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L he Influence of Subsoil
;-\(‘i(lilf\' on Crop Yield
Potential™®

Edited by Davial R, Boulding

SUNMMARY

Experiments in Braziliand Puerto Rico on hichlvweathered. acid soils
demonstrite that subsoil actdity limits crop yields even when the plow
aver is adequarcly limed. "This limitaton is probably the result of inhib-
tion ol roor probiferation in the subsoil; and, consequently, the water
storved in the subsoil s unavailable to craps. Fhis subsoil wateris essential
to crops, because several consecutive days without rain are common
CUNINTINOSE ZrOWINE Ssedsols

Limitations imposed by subisoil deidite can be minimized as follows:

« by selecting lor immediate development those areas where subsoil
aciciry s EI'.i\i SV

+ by selecting locations where rainfall cistribution and sotl-witer ston -
dage capacity will minimize dependence of crops on sabsoil water;

+ by selecting crops that are tolerant ol subsoil acicity:

* by selecting cultivars with appropriate length of growing scason,
which. with proper nlanting date.iisolten avoid the periods when
IMOISture stress is most likely tevaccur:

© by incorporating lime as deeply as economcally feasible:

» by waiting unril the effedt of surface-applied lime has leached into
acid subsoils 1o promote root growth: this has occurred within 2 10 5 veurs
i croppedisoils with limited amounts of Al where ordinars superphos-
phate and mtrogen fertilizer were userd,

“Ehis sty was supported in part by the United States Ageney for Diternationa) Develop-
ment (AID dnder rescarch contracts with Cornell 1 versity, esd 20000 e LLOA, aned
t-cs L and with Noreh Caroling State University, csd 2806 aned 1a-c- 1246,

Professar, Department ol Agronomsy, New York Stite College of Agriculture and Lile
Selences, Cornell University, Ithaca, N2 Y




Table 1. Chemical properttes of hghlv weather
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Pucnto Rico, Ghana, and Colombia

Sead designotym Depith ap Fxchangeahiv ratioms pH
artd foetion -:.’mﬁl» Sand Sl ¢l [ \ e
O My N Al i H.00 KCi
o pereent i 11 .
Larossola Vermelho- - 1o 3ty Ia i I~ 2] () 10 IR 24 4.4 1.2
Escuro: Planaltma, - 34n RR &L i~ 1.2 [ERIH e 005 2.4 2.2 4.8 4.3
DoFL Brasil 25T 4 1= 7 O aoh o IXIR} 1.6 1.8 14 42
o150 4h i= 17 7 hin 0 i)t} [ ) H AL 4.4
Latossolo Vermelhio® 0§22 2N 27 th I 0134 [T [ANTES 1N 201 51 4.2
Amarelo: Planalim, 1230 2, 30 it 11 DN (1Y 005 i1 16 Hu 1.4
b F Brasl RITRE Y} 25 u7 = g o7 0.2 a3 06 [ 320 4
G- x5 ke RN AR (o~ 0= [F I 0.0 5} (B 1.4 4.9
Catalina clay:# t 1= H IR [ 0.3 0 Tt 3.1 1.3
Torreditlas, Puerio 3 IR =~ 1. (IR B .4 (1! 0.7 27 $.8 1.2
Rice tS53UPR- 1.7y H ] N e o]y 1.6 0] 0.7 2 Ly 1.2
N 20 h 0o [IRIRN [0 — 1.3 RO 5.0 1.0
Humatas a2 ’i du 2388 1y (TN Rt 0.4 1.0 N3 4.6 3.4
Oeste SCD. Puerng 2 Us HY 2o {21 45 01 R HXT] 1.7 3.7
Rices (SHIPR-%-1; 3 B H3 [ (R0 3.7 ] R .4 ty 3.8
6O 118 AN 0.6 007 16 0o 0 N7 X1 R
1l 0 k1t 04 0 1o (L (O 0.3 1.9 RIS
Cartmagua, Colombiat - - - Al 0.5 0.1 3 4o 1R 3
- — 1.7 - 04 0. 3.9 3.6 4.7 3.6
224 - — — 11 - 0.3 0.1 1.9 2.4 1.4 3.8
16— 132 - - 0.6 - 0.2 [T 0.6 (IRt] R £l
Kumst series,y -7 H 13 27 1.6 20 N 1 41
Kwadino Central 71} 6 4 15 11 07 1.1 0.1 1.6
Station, Ghana - 48 i I 25 .45 (1 7 .04 R
2546 13 1 45 (6 [T 7 005 1.7
LA ) B RN I8 B () [ A 0.0} 3.1

Soure eN

TS0 Conservation Serviee, 1G6HT

“Equipe de Pedolom, e Feralitade do Solo, tass

sGuertero- Munoz, 1971

S5cil Research Tnstitate, unpubhshed data.



INTRODUCTION

Fhe objecuve oi this paperis to describe some ofthe soil-water—crop
problems that were encounterved by researchers in Puerto Rico on Oxisols
ane Ulnsols and wy Brazil on Oxisols and 1o suggest some important
management practices and consequences tor highly weathered soils in
other areas 5 the tropics,

inthe veapics, several hundred million heetares of soils have the follow-
g charattenstics: they are well drained, highly weathered, and reason-
ably leveltthey have savannahi-tyvpe vegetatuon; and during 5 €5 7 months
ol the vear, precipitation is sufficient for ¢ rop production. T'hese soils are
not extensively used tor growing crops primanly Eecause fertility is low
and zcicity high, espectally in the =absoill Furihermore, the levels of
available nutrients are not only depleted, but thé soils contiin no primary
mineralsand, hence, no appreciable reserves of calcium (Ca), magnesium
(Mg), and potassium (K) to be released by weathering, Fsenifa Crop were
found that would yvield reasonably well on the nutridnes native to these
solls, removal of a few crops would dep.ete the Ga, Mg, and K.

Sustained production of high vields of food-grain crops such as maize,
beans, rice, and sorghum on these sotls of the humid and subhumid
tropics requires addition ol imeor tertilizers, or both, to supply moss /of
the nutrient elements' required by crops, clowever, these soil amead
ments may not eliminate all soill problems: i many eases, soil-witer — ¢ ron
relatonshipswill have an important inflieace on repvields: Adams etal,
(1967 ) studied the éllect of varationan s pridan cotton yields when
the plow layer was adjusted o approximately pH 6.0 Results showed
reduced cotton vields when subsol pH was below about 5. They also
tound that cotton roots did not proliferate mto the acid subsoils (below
pHE5) and did not fully use the water in the subsoil unless the pH was
above 5, even during a 17-daV period without rain, These CXPeriments
demonstrated that subsoil acidity restricted cotton root growth in the
subsoll, even it the plow layer was adrquately limed, and that use ol
subsoll water was restricted when subsénl pll was below 5 Presumably,
vields were reduced during vears of uneven raintall distribution when the
water storage capacity of the limed layer was insurhicient 1o supply tran-
spitation needs of the plants.

I'he Ultisols and Oxisols at the expertmental sites in Brazil and Puerto
Riccowere largely depleted of exchianzseable basie cations and were very
acud toa depth ol several meters (table 1), In early experiments, the plow
layer (15 cm) was adequately limed and fertilized to supply the neressany
mineral nutrients, These expesiments were conducted during the rainy
season, and the crops were not irrigated, Initial rop responseindicated
that subsoil acidiy limited the capacity ol the soil to supply water {o
acid-intolerant crops, Crops wilted alterarelatively few days vathout rain,
and rooting depth was restricted, even though no physical baxriers were
evident. Consequently, subsequent experiment!““ocused on disribution
ob precipitation during the rainy season, the waler-holding capaciy of the




soil, and the effedts of acidhity on taoting ol crops,

Included in the experimments were studies of the wate relationships i
Oxisols and Ultisols in Puerio Rico and Braszil the probability distribution
of consecutnv e rainless din s in Brazilaned the o e obdepth of liming on
crop vields in Brazil wned Pucrio Rico,

SOIL WATER RELATIONSIHIPS

The details of the tollowing procedures wnd results on sorl wane reli-
tionships lave heen published elsewhere CWoll, 1975 Waoll il Dirosdatt,
1976, 1976h). Bricty, the procedune imvolved mstathing tensnog e ters
the freld, flooding the area around them, and cosenmgan with plastic 1
prevent water loss by cvaporation. Peviodicaliv, sond Saples were tihen
tor gravimentic water determinations, ol tenstometer veadinus were
made, Afer several diavs. prs were dug, and andisturbed samples were
taken forbulk density measurements and for e pressure-plate studies
in the laboratory. Soil water contents UPpTo e har renstion were toeisig ed
on undisturbed cores. Soil water contenis between Y and 15 hars were
measured on disturbed samplos,

Draimage rate and soil moisture tension in an Oxisol from Brazil are
Hlustrated in e T Soil noisture tension increascd to 100 water
(1710 bary atier two davs, while percolation rate diminished 1o dess than -

[
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Figure 1. Soil moisture tension it 30-cm depth and percolirion rate at 60-cm depth plotted
against days atter flooding tor Latossolo Vermelho Fac uro, Planalting, Brazil (Wolf, 1475,
Bandy, 1976).
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min /Aday. Bandy (1976) reported evapotranspiration rates of 6 mm/Zday
durimg the rainy season‘in Brazil, a value 50 percent greater than the
percolation vate at 1210 bar Percolation rate decreased at higher tensions
and became insignificantin relation to evapotranspiration. Consequently,
water'loss at tensions greater than 1210 barin cropped soil would be
primarily due to evapotranspiration.

Defimnons ol field capacity are somewhatarbitrary, A common proce-
dure forestimating available waier is to define field capaeity as Us harand
to define the water content between Yand 15 bars as “available®, Maclean
and Yager (1972) detined held capacity as the water content following 48
hours ot drainage. While working in Zambia, they found that, in most
sotls, tensions between /10 and 1720 bar resulied after 48 hours ol
dramage, and estumates calculated in the common procedure underesti-
mated by 35 percentavailable water measurved directly in the field. Figure
2llustrates data on cumulative water removal from 30 ¢m of soil with
increasing tension for Oxisols from Brazil and Puerto Rico and an Ultisol
trom Puerto Rico. It mdicates that in sonme soils an appreciable amount of
water may be held i tenston ranges less than 14 bar, Consequently, we
tound that the usual caleulation rprocedures underestimate available
water and that some alternatiye such as that of Maclean and Yager is
needed. Clearly, the measurenient of field capacity is best made in the
held, and the Vi-bar value measured in the laboratory is likely to be
misleading.

17310 |ty
I by 15 bars
Latassalo Vermeltho Excur

PEANALTINA, BRAZILL

l Leatossolo Vermelhio Amareli
PLANALTINA, BRAZTL

Cataling clay

PUERTO RICO

Hiuomtas o lay
PUERICRICO

‘— ) Bayamaon loams sand
! PUERTO RICO

1 1 A 1 - 1
( | 2 & 1 5 1]

CMOF HyO REMOVED PER 30 CM OF SOII

Figure 2, Wal<r removalfrom soilsin Braziland Puerta Rico versusincreasing soill moisture
tensions (Woll, 075, Woll and Drosdofl, 1976h)




RAINFALL DISTRIB UTION

Short-term drovghis commonly occur during the rainy scason and
cause decreased crop yields. Weather records were examined 1o deter-
mine rainfail distribuio, (g %) and o identify the frequency and dura-
tion of rainless periods (table 2). On the basis ol averages over 42 vears,
several consecutive davs without rain are lkely cach vear, and hence
plante must rely on water stored in the soil. Soil depths (initially at field
capacity) required 1o supply Cvapotranspiration ai 6 min/day were caleu-
lated (from iz, 2) for two soils and are presented in table 2. [ hese soil
depths (table 9) indiciute liming depihs required to avoid waer deheits in
Crops sensitive 1o soil o idity.

RISIVE o ~
.
200 N
E‘ ———-—-—-—--———————___ﬁ.._~...__— FI
-? Hmnm day
7z
= TS p=
-
=
: |
S 1) N b | i M \
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7
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SR S ~t ———Lfk1
= Hamm o day
-
= |
5 ) N ] | I M A

Figure 3. Histograns of monthhy ay crages ol ot ramfball ovey 42 vearsitop) and as 10-day
average totals (bottonn for Byl (CPAC, 1476,

8



.:;I,I. 1yl I['.{II-'It'nl (8] |LIIIEI\.Ii

Ive ciys without vain

{ F ()t [} freaciey
i fng
\ Vi / Clidlii \
! H Puerto It
. t i 26
0 AL 0 49
: 1 (W18} Ho i3
- i [\ T il Nl

YIELDS OF CROPS AS INFLUENCED BY
DEPTH OF LIMING

Concurrently with the studies deseribed in the preceding sections, crop
vield responses to depth of liming were being measured in Brasilia and
Puerto Rico. Fhe results of four cropping seasons on the Latossolo Ver-
melho Escuro (LVE) at Brasilia aré summarized in ligure 4 (CPAC, 1976).

: 0

7 ° S mmmm e

Y ./ - ! I

= / 7/

-~ ar 7\

p o /,

= /
/

o \/

2 JuE

Z

=

- 1 | 1 J

S R | p

FIME APPLIED IS TUT2 (tons A da)

Figured, Cumulatve graim vields ol 4 consecut s« tops (3 corn & L sorghumy on the LVE
sollat Flanaluna, Braal, plotred agamse amounts of lime applied before first crop wa
planted a0 19720 Line wis incor poraed eithier 0= 15 e or 0= 30 o deep (CPAC 1UT0H)
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These results ilustrate that during the first three Cropping s&4sons, in-
corporation ol lime to 30 ¢ resulted in higher yields than Inerrporation
ol lime to 15 cm, Presumably, this effect was a consequencd,of deeper
rooting, which allowed access to more available water (Gonzalez, 1976,
Biandy (1975) studied the influence olliming depth on water use in this
soil and showed higher water stress in plants growing on soil limed 1o 15
¢ thanin those growing on soil limed 1o %0 cm (hg. 5). Two varieties of
maize grown on plotsol FHumatas ¢y (Ultisol) in Puerto Rico were limen
t varying depths (Perez-Escolay of al., 1978). The results (table 3) were
similar to those with thie LVE in Brazil. Yieldsancreased as the depth of
liming was increased: presumably, the roots wilre better able (o use the
subsoil water,

The limiting effects of shallow liming were not persistent in the exper-
iments in Brazil, as illustvated in ligure 6, where yields of grain Crops
and 6 are shown. The differences caused by depth of liming have largely
disappeared. The soil data (hg. 7) illustrate that percentage of aluminum
saturation of the 15— 30-cm layer decreased withtime when the lime was
mitially mixed only in the 0= 15-cm layer (CPAC, 1976). Thus, the initial
ditferences in alnminum content bet ween the 0—15-cim and 15=30-cm
layers have largely disappeared, and, presumably, the barrier to use of
subsoilieater has also been reduced,

Table 3. Yields of maize
O on Humatas clay limed
I: tirl ':"' Lone ® LO Varions lfl‘ll”l\‘
91 (<5 rin) —_— e —
Defith of Yield if
ik g Lram

:-f 1ol: cm t/ha
57 0 5.0
= |’k Devpi Lt 20 6.4
= (0=30 cmi 40 6.8
7 17 60) Tt
e /
S p Source, Perez-Escola
S0k ctal, 1978,
& Allplots disturbed 1o
55 ) ks Gl ¢,
= /
:; 1S
= I.‘FL 1 1 | 1 1 | ]

h (i 7 S 8] 1) 11 12

DAYS SINCE LAST RAIN J

Figure 5. Elfect ofdepth ol liming on the leal waten potental for corn (third leal (rom top)
taken during a period without rain (Febi27 —Mar 17, 1975) on LVE soil at Planaltina, Brazil,
1974- 1975 rainy season (Bandy, 1076),
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Figure 6. Grain vields'of crops 5 ahd 6 (mmzedon LV sotlat Plaalting, Brazil, plotted
st amount ot imeapohsd before [ teropwis plantedin 1972 Lime was incorporated
either 1541 =30 cm deep 1976}
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Figure 7. Pergentage of aluminum saturation of soil samples taken at 2 depths following

cach of 4 crops on the LVE soil at Planalting, Brazl, Lime wis apphicd before the frst crop
was planted and incorporated either 0= 15 cm or 0=3%0 cm deep, Numbers o thetight of
lines artttons of lime applicd in 1972 (CPAC, 1076)




Inother experiments in Brazil, Ritchey etal. (1978) found that afier 3
to 5 years of cropping, subsoil acidity haed been reduced under o wide
range of treatments. Although the optimum conditions have vet 1o be
determined, additions of fertilizes nitrogen, potassiun hloride, and
ordinary superphosphate (which contains large amounts of CaSO),) en-
hance the downward movesment of the ameliorating ettecs of lime, Gon-
zalez (1976) reporis a case in Brazil where lime was applicd w plots of
Stxlosanthes, hut appreciable influence of time was fomnd mudh bevond
the depth ot application, presumably becase no amendments were made
which furnished anions necessary for leaching of the amehorating effecrs
of lime.

Another aspect of subsoil acdiny s illastriaed i figure 8, from an
experiment in Puerto Rico on a Catading cly with properties similar 1o
those shown in table 1 (Waliab ¢ al.. F976). During the growing season,
mittze (variety Pioneer N-306) in unrrrigated plots reduced soil water 1o
the wilting pomit 1o a depth of 120 cons Uhis ilfustrates tht roots can use
water i fairly acid subsoils and that rather smadl chatges in subsoil
chemistrs may sutfice toappreciablv inerease a plant's ability 16 use water.,
Unfortunarels, because we do nog v e understand the tunctional 1 el tion-
ships between root growth and soil chemical characteristios, we cannot
define with predision where roo growth will he adequane,

Pan esaporanon, om ; : , -
Precipitation, cm = I =
Date -4 -~ - - L
Or g . N | |
L | Lo
ol S ! Voo
_’()'r“, ; | I “ !
ey | i F
= H)‘.l i | ’ ' |
- ! | [ !
- . !
= by ) / . i
Tkt e |
e L [
= | e r
sofl - E :
ry i
IR ’ . .
i oo ) .
| e
| RN ._._L-_,,_L.___+-._._L_.--..+... el
e o : | K ) / h |5
SO NMOISEURE I ENSTON, hars

Figure 8. Soil moisne temion plotted againat e whof Catihng clay at different times

L4 I 5 I v ' !
duting corn growth. Noumbers at top o graphare camulative ainounts of precpitation and
Pt evaporation between samplings (Wahab et al., 1976,
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IMPLICATIONS

Fhe data indicate that subsoil acidity can i deed impose hnitations on
vrelds Yield imitatons primarily resulted from water deficits which ATOSe
trom msuthcient storage in the limed laver and [rom roots that were
iadequately proliterated to fully use water stored in the subsoilonce the
imed layverwas depleted of water, ( onsequently, the plants sulfered (L om
water deficits. Deep liming (1o 30 ¢m) ameliorated 1o some extent the
cltect ot long periods without rain. Leaching of the ameliorating effects
ofclime was suthaentls rapid that atter 3 1o 5 vears at Planalting, litle
ditference was apparent between lime applications mnitially mixed to 15
cim or 30 cm.a;

Fhe Oxisols and Ulisols studied in Puerto Rico and Brazil are rep-
resentative ot the ht_;,-h]\ weathered sotls of the wet —dry ;'.'n|lit'si|l.![ul\c'l'
an area ot several hundred million hectares. As now used, this area
producesa very small amount of human food. Intensitying food produc-
tonin much of the area will require rather ra:lical ¢ harges in land use.
some cases will demand substantial investment 4, not oy in soll amend-
ments butalso in infrastructure. Large number ol peonlewill immigrate,
and cropping systems will have to be developed wichout the benefit of
long-term tarming i a given area. Inoa shact Hme, agronomisis must
assess the virtually infinite set of potental tood produ, ‘tion systems and,
on the basis of current knowledge, select relatively fe\ Y for further re-
search and nic'\'t'[rn}mn'rlt. |

We have demonstrated that subsoil acidirs tposes hefits on yields and,
hence, return oninvestments, However. subsoil acidity need novseriously
testrict developmentof the area so long as the nature of the limhations is
understood. Probably, the major restrictions are increased development
costs and delaved returns on the initial investment. Additional research
mity recuce these effects,

[he small sample of sups presented here can hardly be ty picalulall the
solls and climates in the vast areas where undeveloped and underused
Oxisols and Ultisols occur, but the results have important implications
about the Kinds of data that would'be useful in nvestigating the potential
tor development of other C..isols and Ultisols. First, some measurs of
average rainfall and its temporal and spacial distribution 1s needed.
Clearly, the eftects of subsoil acidity will be less serious where vaintall is
more unitormly distributed. The probability of there being severil con-
secutive wdays (without rain varies scasonally. For example, during the
rainy season it Brazil, 2 long period without rain is most likels LO OCCUT
trom mid-December to mid-=February, With this information, planting
diates and maturity dates of crops can be selected so that a period of crop
growth very sensitive to drought is not likely to coincide with periods
without rain “5econd, the water storage capacity of the plow layer may
vary andfas the water storage capacity increases, the need for Lsing
subsoil water decreases. Third, the acidity of the subsoil may vary, and
hence the rate of root growth and the fraction of subsoil water that plants
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can use witl undoubtediv viny among ditterent soils,
The vesultsim figmres Gand 7 show than the amchorating effeas ot Jime
are leached downward vather vapidhy, especially an ingh rates of applici-

la]
subsotlaciding by leaching s fairh slow process. However the Inllowing

ton. Our temperate-region expericnce suguesis that amelioration of

ports regarding subsoii water aie of major mmportnee: subsoil Chenns-
ey needs to be changed anlv o the extent necessany 1o get 1oot aranth;
the amonn ot colonmm requied for root growth is Jow ;e haneeable Alis
the nigor acdic constment that must he neuteadized: onh partol the total
exchangeable AL veeds o be newalized in order 1o obtain vood oot
penetration: the solstudied i Brazd contams avelaiv el soadlamount of
exchangeable Aland. hence, nenrahzmg only o sovadl amonnt of this A
andoradding asmallamount ol Caowill insure reasonabile root profifera-
tion m the subsonl, Thos, the tequuernents for amchoranre the adverse
cliears of subsotl aading oncsonds sl to the TVE at Phinadting are o
apply gencrous amounts of Tane to the plow faver aned 1o ceptieduced
vields for a tew vears ann! the subsoil aciding has been ameliorated by
leachimg,

Because the quannn of neutradizing agent and Ca leached from the
limed ple o Enver 1o the sabsonl s mdenendent of the concemration of Al
i the subsoil, the amehorating eftea of leaching will be nioss rapid in
those soils with ssmadl amoum of exchangeable AL Table T -danws that a
vather long e would he vequired to nentralize the subsanl aciudit inhe
Humatas because of the mach inger amouns of Al present in die subsare
face horzons,

An addmional remedy s 1o seled crops iolerant of subsorl aciding, OF
course, using crops that tolerate soil aodits cannor, in the fong run,
abviate the need for amendments, becanse the reseryves of caloinm, mig-
nesium, and potassioime and probably phosphorus are o meager that
removing tew crops will entirely deplete ithe avanlable torms ot these
nunents i most Oxisols, However o the oatent that they are as ailable,
crops tolerant of subsoill aodin can presumabhc tap the sabsotl water
while etbaently usme amendments added 1o the plow Taver, Actve re-
searchnto crop vanenes that tolerate acidin nan develop sutable vari-
cties of many ctops m the near Puare,

Entirely saostactony procedures ton assessing the abthie of plams o use
subsoill water are not availabie, Fhe parameters most mportantto growth
oi plantroors ave not cleatdy detimed., but they inchade pHL exchangeuable
Al content, KCEextiacable Al as a percenttage ot the sum ol KCL-
extractable cations, soll solution and. o1 exchangeable Ca,and pereentage
base situranon (G My Kevt ressed as pereent e of bise exchange
capacity measured by neateal normal ammonium acetate). Usaath, any
one ol these parameters will be correlated with rates of root groweh as a
given soil is limed:; however, the relationship usually varies among soils
and, hence, nosingle parameter seenisentireh satislactory. Roots are able
to-use subsotl water 1o the extent that they e able 1o penctiate and
proliferate in the subsoil; however, fairh snadl difterences in acidity
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parametcrs may coysiderably change the ability of roots to use subsaoil
water For these reasons, the usual procedures designed to estimate line
requirements or the need 1o apply lime are not necessartly appropriate.

In further considering subsoil acidity, not only must we learn how to
estimate root growth parameters from soil analyses, but we must also
calibrate these parameters against virieties and SPECIEs, SONIC VITIeHies o1
speciermight use subsoil water ata specific location, whercas others would
not. I'ne currvent limited state ol knowledge suggests that plants respond
- many different ways to soil acidity, and we are far from a complete
unzerstanding or universal solution.

Another alternative s to use supplementary irrigation during dry
periods. Installing facilities for irrigation is not necessarily unreasonable.
atleast in some areas. For example, in the area near Planaltina, Brazil.
cnough stream water is availale during the dry season toirrigate 2 1o
percent of the land area. Relatively simple delivery systems are the solu-
tion in many cases. Irrigation could be used torintensive crop production
ona vear-round basis and also when natural raintall is inadequate during
the rainv season,

Whereas this paper has emphasized use of subsoil water, use ol subsoil
nutrients must also be considered. The concentrations of nutrients in
subsotls vary among soils and [requently are not inconsequential, Addi-
tionally, leaching of nutrients such as potassium and nitrate from the
plowed layer is likely to be appreciable, Conservation dictates that
nutrients should be used whenever they are available and that root pro-
literation in the subsoil should be adequate to allow forr use of these
nutrients,
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