic elfects are associated or prece |
de the more general osmotic stress effects. This is the case with some sensitive crop
when chloride, sodium, and sometimes boron, reach critical levels in soil solution. |
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Conditions
IRRIGATION WATER
Concentration: (High) {Mediwm) (Low)
(EC): > 2 dS/m -2 dS/m < | dShm
Compositen: Cl>5>B S§>=CI>B B>=8>Cl B>S>Cl
Na»=CA CA>Na CA>=Na B>CA
Nax=CA

DRAINAGE | Varnable) (Very restricted) (Restricted)
Soil Perm. (1 I-50 mn/hour < | mmv/hour < 5 mimvhour
Groundwat. level, <15m <0%m <1.Om
CLIMATE (Ar. DSAr) (Ar. DSAD) (DSAr -SH) (Ar. -HSAr)
IMA (P/ETP) < (L5 < 0.5 05-1.0 <08
LGP (P > (ETP/)) < 120 days < 120 days 120-270 days <180 days
Resulting problem _
SOIL WOV UTION {Very saline) (Maod. saline) (Sligh. saline) {Var sal)
Concemndion (TC) > R dS/in >4 J5/m < 4 dS/m > 2 dS/m
Cotnposit. 1 Cl>>5>>B Cl»>=8S>>B  S>CI»B {*3 S>=B>Cl B>=5>Cl

Na>CA  Na»=CA No>CA MNa»>CA Na>>CA

(A) (B} () (1)) (E)

pH <85 <85 »7.5 >BS
PRECIFITATED SALTS: CAC, Ca$ CAC, CaS CAC CAC
EXPECTED POTENCIAL
KIND OF PROBLEM: “SALINITY™ “SODICITY™

Cl, 5, B. Nu, Ca, CA: Chlorides, sulfates, bicarbonates, Na, Ca, and Ca+Mg respectivelly, in water or soil
saturation extract. CAC, CaS: Co+Mg Carbonates and Ca Sulfate, respectivelly, precipitated in the soil. EC:
Electrical  Conductivity. 1: Minimum Water Intate Rate. IMA: Index of Moisture Availability =
Rainfall/Poter cial Evapo-Transpiration (P/ETP) in the whole year. LGP: Length of Growing Period = Days
with rainfail higher than /2 of the potencial evapo-transpiration, and average daily temperatures higher than
5°C. Arid Chmate {(Ar): LGP =-74 days: Cry Semi Arid (DSAr): LGP 75-119 days; Huinid Semi Arid
(HSAr): LGP 120-179 days: Sub-Humid (SH.): LGP 180-270 days. (*} Penmanent groundwater level, 9r
presence of strata impeding or resiricting the internal drainage. {(*} Change of composition under anaerobic

conditions ("Na* + §04= + 20 + 2Hy0 = 5= + 2NaHCO,).

Tabte 1. Canditions for the potential development of soil salinity or sodicity under rrigation.

oceasions, the concentration of elements like selenium in some grasscs, may affect the
health of cattle cating them.

Frequently, the salinity effects on plants are only visible after the crop yiclds have
been strongly decreascd. This gradual effect of salinity on yield may be calculated (Mass
and Hoftman 1977):

Y/Ymax.= 1-b (ECSE-ECSE max.)

where: Y:Actual yield; Ymax.: Yieid in non-saline soil; ECmax.:Electrical conductivity in
soil saturation extract when Y starts decreasing:intercept in the y axis of the straight line
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relating Y/Ymax. and ECSE; hislope of the Y/Ymax. vs ECSE line, characteristic |
each combination of crop, climate and irrigation management.

Development ol “saline” soils is more common in arid and dry semiarid climat.
with LGP<120 days(see table 1). The methods for prevention or reclamation of the
soils are based on the leaching of the excess of accumulated salts, taking 1naximt
advantage of temporary (seasonal) surplusses of rain water, and applying more irrigan
water than the crop requirements. Depending on the circunstances, this leaching m
only pursue the displacement of salls to depths in the soil profile not reached by cr
roots, or their deffinitive displacement by deep drainage. The first alternative requires
a carefull control in the management of irrigation water and of the groundwater level.
some ocassions the leaching of “saline™ soils may result in the development of “sodi
soils, as a consequence of the salt composition in the original soil or in the water used |
leaching, and also due 1o the particular soil mineralogy. In these cases, the reclamatj:
of saline soils must follow some of the practices recommended for reclaiming sodic sot

The “sodic soils” include those where the accumulation of high Na levels, sometim
with Mg, both in solution and exchangeable, in relation to the levels of Ca+Mg and 1o
salinity, leads to deleterious effects on their physical propertics. The main consequenc
are drastic reductions, both in the saturated hydraudic conductivity ol the soil and in 1l
surface water intake rate. In practice it has been proved very convenient to express
“sodification” levels in terms of “sodium adsorption ratio” (SAR) in the soil saturati.
extract (SE) (USDA 1954):

SARSE = NaSE/(CaSE+MgSE)}1/2

where Na, Ca and Mg are the concentrations ol those elements in the saturatic
extract (SE) in milimols/liter,

The effects on soil physical properties are in some cases mainly due to the dispersic
of clay and silt particles in the surface soil. This produce inmediate surface sealing, an
with lime may lead to the complete and irreversible plugging of pores by the dispers.
particles in a soil layer close to the surface, which becomes ahmost impermeabte to wate
and extremely compacted and hard when it dries out. These effecls arc more common |
soils with high contents of silt and/or low swelling clay (hydrated micas, caolinite
which may be dispersed at relativelly low levels (5% or less) of cxchangeable Na il (h
total salinity in soil solution is maintained very low {Pla,1988).

In other cases, the harmful effects on soil physical properties also includes the blo
king of pores by reversible swelling of clays under wet conditions. This generally reque
res of higher levels (10-15%) of exchangeable Na, and of swelling clays, and generall
comes together with high seil pH and accumulation of salls (Na bicarbonates and carh
nates} of alkaline hydrolisis. These soils have been also called “alkali soils”, and som
times “black-alkali soils” due to the dispersion and surface depositiun of black organ;
matter. When the surface soil dries out and the swelling effect disappear, they generall
develop deep cracks and a prismatic or columnar structure, Higher salinity levels in th
soil solution, or in the percolating solution, decrease the dispersion and swelling effect
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of Na . The critical levels of salinity and Na leading to sodicity effects, mainlly depend
on the content and nature of clays in the soil, and on the kind of predominating effects
{(dispersion or swelling). o .

The main negative effects of sodic soils on crops are due to the d‘ecr.eased .mfll(rallon
and storage of water in the soil, to the increase of soil moisture at \.mlttmg. point, to poor
and shallow root development, and to extended periods of defficient socil aeration, All
these efrects usually conduce to restrictions in water and nutrient supply to the crop. In
some cases the maximum possible soil water intake is less than the aca.:umula}ted poten-
tial evapo-transpiration of plants (Fig.2), making impossible even lhfnr su.r\-flval. Som.e
additiona! effects are due to poor root development or high pH, creating different nu.ln-
tional problems. It is also common that many sodic soils, :"aooner or later become salmc.z,
because the very low soil permeability do not allow effective leaching 9f ‘h‘? SE.lllS conti-
nuousl ; incorporated by the irrigation water. Therefore, the use of sodic soils is usual!ly
restricted Lo crops like rice or some grasses, which ate able to grow gndelr almost conti-
nuous flooding conditions. Their reclamation, and also !h.eir prevention in many cases,
require the use of chemical ammendments before leaching. Those ammendrpepts are
mainlv acid salts of Ca like gypsum, or acid products, and may be added to the irrigation
water; 6. directly to the surface soil. The Ca from the applied product, or the Ca from the
carbonales precipitated in the soil and dissolved by the acid, replace lht.a exchangcthc
Na, whtch has to be afterwards leached from the soil solution. For Ieachmg to bfz efleg-
tive, there is reguired to improve the water intake and percolation rates in the soil profi-
le Lo values higher than evaporalion rates.
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it may be concluded that there are nol precise limits ol salts and sodium to classil
salt-affected soils (saline or sodic), and that the limits proposed in the past (USDA, 195
may be only used as a general reference, and never (o guide specific irrigation manag.
ment, or reclamation practices. The critical values may be very variable depending on (1
particular combination of soil, climate, crop and management. The sume variability exi
in the possibilittes of prevention and reclamation of salinc or sodic soils. Table 1 shov
the main general conditions which may lead to the development of different kinds of sal
ne and sodic soils. Additionally, some more specific conditions previous to irrigation (P
and Florentino, 1983), like presence of fossil salts at shallow depths in the soil profile, .
shallow saline groundwaters, may also influence the kind and degree of soil salinization
Figures 3a-3e represent profiles of the diflerent salt-affected svils developed witly irrig:
tion under the conditions shown in table 1.

§. Predictive model for soil salinization

The problems of sccondary salinization, leading 10 saline or sodic soils, are mainl
due to poor water management (irrigation and drainage) in relation (o a particular con
bination ol climate, soil, crop, fertilization practices, groundwater level and salinity, qu:
lity of irrigation waler, and irrigation system. Today there are known methods and tecl
nical possibilitics to reclaim salt-affected soils, but in general they are (oo costly, Whe
socioeconomic problems justify the reclamation, still we may have difficulties to do i
derived from the scarcily of waler of good quality for leaching, or from potential pre
blerns of contamination of surlace and ground waters used for irigation or for domest
and industrial purposes. All these situations are very common in the arid and semiari
zones under irrigation in the Mediterranean Region. Thercfore, it would be maore conv
nicnt and economical to pre-stablish, through appropiale predictive models, which woul
be the best alternatives for irrigation water management to prevent safinization problen:
for each combination of climate, soil and available - quantity and quality - irrigatio
water. This would still be more important if there is a high competition for the use 1
scarce resources of good quality water, when the quality ol (he available water is pou
or when it is necessary to reduce the effluents of drainage water (o a minimum,

To predict salinization problems the main pre-requisite is (o identify the source
salts, and Lo characterize the main factors determining the regime of water and sakts i
the soil. This is not casy, because the hydrological and chemical conditions involved i
the process of salinization are usually very complicated. Therefore, we have to simplil
some of them, 1o be able to develop modcels that can be put into practice.

Without adequate leaching and drainage it is not possible to conral soil salinizatio
under irrigation. That is why we base our prediction model in the so called “leachin
fraction” (L}, which integrates in one ligure the actual or required water and salt halas
ces. The leaching fraction is defined as the fraction of infiltrated water which eventuall
is lost as internal drainage water afler Mowing through the soil below the root zone. It wa
originally introduced in 1954 (USDA, 1954), as a quantitative expression of the leachin
required 10 control soil salinity below some critical level. Although the concepl remain
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. B sur. Cdemer. [l w EZAw WHEN: B <= (Ca+Mg)
Mlcicars Suf -] cmier a ] a LF(ST) = (N::+Ca+Mg¥STSE, LF(Na) = (2 Na2)/(SARSE? {Ca+Mg))

NaSE = Na/LF : CaSE = Ca/LF ; MgSE = Mg/LF ;. CISE = CI/LF
L]
| H 10LF <B and 30LF >= CaS§
- (Precipitation of Ca and Mg carbonaies}
LF(ST) = (Na+Co+Mg-BW(STSE- 1)
I LF(Na) = ((SARSEZ.(C:HM&B)Z)HSO N.’{Zﬂllg _ (C;n-hlgi})
r 20 SARSE 20
o
E a3 | :, NaSE = NyLF: CaSE = 10{(Ca+Mg-MgB) + (CnS+CaCl)r; MgSE = STSE-(NaSE+CaSE)
w : (Ca+Mp) LF
o e 1 S CISE = CILF; (Ca+Mg)Cp =(Ca+Mg) - LF(CaSE+MgSE)
# I 10LF <B and 30 LF < CaS
L (Precipitation of Cn carbonates and sulphates)
S H LF(ST) = (Na+Mg+CaCl/{STSE- 40
%0 T i 320 N: Ca
0 80 40 20 o 20 40 0 a0 LF(Na) = {SARSE2. (Mag(;(é;(s?éﬂ. 0 Na2jir2 _(ﬂgi,(_)(__l(_ b
CONCENTRATION IN SATURATION EXTRACT {meq titer} T

NaSE = N/LF, CaSE = 404 (CaCI/LF); MeSE = Mg/LF, CISE = CYLF
Figure Je. Sodic soil profile (E). (Predominant sait: Na bicarbonate) CaCp =B - I0LF; CaSp=CaS - 30 LF
If: I0LF>=3 and 30 LF < Ca§

. . (Precipitation of Ca sulphate)
essentially the same, its calculation has become more precise through the years

(FAQ,1976; Pla,1968,1983,1988; Pla and Dappo,1974; Rhoades,1968,1984), and .has LF(ST) = (Na+Ca+Mg-CaSy(S TSE- ) * |

been extended to the prediction of soil sodicity. These improvements have been pos‘m'ble LF(Nay = “SARSEZ"C“I—,E’g;f;?EZ’*”““ Na2y)1/2 7‘9”':‘”__51_“51

thanks to a better knowledge of the relations among irrigation, draingge ar‘ld salinity,

taking into consideration in some cases the previewed precipitauon-m.‘ dls_solullo!'l of salts NaSE = Nu/LF: CaSE < A0H(Ca CaSVLPY, MgSE = Mg/LF, CISE - CYL

in the scil nrofile, and the possibilities of sodification, besides salinization. This allows CaSp = C38 - 10 LT o |
a more ac:;.lrale calculation and planning of the irrigation and drainage requirements and .

WHEN: B > Cat+Mg

practices. ] {Presence of Na bicarbonate and precipitation of Ca and Mg carbonates)

The equations for the calculation of L presented in table 2, are the product of succe-
sive approximations (Pla,1968,1983,1988; Pla and Dappo,1974) based on accumulated LF(ST) = Na/(STSE-Ca-Mg);  LF(Na) = NaASARSE ({CasMgy2)1/2)
experiences and validations, in different agroecological zones, during lhf: last 25 years. NaSE = N/LF; CaSE = Ca: MgSE = Mg CISE - CULF, NaBSE  Na/L
In this ocassion we introduce new independent balances of Ca and Mg, n order to pre- tCa+MgICp = (CatMg) {1 LF)
view some specific cases where the accumulation of Mg salts may be a critical fﬂcl_or'_/\_” —
calculations a-e based on an independent balance of the more common elements in irri- Ca, Mg, Na. B. 5, C1, MgB (B-Ca-NaB). NaB (B-Ca-Mg), €35 {Ca-B-CaCl) anul CaCl (Ca-B-8): Ca, Mg. Na. Bicarbonates, Sulfates.

. . . . . . ideration the poqsibilitics ol salt pre- Chlorides, Mg Bicarbonate, Na Bicarbonate, Ca Sulfate and Ca Chloride in meq.liter in irrigation water, fespectively; L - Leaching
gation waters and in soil solution, taking into consideration ! d soils. To do that the- fraction; LF : Effective leaching fraction (Fe=1); STSE, NaSE, CaSE, MgSE, CISE, NaBSE. SARSE: Salinity (1ofah), Na, C. Mg,
Cipitalio“ or dissolution under the prevaslmg conditions in imgated so1 _5_'_ 0 ! Chlorides and Na Bicarbonate (meq.Aiter), and Sodivm Adsorpticn Ratio {SAR = NaA(Ca+Mg¥2)t72) in (mmolsiter} /2, in satura-
re are used as limiting conditions both the critical salinity levels for different crops and thon extract (SE}resp.; (CutMg)Cp, CaCp and CaSp : (Ca+Mg) Carbonates, Cz Carbonate and Ca Sulfate, resp..precipitated{+} or dis-
climates, and the critical sodium levels for different soils and concurrent salinity levels. solved(-) in the soil,in meg/liter of irmrig. water.

i te e conditions for development of “sali- i i ] ] ‘

The proE,OS,Ed m'l(-):'el hrfjt. lf.Ads. o prC\.l v :2111! because the requirenl;)enls for mana- Table 2. Equations to calculate the effective teaching fraction {LF), and the concentration and composition of salts in soil

nity” or “sodicity”. This prediction is very impo , s ang

solution or precipitated in the suil, for different equilibrium expected values of total salinity (TS3 and of sodivm adsorp-

gement or reclamation of those two kinds of salt-affected soils are very different. The tion ratio (SAR) in saturation extract (SE), and for different concentrations aml compositions of salts in irrigation waters
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independcnt balance of the different ions permits to predict the accuinulation in soil solu-
tion of sorie elements like Cl-, Na+, etc. which may be toxic lo some crops before the
development of general problems of salinity or sodicity. With the same approach it is
possible to preview the conditions leading Lo more precipitation or dissolution of salts of
limited solubility (Ca and Mg carbonates, and Ca sulfate), and the effects of this on the
leaching requirements to control salinity and sodicity in the soil root zone. This has also
a high practical importance to define the conditions for the application of the concept of
“reduced leaching” (Rhoades et al, 1974}, when it is important to decrease to a minimum
the vo'lume of drainage efluents, without reaching critical salinity levels in the root zone.
Additionaliy, with the model it is possible to predict the characteristics of the drainage
waters, and the possibilities and conditions for their further use in irrigation {Rhoades et
al, 19891, ov for other purposes.

Using the calculated values of L, based on the different critical salinity and sodicity
levels for crops, soils and drainage waters, it is possible to deduce the irrigation (hR) and
drainage (hD) requirements in relation to the water requirements of a crop (hET) in a par-
ticular climate:

DRMET = 1/(1-L) hD/RhET = LA1-L)

Figuie 4 shows how the requirements of irrigation water, and the volume of drainage
water increase wilh increasing values of the leaching fraction. The “effective leaching
fraction™ (LF} may he calculated from L, using a factor (F) for leaching efficiency. In
practice we define this factor as the relation between the salt or sodium concentrations in
the soil saturation cxtract - used to fix the critical levels - and their concentratiom in the
drainage effluents (Pla, 1983). The value of F is generaily less than one, because the lea-
ching water do not usualtly move uniformly through the soil mass, compared te the uni-
form mixing I soil and water in the saturated paste. The lower values of F are generally
found in highly structured clay soils, speciaily if large cracks develop on drying, and irri-
gation 1s applied at large intervals. The higher values of F, close to one, are cominon in
sandy or silly soils, with poor structural development, and when there are used high fre-
quency or continuous irrigation systems.

The requirements of irrigation management {Pla,1988), are mainly derived of the
relations beiween duration (tR) and frequency (tBR) of irrigation, and may be calculated
from the vulues of leaching fraction (L) and intake rate (1) of irrigation waler. The decis-
sion aboul using conventional, high frequency, or continuous (flooding or drip irrigation)
irrigation systems will be based on that value. Figure 5 shows the relations between
tRABR and L. fur different YhET ratios. It may be appreciated that high values of tR/ABR
may be a consequence of high L. This happens when the salinity of irrigalion water is
high nd/or the crop tolerance to salts is low, but also when the I/hET values are very low,
as it happens when there are sodicity effects. When the calculated values of L or tRABR
are higher tiian one it means that the given conditions are impossible to reach.

In ourinodel, the salt balance for the calculation of L is based on average equilibrium
values ot salinity or sodicily to be reached in the root zone. There would be some possi-
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Figure 7. Irrigation (hR) and drainage requirements (hD) for salinity control (EC<8 dS8/min sat. exir)
using walers 11 and 111 {see table 3 and figures 6b and 6cd, in the surface SO cimol o medivm texture soil,

under a dry semi-arid climae.

WATER Source EC neq./liter

ds/m Ca+* Hg+* Ha* HCOa- 504~ Cl
1 Well 2.7 5.6 3.9 19.5 8.7 7.5 11
11 Well 3.1 4.3 6.2 17.0 2.8 3.2 21.
111 River 0.61 4.0 3.1 1.1 1.3 5.3 i.
v Channel 0.28 2.8 a.z 0.7 2.2 0.3 a.
v Well 0.35 1.4 0.5 1.5 2.3 0.3 a.
VS_ __* _____(-'J_. 38 1.8 V 05 ) 1.5 2.3 0.7 0

* Water V with mmmendeent of 35 g. of gypsum pef.;ubi.c"metér of
enough to eliminete the excess of bicarbonates over Cathlg

tion in the Mediterranean Region,

SAR
7 8.9
5 7.4
4 0.6
2 ag.6
9 1.5
4 1.4

sater, just

Table 3. Composition and concentration of salts in some sclected surface and ground waters used for irmiga-
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bilities to reduce temporarily the calculated values of L and hD, when through irrigation
or sowing systermns and practices, the excess of salts remaining in the soil profile are
maintained away from the zone or depth with higher root development. Figures 6a-6f
show suvine of the results of applying the proposed model o some selected waters (Table
3) being used for irrigation in the Mediterranean Region (FAQ,1976; Giraldez y
Cruz, 1973; Martinez,1978). The water II represents a typical example of groundwater
salinized by sea water intrusion. Water Vg is the same water V with addition of an
ammendment of 35 g/m3 of gypsum (Pla,1969) in order to reduce its potential sodicity
effects on the soil. The graphs show the tevels of salinity, sodicity, chlorides, and of Ca
and Mg salts to be reached in soil solution for each effective leaching fraction (LF).
There is also shown the % of salts added with irrigation water, that will precipitate in the
soil as Ca and Mg carbonates and as Ca sulfate, at each LF value. The great differences
among wate;'s may be appreciated. Therefore, the individual analysis of each case in rela-
tion to particular conditions of climate, soils, crops, available water, possibilities and pro-
blems of dininage, etc. would lead to different conclusions about the more convenient
alternatives of irrigation management.

As an example, figure 7 shows what would be the monthly irrigation and drainage
requirements to control salinity in the surface 50cm of a medium texture soil, in a dry
semiarid medilerranean climate. Those requirements were cafcutated both for the water
III, slightly saline, and with a high tendency to precipitate carbonates and gypsum (sce
figure 6¢) at medium soil salinity levels; and for water I, highly salinized by sec waler
intrusion in the aquifer, Under the selected average conditions, the rainfall water would
only help to recdoce the needs of irrigation water to cover crop and drainage requirements,
but it would not provide by itself any water surplusses for effective leaching of salts in
any month of the year. The strong differences among the two irrigation waters demons-
trate how important is to preview those effects, in order to take beforchand the right
decissinas for the use and management of water from coastal aquifers, to prevent their
salinization.

6. Conclusions

The desertification of lands by soil salinizalion processes, which is already atfecting
large areas in the whole World, naturally or through the human influence, is specially a
growing proolem in large arid to semiarid areas of the Mediterranean Region. The pro-
blem hes a tendency to become worse derived from the pressure to extend irrigated are-
as, due lo the great limitations and risks of dryland agricultural production under the pre-
dominar* zlimatic conditions in most of the region. The scarcity of water resources of
good quality.in the region, and the competing use of them for urban and industrial pur-
poses, is leading to the increased use for irrigation of more saline walers, sometimes as
a consequence of the over-explotation and salinization of aquilers, and in some others
due to the use of more or less pre-treated residual waters. In ocassions the drainage
effluents from an irrigated area are, or have to be used again, directly or mixed with other
surface or ground waters, for irrigation or other purposes, including human consumption.
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To mininiize the contaminating effects of those drainage cflluents, many times charge
with salts, but also with residues of fertilizers and pesticides, used in large amounts in th
very inlensive irrigated agriculture, it is important 1o be able 1o precisely calculate th
minimum drainage requirements to reduce those efluents, witliout reaching critical sot
salinity levels,

Generally, the reclamation of sait-affected soils is difficult and very expensive. Thi
is still more complicated when the sources of good quality waters are scarce, and ther.
are possibilities of contamination of waters required for other uses. Therefore, the pre
vention of soil salinization may be preferred to reclamation. The proposed predictiv.
model, has proved to be reasonably good to predict the type and approxink te levels o
soil salinization problems, that would develop under dilferent combinations of the mais
hiydrological and chemical factors and processes involved. It may also be used to caleu
late the requirements, and to deduce the best alternative practices, for irrigation and drai
nage, not only to prevent soil salinization and sodification, bul also to controd some otlie:
related environmental problems. In order 1o facilitate the use ol (he model, and 1o allow
a faster analysis of ail alternatives and their probable effects, it has been developed a P(
computer program based on it.
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SOIL DEGRADATION PROCESSES AND KETHODOLOGY TO EVALUATE
RELEVANT PABAHETIRS .-

1. _Pla Septis .
Universidad Central de Venezuela, Karacay, Venezuela

INTRODUCTORY REMARKS

Soil degradation refers to the reduction in soil quality
jn relation to crop produetivity. It is a complex process in
which several factors, natural and huean induced, contribute
to the loss of productive capacity. Although it is a site
gpecific problem, the effects of soil degradation processes
extend beyond the original site and represent & considerable
cost to society.

The various forms of soil degradation, mainly derived of
the use and managepent given to the land, have become the
pajor canstraint for furthar expansion apd intensification of
agriculture in the whole World, and specially in tropical and
subtropical regions. One of the most widespread and haraful
soil degradation processes, with faster rates in the
increasingly mechanized cropping systems, is physical
degradation, cainly manifested through problems of
compaction, sealing and crusting, and water and wind erosien.
Although the wain foros and processes of soil physical
degrﬁdation are relativelly well known, there are only very
general estimates of the actusl and potentially affected
areas, of the rates and risks of degradation processes, and
of the sccompenying losses of productivity. Therefore, it is
required to develop and test new npethodelogies, at both
laboratory and field levels, to evaluate the actual problems
and to assess the vulnerability of soils te physical
degradation under different clinates, topography, and
npanagepent practices.

Crop yield and sustained productivity have been the
peasurements commonly used to assess land use limitations and
effects of soil degradation, but more quantitative
characterization and prediction of the affected soil phvsical
properties are required. The experimental snmlysis of the
dynamics of so1l degradstion processes and their effect on
crop productivity can be carried out through the instalation
of experimental plots, but on the other end, for diagnostic
purposes, the availability of specific data on semipersanent
spil characteristics may be used to infer the relevant scil
physical properties using statistical models. Kethods should
be developed for use by seil surveyors in doing the required
observations and descriptions of soil horizons. Although
modern indirect technigues like remote sensing, computerized
data processing, and sipulation models, may help in the
required evaluations, they will always require of accurate
direct measurements. Given the large spatial and temporal
variability in most of the so0il physical properties, there
will be reguired many replicate peasurements, with the least
possible variability due to the measuring procedure or device

itself.
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HETHODOLOGICAL PROBLEMS TO EVALUATE SOIL PHYSICAL
DEGRADATION

Universidad Central de Yenczuela, Harscay, Venezusla

INTRODUCTION

$0il degradation is a complex process in which severai
factors contribute to the reduction of its productive
capacity. It represents the most serious limitation for the
production of the future food requirenents of mankind (Brady,
1686). Previous projections of production potentials 1in the
yet unexploited World land reserves in the tropics generally
bave failed becauss the effects of soil degradation were

ignored. Some of the effects of so0il degradation on crop
production have Dbeen partially masked through improved
technological imputs, with increases in environmental

preblems and costs of production.

The processes of soil physical degradatian are mnainly
canifested through problems of compaction, sealing anpd
grusting, and water and wind erosion. [t has seen guestioned
(Dudal, 1973 if the information given by the traditicnal
soil surveys and classification systems 1s suficient to make
interpretations which have adeguate predictive value in
relation to soil physical degradation processes. Hethodology
for an appropilate quantitative characterization and
prediction of the affected soil physical properties, is
required to evaluate the actual problems. and to assess the
vulnerability of soils to different processes of degradation
The measurementes will generally reguire many replications,
both in space and time, due to the common large spatial and
tepporal variability (Marrick and HNielsen, 1880) in soil
physical properties.’ Geostatistical interpolation of these
soil physical variables (van Beurden and Riezebos, 1988 ) may
be therefore & better alternative, than conventicnal methods,
for mapping degradaticn hazards.

The mathods to assess 501l degradation have Deen
clasified (FAC, 1978) as direct observations and
neasurements, remote sensing tachniques, mathematical models,
and parapetric methods.

PROCESSES OF SOIL PHYSICAL DEGRADATIOHN

50il compaction has been ident:ified as orne of the
leading causes of soil physical degradation threatening
future crop productivity World-wide, because 1t has the
potential to affect crop growth and production directly, and
also indirectly increasing the dandger of soil erosion,
water-logging, and/or water runoff. Excessive compaction is
probably more extensive than ever cefcre because cf
increasing use of heavy tillage and harvesting machinery, and

also because of more intensive soil ure. Additionally, large
areas of soils in tropical rainforests have been reported
danaged by compaction due to car:less mechanical land

ciearing procedures.
’ Compaction implies a decrease in volume, or 1ncrease 1in
density, as a soil response to external forces. Therefore,
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the primary effect of soil cowspaction is to reduce pore
volume and to cause a redistribution amongst pore size
groupings. These changes will affect, to & greater or lesser
extent, mir capacity and gaseous exchange, water retention,
nydraulic conductivity, seil  strength, and mechanical
impedance to root growth. Indirectly, it will ulso affect
many scil chemical and biclogical processes. For each crop.
growing stage, scil, and climatic regime, there is an cptimum
level of compaction for maximum crop yield,

The degree of compaction or conpactness, useful to
diagnose root impedance, may be characterized by several
parameters, measured with different, non standardised,
procedures, such as:

Strength - Penetration resistance - Penetrometers

- Scil cores
Porosity - Bulk density - Field excavations
- Surface gammpa-peutron gauge

- Thin sections with dye tracers

- Hercury intrusion porimeter
Si1ze,number. distribution- Scanning electron microscopy
and continuity of pores - Gamma-ray computed tomography

- Mater flow
- Chemical transport

Observation of rooting
patterns

Sampling of raots

The suscept:bility to compaction or compactability will
be useful vo 1dent:fy and characterize soils susceptible to
strength problens, in orcder toc anticipate the required
panagement and potentiml rooting restrictions. It depends on
so1l type, moisture content, and i1nitial compactness, and 1S
frequently determined 1n the laboratery by several, non
standardised methcads, as

Uniaxial cocmpresion Lests

Empirical models, based on soil characteristics, to
predict bulk density (Larson et al, 1986)

Indices of aggregate stability, derived from laboratory
measurements

Regresion equations or theoretical models, with an
empirical approach, to estimate the change in bulk density
and water content, -have been recently proposed: (HcBride,
1989) for soil compactability assessment.

When exposed surface so0i1l aggregates are disintegrated
under the impact of raindrops., the dispersed finer fractions
of soil material are redeposited on the so0il surface in =&
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denser arrangement, or move dounward with percolating water
to fill the soil pores, forming what is called a seal. This
more or less compacted surface layer may drastically reduce
uater infiltration (sealing effsct), causing water-logging.
or runoff in sloped areas. The subsequent drying phase
results on crust fermation, which wnay offer amechanical
resistance to seedling emergence. ASs a consequence, a
degraded surface soil, with low stability to the process of
sealing, not only reduces soll water storage by reducing
water infiltration, but may also increase, specially in
combination with high intensity rainfall, the rate of
arosion, through increased runoff. Poor vyields =may result,
both by poor <¢rop stands due to reduced emergence of
seedlings, or due to shortage of wa:er held in the soil,
and/or limited ameration. Besides st uctural seals and crusts
formed as & result of water drop impact, there are
depositional ones, formed by transport and depesition of fine
particles by surface flow. Due to the degradation process of
sealing, 5011 surface conditions are freguently more
important than underlying soil permeability for ipnfiltration
of water from short-term concentrated rainfall events.

Simuiation of so1l sealing and c¢rusting is generally
done with the wuse of rainfall sipulators, to study their
effects on infiltration, runoff, and seedling emergence, both
at laboratory and field levels. From these values there have
been developed indices «f sealing (Pla, 1985) and crusting.
The differences in sealing and crusting susceptibility among
soils, may also be evaluated this way Crust strength 1n
relation to emergence of seedlings nas been estimated with
the moaulus of rupture test. and with mechanical probes and
pPenetrometers. Subsequent mnicramorphelogical studies, using
thin sections and scanning electron micrographs, may help to
a better understanding of the processes of seal and crust
forzation.

Removal of topsaoil, wihether by erosiocn or by levelling
or terrace construction, 1s a process of so1l physical
degradation generally resulting in reduced crop productivity.
Loss of plant nutrients, reduced water ralding capac:ity, and
lower stability of surface soil structure, are the main
causes. GSoil erodibility 1s a quantitative measure of the
inherent susceptibility to erosion by water or wind. The main
approaches for the determinatiecn of so1i erodibility by water
are:

Long term measurements o soil less under natural
rainfall

Soil loss measurements under simulated rainfall

Use of predictive regression equations based on easily
measured soil parameters

The best laboratory based indices are the cones that give
more weight to dynamic so0il properties relevant to the
erosion process, like the =scil’'s resistance to raindrop
inpact and surface flow. Empirical erodibility values, to be
used in the so called Universal Soil Loss Equation (USLE)
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(Wischoeier and Smith, 1878), have generaly been derived from
the resulfs of the three approaches. Recently, more
process-based podels are being developed to improve the
empirical USLE wmodel, . providing a nore quantitative
understanding of soil susceptibility to erosion.

METODOLOGICAL PROBLEMS AHD REQUIBREMENTS

One of the present wpethodological problens to assess
s0il degradation Pprocesses is that.still many soil physical
properties assgciated with the development or .recovery of
degradation are imprecisely defined and not -wcompletealy
understood. Therefore, they cannot be properly qamntified,
and nuch less used for precise calculations and predictioms.

Most of the methods presently available to measers soil
physical paraneters, related- to the effect of degradation
processes on root developpent, are not fully adequate for
such purpose. because they were initially developed far
engineering tests. Therefore, direct observations “of the
patterns of reot development should be the focus of most
studies, together with the peasured indirect indicators of
soil quality. MHoreover, the -measurements of soil physical
properties and observations of root patterns have little
value unless the impact of those canditions on the yisld of
the crop can be determaned

The methods and techniques applicable for ptedicting
soil physical behaviour under field conditions should allow
simple and darect measurements based on comprehensive
physical relations, and should take into consideration the
dynamic aspect of the sgil physical properties, specially the
ones depending on soll structure. These properties should be
also quantified in terms of the dynamic action of root
growth. The forces applied in the laboratcry may attempt to
simulate those found in the field under natural or eropped
conditions. However, with the appropiate <c¢alibration and
validation under field conditions, the laboratory methods mnay
provide very useful information for diagnostic purposes,and
for guiding managepent practices to prevent degradation
processes. In any case, the choice of conditions for the
measurement of soil physical properties under laboratory or
field conditions will be largely determined by the purpose of
the test. A full standardisation of the methodolegy is not
possible, because the method used should be in any case
relevant to the objectives of the study

Although some basic studies of scil physical properties
associated with the processes and effects of degradation make
use of sophisticated means, there is an urgent need for more
rapid, simple, and inexpensive field and laboratory nethods
and tools, so that many replicate measuremnents can be made on
each soil wunit =and management conditions, taking into
consideration the strong spatial variability of seil physical
properties, Considering that the root system only occupiss a
very suall fraction of the s0il voluome, the size of the
sapples has =also tao take  into accoupnt such variability.
Because of the- strong- dependence of nost soil -physical
properties on scil water content, it is =$sential thet under
field conditions, accursate neasurements and Tecords of
moisture be made at the same time.
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Simulation models may be very useful to Ppredict long
term effects of 'degradation -processes, which would be
inposible to obtain by wmonitoring due to economical and
practical linitations. They: are used both to provide
information about the expected effects of new soil management
practices, and for rational - planning of short-ternm field
experiments. The feasibility and validity of
computer-sigpulation nodels ‘for defining soil-water regimes
and associated gualities such as moisture deficits, aeration
status, and workability, has Dbeen denostrated in several
studies (Pla, 1988; Wdésten and Bouma, 1985; Jacobsen and
Dexter, 19887). They incorporate peasured physical properties
and rooting depths, for different climates and soil physical
conditions, representative, or product of different soil
management practices and degradation processes.
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