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ABSTRACT
 

Water and Nutrient Management With Drip Irritation 

in
 

Highly Weathered Soils of the Tronics. 

John Ching-Win Ken,, Ph.D.
 

Cornell University, 1978
 

Lab,)ratory studje:' of irrofile water movement from line souroc wer. 

conducted using one ,'layey Oxisol an- one sand, ()xJ,;ol. FPjnct Ion-i 

relationships hetween water appi ication ites and ;erti!cal /horizontal 

advances wer( est abi ished. In both finer and coarser textured srils, 

the horizontal advance tended to anproach tro a limit with rroloned 

time, while a linear relationshin was found between the vertical ud

vance and the ::luare root o' time. HivhoramlicatiJn rates resulted 

in further lateral water movement and shallower downward movement. 

P distrihbition, together with water movement, was als;o examined 

in the laboratory in both sandy and clayey soils. High P cnneritrat oiu 

tion was observed in the vicinity of the water ;,jurce in bnth soils under 

various water application rates. P moved as far as O cm from the 

apniication point in the sandy soil nrofile, but no significant P 

movement was noticell in the clayey Oxisol.
 

Based on the laboratory results, a drip irrigation system was
 

designed for the field experiment to study the feasibility and opera

tional techniques of drin irrigation and fertilization in a tropical
 

acid soils (Coto Clay) area. Sweet pepper (Blanco de Pais variety)
 



was the test crop. A randomized complete block field experimental
 

design was chosen to compare three diHferent fertilization techniques.
 

In addition to the check plot, the" three other treatments were: ferti

gation (drip applicatiun of N and K, bandel P); handed N, P, and K;
 

and broadcast N, P, and K. All treatments but the control nlot received
 

the sFame total 
amount of fertilizer and the whole experimental area
 

was uniformly drip irrigated. The fertigation treatment and the banded
 

in the highest yield, anJ therefore, are
fertilizer treatment resulted 


considered more desirfible. 

The dri methrid recommended in the this thesis is a ter'hnique de

veloned under i gonuine tr!ical environmeht. enerally sneaking, the 

drin method is f'easible and may be profitable for certain crops in the 

tropics. However, results of the root, system develonment, and ferti

lizer distribution under field conditions suggested that detailed studies 

-
on dri, discharg rates and irrigation and ertilizer schedules are 

needed in order to modify and standardize the drin .;vstem onerations. 
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CIrA7T1R (IF: INTRODUCTION 

I-I The Progresi; cf Drin Irriration 

Drin (Triokle) irrifiat.in is f reLatively recent technique in which 

water ant I/or Ier:, 'tre I,'t,anni led zoIe',rti Ii r ly t, ti,. T I ant 's root 

at a high fre,.1if-r. F. is based on the -on,'erl tjet optimum niant per

ormance may bf- rf-alized thr,,ugh preventinr, moisture istress by Yaintain

ir, fav,)rabi , soil rnoisture eonditions in the r !;t :.one. Because of the 

1,)w ,r er!iAOn,,til nressnure (:l1Si]]y 30 nsi or less') .nd .low .isch rge rate, 

,iri p irr igati ul toes n ,,t ne-ed high energy inputs and bosses from sirfa,,e 

runf r i:;ner 1li i h e( an i :;or 'are evaporat ion i-;re'ife 1. 

'I'lrefore, i rr igition effioi-nry could he as ilth as 90i or above. 

A rf'oent. world wi to drir irrivation survey sho)ws that , at the presont 

t.ime, about, '1,000 acres are irrigated by this method outsidP the U.S. 

It is (-!t imated that by 1qF.9 the to(tal area under drin) irrigation wi I I 

x, 0-,,000 Inithe States , "2 jOr-xnandt,, t, tores. lnited annroximately , 

acr,:; ar, n,w unider tri, irri gation and it is estimated that by 1980 the 

otintal expanl 217,000 acres (Gustafson, 107h). There are twowill to 

doz.n or more systoms that are commercially available in the U.S. today 

(Davis, 1()71)) . 

Previous; research indicated that drin irrigation has a number of 

n,,terntial advantaies in addition to more efficiency water use. Denending 

on the c'on, soil conlitions and tyne of system, there should be a reduc

tion in labor, less erosion on sloping lands, higher yields with saline 

water, dry soil surface between rows, easing ol' field onerations, reduc

tion of weed frowl.h, more efficient application of plant nutrients through 

irrigation water and elimination of ground water pollution. 

1
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The acolumulation ()f knowledgbe and exne-ienee with the drin irrigation 

techniques has Iel sci,,nt istr al growers t some mo,re ex.itinp thinking. 

With ainnroin'iate ,.nder:;tandinr of the s11] nrorerLio:- nd sosoi[ moi stt r 

movement pattern, thi exact amount of ,hemie Ius, sue'h as htr'Li ides. and 

neratocides, may he ad il throuKh a ir pi sv:ten 10, a le-i red time to modify 

" the ecology o the root .one. ''his implies that drin t11e hni ques may not. 

',niy be used i:l an irriga t-ion tnd ferl iIi ati,ii nr ers li1t 'tlso be u.:scd 

ror pIant protection, weed contrl ani other so i di-Iinfrection rurno es 

Uzard, (197h). It is safe to assume that the dawn -)f a new eri," of agricul

tural technoiofry is in sight. by using tip irriigat. ion techniques. 

T-2 Potential o' i)rip [rrhiration in Agricultur l Dovol opment in the 

Troni e' 

To a large oxtent, Ulti: l s ard 'ixisol s arid c e , e renlatel so i Is 

oredominate in the potent ially arable areas ofr th, tropics not y-,t. nder 

cultivation. These are high in sesqui oxides arid kol)]in[te aol reinted 

Play minerals. Characteristically, Oxisols have low cat ion exchuanige 

capaoities, aLn, low nutrient holding powers. The usuaLl 1Y hich rainftll 

intensities -revailing during the wet season in ,iost tronioal areas 

demand special management of plant nutrients for intensive nroduction of 

most food erons. 

With repsect to the hydraulic properties of" Oxisols of" Puerto Rico, 

Wolf an'] Drosdoff, (197)1) reported relatively hi!Th permeability and low 

available water holding canacities. Wolf, (1975) and Iruntel, (197') 

repor'ted similar findings for several Oxisols in Cpntrai Brazil. Periodic 

drought can occur even during the rainy season requiring supplemental 



irritat~ion in most areas of the troTmics for stable cron production. 

The water-nutrient management nroblem may be studied Jointly by usin7 

drip irrigation1. WOudt, ( 19(,9) noirit.ed to the notential importance of 

drin irrigation techniques in ood rir,,luction in the tronics. However, 

work or the at p1icatiC)n of drip irriga ion in tr-rical areasa, es;pecially 

on Oxi.so] ;S, har ben scant. There is no 1nforati,-)n iil 'le literature 

with respect t,,combine, water arid nutrient maiiaigement on Oxi:sols using, 

Irin techniques. 

The fol l witw, 'tre consilered to be advantiges nf trip irrigatir; 

[varticil lrl / ill )xJr,,Is: 

1. With drip irriration, it is no longer required fo)r the soil to 

r,,rve a- a "reservoir" for water and/or plant nutrients. The dePleted 

water or fertilizer could be rechavrged in the root zone almost continiv usly. 

ri other word,, th, soil ha:; been red,iced in imortance as a factor in 

Ivlii,, t the water r nut rient s between ir r iat. io : )r fertilizatios. 'Thi , 

, with )or avaIlITbi water holding, ability al i low cation exchanige 

rapacity have a potential for being highly productive, if the factors are 

eoniu,'ive to crop growth. Since Irip irrigation encouratres root development 

in the surface !,oil, (Goldberg, 197] ) it may also be advantageo,,s on many 

Oxi:;oin where (-ron rooting in the subsoil is restricted by A] toxicity. 

in th- wet-dry tropics, such as tronical America, where dry
 

season water supplies are usually limited, drip irrigation may permit the
 

larpest, expansion of the acreage under irrigation.
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3. Drip irripation shortons the growing season of mtiny c'n". Thus, 

this type of systnem may be particularly advantareour in the tropics increas

ingthe otential for two or three cr'ns Per year. 

1. Keening a ,uncentrated "ertili:,er bant cnntirvou sly moist with 

drir irrigation or anplying soluble fertilizer in very :small mounts with 

each irrigation may minimize leaphin Iosses ani maximize effici eny .f' 

apnlied nutrients . 1,uring the wet season, the dri ;y.tom could b,-o iti Li 'ed 

as a fertilization device. All fertilizers oan be applied to the Pojll as a 

mixed sol,tion. 'This conveys an imrorved methI. if nutri ent management for 

both dry and wet, seasons achieved by instal] ing a sinrle Irin system. 

5. With resnect to socilo-econnmI' factors, ,]ri irripation systems 

fit better in intensively cu I ivated [arms and /,r nI'n' ttions whi-']h are free 

from freezin throughout the year. 'he system is rather Pmrde and -an be 

fully aut{omateI. Therefore, only low energy and low labor inputs are 

required. Since most of the dripn irrigation Pmp,Pnts 'an be mal e from 

plastic s, no major ,ifficulties are exnected in the mrnufarturing of" such 

materials with the nresent level of technology in most tr nical countries. 

This imnies that the cost of drip irrigation materials could be redued by 

locally manufactured comonents. 

Despite these nromising features of drip irrigation, problems will un

doubtedly need to be solved when introducing this technique into the tropics. 

Much of the research information and experience with drip irriqation have 

been developed in temperate regions. Directly transferable information is 

not available. Application of current knowledge and technology should be 

pre(eeded by careful study, testing and Perhaps modification before it can 

be successfully employed in a tropical environment. 



T-3 Snecial KnowleIge Needel in Oxisol Under Drij Trrigation 

The basic iiea ,T drit, irrigation is to manarge the soil water regime
 

in the root zon, "rthe most economical use of water and fertilizers. 

Therefore, the r-oisttre natt ern under emitter or -Iriim tubing becomes the 

most critical factor th;t t affect; irrigation efficiency, oxy,er. eficiency 

a11 nossi l e ML t ,ccUmul ation.. 

Climatological -,nlitions and soil properties ure O!ctors which dom

inaft, water movement through the soil nrofile. These factors are very 

dirficult, iV not imtossible, to modify. The lischarint rate ani irri

ration frequency arc- adjustable factors which could affect the moi store 

m,vement natter: . Therefore, ,ne of" the basic needs for Ir'in irri , tion 

desirn and manu'ement in each narticiiar soil tyne i.; to obtain the fun(

tional relation of the, !visture nattern versus the water lischare rate. 

Whe.n considering, the chemical nrm)Dertius of Oxisols, many of the 

phenomenon bItween the reversible ,harfel mineral sn; 'ac and the various 

ins in t,ho bulk sol, it i n have remained unknown . For intensive prod i iri i,q 

,)f mo'st crons on Oxisols, special management of certain niant nutrients may 

br, required. Tnether with the fact that root systems develon only in the 

mi sture zone under :r'in irrigation, fertilizers shnulid be placed or applied 

to take advantage of soil water movement and root distribution in this zone. 

Woudt, (]19((8) has pointed out the potential imnortance of drip irriga

tin techniques to frod ,roduction in the tronics. Sanchez et al (1975) 

conctluded that, nhosnlor'us fixation is the foremost soil fertility problem in 

Oxisols. The water-phosphorus problem may be studied Jointly by using drin 

irrigation. However, very little work has been (lone toward this direction. 



There is no information in the literature with re"v-et to combined water
 

ani phosphor-us management on Oxiiels using drip techniques.
 

[-4 Objec:tivyes
 

This thesis ;resents the resarah an,] results o- lboratory and fiel I 

studies arross the soib. ect matter areno or soil hy'drtuli'' pronerties, 

moisture and nurent movement natterns, drin irr ratL ion design ard fi ell 

agronomic pr-act i'es All field and laboratory researeh was-; vin)fdoted during 

an ei ghteen-month Period in Puerto Io.
 

Tho first ,,..ptive or this thes is was to detrmino uhe p r iL;ribt ion 

nntt-rns in Mxisols and the functional rel at i,nniniis o" miisture movernent 

ratt.r'ns un l,'r different wntr dischar-ge rate:;. Th r. lv ,s tr,rnm this 

;tudy would then be "rilied to I'it irriqal ion de:ionntao management. It 

is expnected that tne infformation otain&e cou[,t be Pxtend',I to other Ixi:;oNs 

with similar soil hydraulic oroperties ani natura untitons. The se-omn 

ob.je''tive was to develop a co,,mbined fertili;,tion and irr igation fpi 1 tt.h

nique which would meet the requirements of simnie or..rution, ]ow energy 

input, low pollution hazard and economic feasibility for the emerqing 

societies of tropical countries.
 



CHAPTER TWO: ITPERATURF RFVT Wd 

II-1 uoil-Water Movement from Line Source
 

Water enters 
 ino thp soil from natural rainfall and/or sprinkler
 

or flnod irriqiati on ir one limen ionN. Under Irin irrigation, however,
 

it, enters 
either From a uoint source and then spreads in all directions 

or from line source and then moves both laterally and downwardly. This2 

smecial feature or drip irripation, i.e., a partially wetted soil volume, 

restrits root development to given boundaries and, therefore, limits 

total nutrient uptake. If liquid fertilizer sloul dc inject-d into the 

drip system, the omplpxity of the problem increases and questions of 

rertil izer efficieney and/or dangers of chemical a"e'omulation may arise. 

Theurptiral onsidratio., and mathernatira] aproaches to 1errr'ibe 

and predict drip infiltration are based on Dare7's fl )w equation and on 

an assumption of a ihomogeneous soil medium with unieorm moisture distri

butiu . A non-linear partial differential equation, the Fokker-Planck 

eluation is usually used to describe the unsaturated, isothermal moisture 

rIlw in a porou s medium. 

Finite different solutions, aided with high speed computer, to this 

nn-linear partial differential equation have been presented by Rubin 

(6R), Brandt ot al. (1971), Selim and Kirkham, (1973) and Amerman, (1976). 

',od agreement between laboratory and field experiment's data and Brandt's 

theoretical model 
have been reported by Bresler et al (1971). Van Der 

Ploeg and Beneeke (197h) published a simplified comnuter solution which, 

according to them, Provided acceptable accuracy when tested with existing 

analytical solutions. This solution is programmed with the computer program
 

7 
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System/360 Continuous System Program (CSMP). For one- and two

dimensional flow problems, with simple initial and boundary ,(,)rlldtons, 

linearized analytical or qiasi-aal.-ti a . olutions have been investi

gated by Phill ip, ( 196(), 1971); Raats (1970) and !Wmen and Warrick, (] 97h 

The continuous ir filtr-ati ,n model (Branit ,4 a], 17 ani Pres,-,er 

et al, 1971) i the rI-Jy theor-tical rimodel that hias been tes ted so far 

usinq field daita. The basic cn,.ept of the conti nuous infiltration 

model is briefly *-xp,al ned here wi th par ticlu ar )nS iirat ion of linor 

.source water app] 1h-at ion. Tue, analytiral ::mluti,)n wi I I be used to rhe.'k 

ii'ainst water mo'!ement lata .)btained in the work renrprtfed in this +hesi's. 

Let, us assume that Dar' law aumlied in both :;aturated and un,;atur

ated zones, and that the snri[ is a staible, isotropic and hom,'geneousI, semi

infinite boly. Si.ice infi1tration invo ve.; on]v wet, in f, sui] water ( )n

tent at any point in the system always will Ie inerearinf, with time, Piusi 

therefore, both water suction and the hyfraulic conductivity of the soil 

are continuous fuctions of' soil water content. 

As observed under field conditions, a strii) of ponded water develons 

in the vicinity of the porous tubing shortly after drip irriiation starts. 

The width of the strip increased with time but, the rate of increasing 

(dX/dt) decreases as time continues. Water is able to infiltrate into the 

soil (ponded water infiltration) or evaporate into the air (evaporation 

from free water surface) only from the ponded water, strin. Evaporation 

could become an important factor when the saturated hydraulic conductivity 

of the soil is very low and/or the evaporation rate is high. Clearly, the
 

rate of water intake into the soil is equal to the tubing discharge rate
 

minus the evaporation rate.
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tubing

In an X-Y-7 rectangular Cartesian coordinate system, 

the oorous 

flows both horizontally
the origin (0,0) vlong the Y-axis, water
is placpd at 


The flow is assumed
in the Z-axis. 

along the Z-axis and vertically downward 


nanar with resnect 
to the Y-axis.
 

forms is ms follows:
The flow ePiation in two ilimen; ional 

O ()it AX 

time, z is the verticalcontent, i; i
Where, 6 is the vl Lmetrior moistore 

to the tubing,the horizontal di<n; .;nre normal.AP(,)tkI point.in; townw;rd, x is 

of the sail, H is the hydr'aili, head (the sun of 
I' in th, matri sutin 

I
and i:; the hydraulic conductimna.ric suction heals),
Vrav jatinal aril 

.
 

viL y which is a inMtin of the soil 
wetness 

watr ontenLb (n ) at a zno.ified tine (t and position (x,z) is 
The 

by Eq. 1. The in itial and boundary condit ions Cor (x,z,t) are
 
govrnol 

as f~lolWo 

= 
 in W, when t = 1. O'(x,z,O) .(x,z) 

0. 	is the init ial Boll moisture content; I in the unit volume
 

within the bounaries se irfied 
here.
 

<
< X, 0 t<T.A=Ot0 :, 0 < x 

,0 = 0, at x = 0, x = X, )<z< Z, 0_ t,'T 
ax 

where Z, X, are arbit-ary horizontal distance 
and deoth beyond
 

the end time of infiltration.
the wetting front. T is 


<
3. 0=% in 0' x @ (t), z = 0, O< t< T 

t) is the width of the ponded strip.
 

x = q 	 - - - - - (2)
& K N A-dzl~ I!N W - - -- - - --


h. 	 at z = 0, 0., t FT. 

q (t) is the water discharged perKs is saturated conductivity. 


unit length of porous tubing.
 

http:point.in
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By integrating !Fq. 2 becomes 

K&OP (t)= 1/2 q (t) ----------------------

where 6 H=( ) is the averape sorface nressure head across the 

7%onded zone. 

Rearranging eq. --- --- --- --- --- --

From Pq. 4i it is -l]ar that q (t) is nronortional to the discharging 

rate q, and invprsel y nruriort i,ral t: the saturnted hvdrau] iLe rnndic

tiviV tv " z ) isJ -L onst'tnt; however, thI "average of1.;not .-

can be treated as a onsmanI. it'the siurface flux a)I>roarhes (onstant. 

TI-? Fertilizer Management 

11-2-1 Fertigat ion 

Fertilizer ap)l]ied through the inn irrigation system has been used 

to some extent. It is generally consilered as a mu-vh simnler an'i more 

efficient method than any other conventional fertiliz;ation nractice. As 

mentioned before, by increasing the a!)nlication frequency and reducing 

the amount of fertilizer, the nutrient can b %pT1 ie,l to the soil with 

controlled quantities directly to the root zone at thi, nroner time. c1,I1

berg et al (I'7() state: " .... entniis h1 ,,h a rno'ofa 14',rt 1 !i 

hering to the existing practices with only minor ,'hange( such as aonlication 
of nitrogen through th', system and stolies on som errtili-zer; and their 
nronerties riot t,) c lrogriers. Their aim has si.1 1nit ,d to firdinfg 
means to adjust existinc nractices to Drin Irrjation concents. This con
servation attitude is totally wrong." As a rtter of fact, research on 

fertigation with drin systems has indicated that a comnlete range of fertil

izer aunlication with drin irrigation could be possible in both arid and 

hu.mid regions' agriculture. 



The Hawaiian Sugar Planters' Association investiqated the ferti

lizer efficiency and the safe level or using aqua ammonia with drin
 

irrigation (rsobe, 1974). Solutions of urea, phosphoric acid and Dotash
 

were injectedd into the irrigation system to comnar, with traditional
 

fertilization mthlds. Pata from natr ient untake and cane growth indi

cated that the slow method of' eediny I and K wais advantageous over con

ventional methods. However, mnthly nhosphoric icid injections lid not 

imnrove P uptake nor the fresh cane weight. A simnle equation was surgested 

for calculation of the safe level of aqua ammonia that may be used in the 

iriDnSystem without causing rhemica[ nrecinitates. qrobbelaar and Lourens 

(I A[h), in their studies of fertilier annlication with Jrin irriration
 

in South Africa, r'norted that anulication of urea, monoammonium nhosnhate 

and rota:;;iizun nitratp in the drin system caused a hirh deree of' emitter 

hl ,:kap. They exlained that the hilh content of 'alclum aril magnesiuim 

in the irrigation water could have reacted with the phosnhate fertilizer 

and formed non-siuble calcium anl magnesium nhosvhates. They suspected 

that ,rganic mutter in the irrigation water P]oculated by the notassitum 

onI ;,ttied in the omit ter could also cause blockage. After lowering the 

iKiof the fertilizer mixture to P.0, sedimentation of solids in the drin 

=ystem wa:;s el iminated. [n a subsequent field experiment on fruit trees and 

ver'etab]as using 1ow Qdhfertilizer mixtures, they concluded that the drin 

fortigation method is not only feasible, but beneficial. The most interest

in, nart of this study is that there was very litle effect of this low H 

nutrient solution on soil nilitself. After the anplication of 21200 kg ner 

hectare of 1:1 :5 (41) on an uncropned area, the soil pH in the ton 0-30 cm 



layer hardly change, (from b.9 8 to J.90) and in the in-(O cm layer (from 

3.93 to 3.82).
 

Lindsey and New, (1974) siudied the distribution of Zn and N in the 

field when anrlied together with drin irrigation. "!:xtremely variable 

wa.: noticed when the f,ertil izer rLaterial.:1 were added todsiribution" 


the system by divertin, nart of the water flow throurh a fertilizer tank
 

(see next section: the differential nressure system). However, an 

in~ietti< the fertilizeraccont.able distribution pattern was obtained when 

solution with a inositive nrossure pump. 

IT-2-? Methods of Applying Fertili:,er Throuih a Dr im ,ystem 

Various fertilizer anil.icatiun devices to be used in connection with 

drip irrigation are available in the market. Basically, they can be clas

sified into three categories: 1) the differential nressure systen; 

and 3) the neirt ive pressure (or suction)2) the positive pressure system 

sy;tem. 

The differential pressure system is usually r-on:;trueted by connecting 

to the main wate:r slpt)ly line. A nresa closed fertilizer tank parallel 

sure regulator is installed on the mainline between the inlet and outlet 

of the fertilizer tank. Part of the irrigation water is forced to nass 

through the fertilizer tank when a pressure differential is induced between
 

the inlet and outlet of the tank by nroperly adjusting the nressure regula

tor. A diluted fertilizer solution is then carried into the system as out

flow from the tank.
 

a fertilizer meter-
A positive pressure system is most commonly seen as 


Nutrient solution is injected into the irrigation system under
ing numn. 


gasoline engine or electricity, is necpressure. Outside power, such as 


essary to operate the injecting pumps. Pressure tank and gravity force
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' Fig. 1 The soil bin ': Tensiometers and associated 
Mercury Monometers 
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IIT-l-3 Water Ap dication De, i-e 

The water a'I] :iat ion anTratos consisted of three malor components: 

1) the emitters, )) the fliw re ulator an] 0 the water supply reser

voir. Three !Ias.; can i1 iarv tubPs , snacel 1.', cm in a strait'ht lim, on 

a wooden holder, were Ased as emitters 1, .im'1late irrigation from n 1Ine 

source ()f wuter suior ,. ,'tho j i f he emit t:'c' were so ad~llo t.ed t hat 

they bareLy touc hed the il surface thus minimizini, t he imnac t or d il r

barioe of the .;ui 1. '.h, fi]uw r"i wtw a:r ,enilated by isinf ra ol -r droll 

co)ntroller, the kind - mimtonl: u;s, in hospitals for ntro1 inr I' he iii,,j

tion rate of )'ir bi ),sal' water. The advantai, -)C the ir,_rn control er 

is that the jesi m' fl,,w rn,- t -an le p i'kl:; chtainet b.. adlustlnp the 

number nf drops per unit time. The drop -ontoller as, prov!,ied accurate 

and uniform water ,jnTlication at various di schari,,, rates. 'Two ten l]iter 

glass bottles with a constant head sinhon device were used as the water 

:suppl. reservoir. Water was delivered from the reservnir to the emitters 

through a 1/8"(().-! or!C flexihle tubing,. 

ITT-l-4 The Ten:siometers 

Forty-eight laboratory built, tensiometers each one consistinir of a 

water filled manometer and a sensitive, thin wall ceramic cup, were in

stalled in the soil profile to monitor the change and distribution of
 

the soil matrix notential. 

The ceramic culls were 2.5 cm long, 1 mm thick and Q mm in diameter. 

The material had an a)nproximate flow rate of 160 ml/hr!cm 2 (comnared to 

about 5 m!/hr/cm in conventional tensiometer cups) and a bubbling nres

sure of 20 to 25 psi (103)4 mm to 1293 mm of mercury). Each ceramic cup 

was fitted into a 10 cm long 1 cm diameter copper tube. The other end of 

the copper tube was cemented with a section of clear tygon tube, which 
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can be plugged with a glass roll stonper. The whole unit was then
 

connected to a mercury well through a i meter long Nylaf'low pressure 

tubing. (Fig. 1i shows a diagiram of the tensiometers used in the exneri

ment). Fig. 2 shows the set-un of the tensiometers before being installed 

into the soil orf'il, during the exneriment. 

rT-1-5 Prenaration of the Soil Prof'ile
 

An air-dried, sieved soil was packed, into ' hin using a big
the hil 

funnel with a flexible tube. Basel on the field houLk density, pre-wei ghed 

soil samp],s were adrdd a:; niffrm Is 1ossihle an]. then ?ompacted into 5 cm 

layvers. An electric tapper was also used on both sides of the soil bin 

to !)ruvide a homocenenus mediun. It was honed that the hulk density of 

the firis-hed Trofile should not exceed + ') of the natural bulk density 

of the ;ame :soiI. 

11-1-6 o)btainirng Soil Moisture Patterns and '4atric Potential 

I)i st ri butioin 

A 0.0P N 1ianoniarhis!i rate solutl ,n ( . P ) used for(Ni14 )HO, was 

itrrigat ion in studying the advance of the wettin, front and the P movement 

in the soil nrnfile. Four dischargre rates of 0.,,1 ml /min/cm and 1.0? 

ml/min/em for Manati sandy loam and 0.20 ml/min/cm and 1.30 ml/min/cm 

for Ceto clay were studied. The solution was applied through the emitters 

placed at the center of the soil bin (X = 0; Y = 0; Z = 0) and a constant 

and continuous flow was maintained throughout each experiment. The room 

temperature during all the exneriments was kent at 25 + 10 C. Each exeri

mental run was continued until at least 5,000 ml of the solution was applied. 

A transnarent plastic sheet attached on one side of the soil bin was
 

used to observe and mark the displacement of the wetting fronts. The
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advance of the wetting front was recorded at various time intervals as
 

well as when every 1,000 ml of 
solution was applied. The soil surface
 

was covered with a plastic sheet to prevent evaporation. Tensiometer 

readings were recorded when 5,000 ml of water were applied in each
 

exneriment. 

TTI-l-7 Measurement of P Movement in the Profile 

Immediately after turning off the water apnlication, the tensio

meters were removed and the soil profile turned by 90 legrees from a 

vertical to a horizontal position. The detachable face of the soil 

bin was then opened for samnlinr. The whole wetted voline of soil was 

divided into 25 cm' sections. Soil samples were taken from each section 

and placed into plastic bags for laboratory analysis of P. Another set 

of soil samples f'rom section used for soileach was moisture determination. 

TII-1-8 Estimation of Soil Hydraulic Properties 

A perfect and reproducible method for measuring soil hydraulic con

ductivity is still an open question. The hydraulic conductivity functions 

used in this experiment were estimated from the measured soil water ,if

fusivity functions and corresnonding soil-water chaacteristic curves. 

The diffusivity function within the interval of saturated and air

dried soil water content was measured by employing tie method first pro

posed by Bruce and Klute(1956) and the modfied by Reichardt et al (1972) 

and Miller and Bresler (1977). The apparatus used for soil water dif

fusivity studies contains a horizontal lucite nlastic column, 3.5 cm inner
 

diameter and 30 cm long, sectioned into 1 cm and 2 cm rings. A pre-treated
 

soil 
 sample was packed into this column to its natural field bulk density.
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Water was applied from a constant head at a pressure of 5 cm below the
 

atmospheric pressure. The measurements were: 1) the air-dried soil
 

water content d, 2) the water content Os of saturated soil adjacent to
 

the infiltration surface, and 3) 
the visually cbserved distance of the
 

wetting front, X, as a function of time, t. Through plotting X v.s.
 

V/ , a slope, m, of the X- -vI curve was obtained. The empirical ex

pression for the desired soil water diffusivity function, D ( 6 ), is
 

given by D ( e) m2 exp [p(0-0 )/( - )] (----------() 

where according to Reichardt et al (1972),Q = 1.05 x 10- 3 and a= 8.06. 

The hydraulic conductivity furction is then estimated from D ( 0 ) and the 

soil water characteristic curves using the relationship 

D (-) K() = K(O) (6)
/-0g K 'ei

where/v is the density of 
water , g is the acceleration due to gravity, 

and or is the slone of the soil-water characteristic curve at a
 

certain appropriate water content.
 

ITI-]-9 Other Soil Parameters 

Soil water characteristic curves for the range of 0 to 100 cm H20 were
 

determined through measuring capillary inthe rise a soil column packed to 

each soil's field bulk density. For the range larger than 100 cm H20
 ,
 

traditional pressure plate apparatus was used. 
 Soil textures were deter

mined by the standard pipet method. 
 Bulk densities were determined using
 

the saran coating method. Total N was determined by Kjeldahl method,
 

K was measured by flame photometer method and available P was 
 determined
 

using the Olsen method extracted by NH hHCO3.
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Fig. 3 Arrangement of tensiometers in the soil Profile.
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Fig. 4 Diagram of tensiometer. 
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IIT-2 RESULTS
 

IIT-2-1 Wetting Front Advance
 

Figures 5 and 6 show the wetting front advance with time in the
 

profiles of Bayamon sandy loam. The amount of water annlied was 7.00
 

liters and 7.04 liters with discharge rates of 0.24 ml/min/cm and 1.02
 

ml/min/cm, resnectively. As shown in Figures 5 and 6, laterial movement 

of infiltration water near the soil surface is faster if the water aDili

cation rate is higher. The vertical advance of the wetting front re

veals no difference between the two discharge rates at the early stage 

of infiltration. Wlhen the accumulated infiltration water exceeded 3,000 

ml, the vertical advance of the wetting front at the low discharge rate
 

experiment showed faster downward movement.
 

Figures 7 and 8 show the wetting front advance with time in Coto clay 

profiles. Equal amourits of water, 5,000 ml, were applied in two experi

mental runs with discharge rates of 0.2 ml/min/cm and 1.30 ml/min/cm.
 

Ponded water on the soil surface and pronounced horizontal water movement
 

was observed with the 1.30 ml/min/cm discharge rate. Although the verti

cal advance of the wetting front was faster with higher discharge rates,
 

no difference in the vertical advance was noticed when the accunulated in

filtration water reached 4,000 ml and 5,000 ml level.
 

The two dimensional soil nrofile may be described by X and Z axes with
 

the water source as the point origin of (0.0). The X axis has a direction
 

toward the gravity center and increasing with the depth of the profile. 

The Z axis is the horizontal axis which is Derpendicular to the X axis. The
 

exnanding rate of wetted area on the soil surface, in both Coto and Bayamon
 

soils, decreased with increasing irrigation time. In other words, .9 0=O
 

when t -- c .O , where t is irrigation time. 
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Fig. 5 Wetting front advance versus time for sandy loam. Discharge rate was 
0.24 mrl/min/cM. Total water ann ied was 7.00 liters. 
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Fig. 6 	Wetting front advance versus 'ime f-.r "-,'i. . t Di scharg7e
 
rate is 1.02 -nl/min/zrm, total water addel is 7.9L liters.)
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Fig. 7 Wetting front advance versus time for Coto clay. (Discrharge rate
 
is 0.20 ml/min/cm, total water aided is 5.0 liters.)
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III-2-2 Matric Potential Distributijn 

Table 1 shows the values of matric notential distribution when 

5,000 ml uf water werP applied to each soil Profile. The riumerical 

data were p1 A. ed in Figures () and 101 as flow-nets. The 'qui-potential 

lines we-re iriterp,,latel using the adjacent. tensiometer readings. Because 

nf' the fact that, soil natric potential increases sharnly across the 

wettinfg front , it is often imnossibi to obtain detailed data about 

}Ity' a,'rus: withpI tJ r i f 3( the wpttirig ront ire-sna,_ed tensiomoters. 

1lnder siioh (-i rcirns:t,an,'es, estiinutel -qui-notentiai In ries were drawn. 

Th,. lfttl sections r)f the equi-notential lines on Figures 0 and 10 are 

o)nlv ostimufes. 

From Fligure 9-a, the major nart of water flow tended 1() move down

ward when the aectmulated infiltration water reached 5,000 ml under the 

,ischarg(e rate of 9.)Ir ml/mi n/cm in the sandy soil orufi 1e. More side

ward water flow was observed in the same soil medium with a higher dis

oharg i nt rate (Figuire ()-b). 

PFigure 10-a sugfests that, in a semi-infinite Coto clay profile and 

under a discharging, rate of 0.2 ml/mn/cm, a relatively equal amount 

of water f'lows in all directions in the wetted zone. Ponded water on 

the soil surface was only observed in the Coto clay with a discharge rate 

of L.10 ml/min/rm. Under the ponded water situation, free water no longer 

infiltrates into the soil from a point or line, but from an area. Flow

net as shown on Figure 10-b, indicates that a distinguishable amount 

of infiltrated water contributes to lateral movement in the profile. 



Table l.--Matric potential distribution in the profiles when 5 liters
 
of water were annlied.
 

Ten ;iomotttr Reaiinir.- (CT of Hir) 

Tocation of ] .manati 3any loiO Cot(C) clay 

tensi omit ers- 90. ')h o=i. 0=0.2 -] . 0 
ml/mi ri/cm m]/mi ni/em II/ ni rim '] ,/ri i/em 

1 I 14J]! 
2 it 

3 20 10S(5; 14L 60,, 1I7 

fA 6 , (8 
68 68 6A 6 3 
7 10 5 23 17 
0 10 5 3 15 

26 7 (

10 68 It ( Pn, 6f, 
11 68 68 68 6(9 
12 18 6868 6. 
13 1 7 40 4 
14 15 10 1j 46 
15 21 19 68 514 
16 68 4? 
17 69 68 
18 68 68
 
19 1V 17
 
20 17 25
 
21 25 3
 

23 68 68
 
2)4 68 68
 
25 37 )45
 
26 40 51
 
27 55 66
 

P8 - 48 68 68
 

1/ Tensiometer numbers refer to locations on Fig. (3).
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(C) (d) 

Fig. 11 P distribution in soil profiles. Numbers above noints are 
unm 
of P. Dotted lines are the final wetted fronts. (a) Bayamon soil 
o = 0.24 ml/min/cm, (b) Bayamon soil Q = 1.02 ml/min/cm, (c) Coto 
soil Q = 0.2 ml/min/cm, (d) Coto clay Q = 1.3 ml/min/cm. 
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Fig. 13i 	 Horizontal concentration of P of Bayamon soil at
 
four depths.
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111-2-3 P Movement in the Soil Profile
 

P movement in Coto clay and Bayamon sandy loam with respect to water
 

application rate is presented in Figure 11. 
 Dotted lines on each nrofile
 

mean the wetting front at the termination of irrigation. 
The numbers are
 

the values of bicarbonate extractablo P in ea-h sarrling site. It ,; 

anarent that the P applied in amnmoniun-phosnhortt form concentrated 

beneath the emitter shows little downward movement and no laterial movument 

in the Coto clay under a water dischariging rate of 0.? ml/min/om. There 

was a 15 cm horizontal movement at the surface , cm layer unier discharg

inq rate of 1.30 ml/min/crt in the same .3oil. P movement 
 in the Bayarnon 

sand,; loam was surprisingly close to the wetting front, althoug-h high P 

concentration in the vicinity tinder the emitters wa:; also ohserved. Fiures 

1P and 13 present the vertical and horizontal soil P content at var: )us 

distances and depths in the Rayamon soil nrofiles. From Figure 1?, at the 

horizontal distance 7 - 15 cm, higher P content is noticed down to a dept~h 

of 25 cm when the discharf!e rate is higher. At " = 15cm and 7 = P)om, 

there are no differences in (ownward P movement between the two water aotnli

cation rates. Figure 19 also indicates more P movement in the ton 10 cm
 

layer with higher discharge rates.
 

TTT-2-4 Calculation of Hydraulic Conductivity
 

Figure 14 shows the relationship of the advance of water front 
versus
 

time measured with the apparatus described in section TT-1-8. The correla

tion coefficients of the data are calculatedl as Ir=0.98 and y=0.99, and 

the slopes of the regression functions are 0.555 and 0.202 for Bayamon 

sandy loam, and Coto clay resnectively. Based on Figure 14 and equation 5, 

the functional relationships between D ( 6 ) and 6 of the two soils are 

calculated and presented as 
Figure 15. The hydraulic conductivity function
 



38a
 

K (e i.; calculated from Figure 17 and equation (. The soil-water 

charac- ,ristic curve, shown on Figure 16, is uSed to estimate the 

values of d 0/d, .Soil water hysteresis in the lower suction range 

of Oxisols has been found small (2harma 1966 and Santo 197h). Hence, 

hysteresis effect is considered to be negligible. Calculated con

ductivity functions K ( e) are nresentpd on Figure 17. 
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Fig. 14 	 Distan.e from water source to the wet.ting front verstus 
square root of time for horizontal infiltration into 

air-dry Coto elay and Bayamon sandy loam.
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111-3 DISCUSSION AND PRACTICAL IMPLICATIONS
 

111-3-1 Vertical and Horizontal Advances
 

The semi-ellipse shaped wetting f'ronts as shown in figures , 6, 7
 

and 8, may be considered as boundaries of the irrigated soil volume at
 

various times. Lateral spreading, of the wetted zone would provide essen

tial information for the design of space between irrigation tubing, and 

also suggests the optimum distance between plnnt seedling-s and irrigation 

water source. The depth of downward soil water movement, as function of 

discharge rate and tim-, can help to estimate the depth where the leaching 

process stops and/or where applied fertilizer materiaRL cani reach. The
 

matric potential distribution indicates the difference in wetness of soil 

at varied locations related to the irrigation tubin, and divides the wetted 

tsoil volume into 1) a region under prolonged wa er saturation where, due to 

the oxygen deficiency problems, may not be suitable for root development, 

and 2) a region of partial saturation and slower water movement, where the 

soil moisture is within the field capacity rang-e and soluble plant nutrients 

may accumulate and, therefore, is ideal for plant grnwth. Understanding the 

vertical and horizontal movement of irrigation water as well as the matric
 

potential distribution in the wetted area is important in engineering design
 

and crop management.
 

A comparison of vertical and horizontal advance in the two soils under
 

different discharge rates as a function of cumulative infiltration rate is
 

shown in figure 18. In the sandy Bayam 6n soil profile with a lower discharge
 

rate, Q = 0.2h ml/min/cm, the vertical and horizontal advances were similar
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to each ither at the very beginninp and then the vertical advance sur

passed the horizontal advance by a larne distance. As the discharge rate 

increased to 0 = 1.0? m]!min/cm, the horizontal advance was greater than
 

the vertical advani'e at the berinnin, "f Lrri gation, when the cumulative
 

infiltrat ir wator reachd p,no00 m], the 
ver', a l ad'.unce surnassed
 

the horizontal avaneo,. Tt is apparent that, inia sandy soil 
 rofil, the
 

'anillary force.; are +h, dominating forre When the soil in not :saturat.ed. 

Wa, er aid c frum I soil sur fare has in Pqual chance t- move vertically 

ar well as hor! 7)nvallz/. If the rate of water aid '. o:r i: greater than 

the uns:aturatel hyd raulic oun luctivity of the air-dried soil, a layer of 

fr,,e water might bp pond ad on ton of the soil surface and cause a i'reater. 

lateral mvemenk. This may be the reason why, at the beginning of irriga

tion, Lh horizontal advane un]er high discharge rate in Bayancn sarnly 

loam wa:; greakor" than the vertical advance. As th,, wat er -ontent in the

finrorn 1rp'ases, t he rir water mnoverrent will take N1ape- in larger s il 

iorp,,s an] water Pl ow will be lomian tv by gravitv r'orc.s. The gra' ity 'low 

in much greater iniqupantity and speed than capillar' flow in soil media. 

th reason 

sanly soil 

Th is is ' that, the shape of the vertical 8ivanoe curves in the
 

profile increase steadily as clumulative infiltration water in

crease. Figure 1 also suggests larger hnrizontaL movement with higher 

dis'harge rate. The distane of horizontal advance depends on the gradient 

ut ction rorce across the wetting front and with higher discharge rate 

the water content near" the drin emitters increases, enhancing the horizontal 

advance of water. 

In the otM clay pro iles, with low discharge rate, Q=0.2. ml/min/cm, 

the horizontal advance and vertical advance are almost identical with the
 

first ?000 ml of irrigation water. This indicates that capillary forces
 

http:saturat.ed
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dominate the water movement in finer textured soils. Oxisols, however,
 

have a unique structure in that there are two qroups of pore size: the
 

intra aggregate norosity Parries only rapillaxy flow, while a large
 

portion of the inter ,ggregate Pores " beyond the cap~i lary limit and 

permit certain leroe of gravity flow. The effopt of this kind of bi

model pore size di st ribution causes creater vertical advance in the two 

dimensional water movement experiment. Curves with the jreater disehare 

rate, 0 = I .C m/nin/crm, in Coto clay Profile show n lifferent nattern: 

th, horizontal advanceo is greater than the vert i, a. van*'e throughout 

the i rri 'ation eri0; he di stanes oM vertical advanee at various amunts 

or cumulative irri ;ation water are very close to th- corresnonding valus 

under the lower discharge rite. n'hi. suggests that the effect of gravity 

:rorces in water movement in a clayey textured :;oil is limited. When the 

raLtp o :;or faoe anplied water increases, the Pxc s; water will ond -n the 

so il surfaoe and fIlow laterally as free surface water. The free surface 

water flow extenls the,, infiltration area of water whiah enters across the 

soil qsrrace and the infiltration rate will keen inereasing until the in

f'iltration rate ar the linpeharge rate reached equilibri m. The subsequent 

horizontal advance will, fol low the same mechanism a; canillary flow. In 

the' Coto clay prof i le, pondpd water was seen near the emitters under the 

high discharge rate tests. The matric-potential profile Presented in Figure
 

LO-b indirates that water enters the soil from a strip of ponded water in

stel of from a intermittent line source formed lv the emitters. As a con

clusion: nhe difference of ratio between the vertical and horizontal ad

vance is a function of both water discharge rate and the soil porosity. 
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To further examine quantitatively the dmnward water movement, the 

vertical advance, at 7 = 0, the dlat a !'r.m Figure:, 6, 7, 3, ,and 9 are olotted 

again.!- t he Jlau.re f f..'" irrigat,.I in, time, in Pik roe 19. For the two water 

di sc havae ratel; I , botl 't, ni I Hayririn soi !-, a ]iiear relationship be

tweo'n yen, a inl f ap] time )brierved.!il ar.- :3auqlare, ro qt cation i.-

R--al] ing )Dar ' s e pia'i 2ri 2 0) e-jtireiisi¢,nal ,i.)wnward infiltration into 

tin i s., r,)p" , 
, In, .n ,usU soil prof i1 e: 

K r.h . K- (i )--------------------- -(7)
dz. dz TI 

wher- F is the Iiix, at the soil surface and 0 is equal to the infiltration 
r,)r drin *ischare r'te. H is the total hydraulic head, II is the nrossire 

heail, . i the hylraul ic .'ondctivity ind Z is the distance of vertical aj

vance lownward. 

In ,insaturated watter fl,)w artditions, H is nei ative, and can be ex

pre:';sed 'ts a sliotion h ead iF , and 

S+ --------------------------------------------- (3) 

tI,I r LL i,on of c nfi 11i i - combined with equtLt, in 8 

=40 _ )-~. 3 azD 6 - (9) 
-, - = --- -- -- - -- - -- -- - -- 

whore 1 i)di .. . 

To, solve equ(ation 9, Philip (1957) developed a method of mower series: 

7(Elt) = Z rn () t '=m0 (O)t - f 2 (6)t + f'(6)t/+ (------(10) 

iindeie the condi tions: 

t. (), 7> 0, 0 = 0; 

t 0, 7,= '), = 0, 

where , is the initial moisture content of the nrofile, and a is the 

saturated mni sture content. 
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Since the power series converves rapidly, only the first few terms
 

are significant in practical calculations. Figure 24 indicates linear
 

"2
relationship between Z and t , which coincides with the Philip's power
 

series when using only the first ferm. This suggests that in a two dimen

sional plane flow model, the vertical water advance may be expressed by
 

one-dimensional vertical infiltration equation. Its simplified solution
 

is
 

7 = St ((11)
 

In the Coto clay profile, S values are found as 1.01 and 0.37 with 

repect to discharge rates of Q = 1.3 ml/min/cm and Q = 0.2. ml/min/cm 

respectively. In Bayamon Sandy Loam, - values are 1.51 and 0.83 under the 

discharge rate of Q = 1.02 m]/min/cm and Q = 0.24 mi/min/cm repectively. 

The S value which hns the dimensions of L/T 2, is an arithmeti, parameter 

reflecting both soil properties and water application rate. In the same 

soil media, Hachum (1976) in his study of two dimensional water flow found 

that S is a linear function of water application rate. This means, in 

soils with similar structures, the vertical water advance can be calculated 

by equation 8 with estimated S values based on information of water move

ment under two different discharge rates. 

In contrast to the vertical advance, the horizontal advance cannot be
 

expressed with the simple diffusivity equation which has been discussed by
 

many soil-water researchers. (Bruce & Klute 1956; Gardner & Mayhugh, 1958;
 

Ashcroft et al 1962; and Nielson et al, 1962). When the horizontal advance
 

plotted from figures 5, 6, 7 and 8 is plotted against the square root of
 

time, as shown in figure l9a,the linear relationship is not pronounced. The
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distance of lateral movement tends to approach a limit with increased infil

tration time. This phenomena has been observed and reported by Bresler et
 

al (1971) and its quantitative treatment has been presented in Chapter II,
 

Section I of this dissertation.
 

The matric potential distribution in figui- 9 and 10 can be used to 

estimate the width of saturated strips discussed in Bresler's equation. Re

call equation (14). 

4D(t) q~j 
s 

From figure 17, the saturated hydraulic conductivity, , t' Coto Clay is 

4 C 
3.187 x 10- cm/sec or 1.9068 X 10 - 2 cm/min. The of Bayamon Sandy Loam 

- 3is 3.89 x 10 cm/se'/ or 0.2 ,14 cm/min. From figpure 10, the estimaled 

half widths of saturated strips in Coto Clay are 14 cm and K 5 cm with dis

= charge rate of Q 1.30 ml/min/cm and Q = 0.20 mi/min/cm respectively. From 

figure 9, under discharge rate of Q = 1.0? ml/min/cm and Q = 0.24 ml/min/cm 

the saturated strips (half width) in Bayam6n Sandy Loam are 12.5 cm and 4.0 

cm. 

2 

Using (P(t) = 17 cm; q = 1.3 ml/min/cm; and r. = 1.907 x 10- cm/min in 

-:1 

equation 4, the calculated value of a in Coto soil is 1.9 cm . Letting a 

-i 
= 1.9 cm , to check the experiment data under low discharge rate, Q = 0.20 

ml/min/cm and the calculated half width of saturated strip is 2.6 cm, which 

is practically identical to the 2.5 cm estimated from figure 10. Using the 

same procedure, in the case of the Bayamon soil, a is calculated to be 0.1748 

cm Whichagain fits both discharge rates. 

It has to be pointed out that during the four infiltration experiments 

-i 
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a ponded water strip was seen only in Coto Clay under the discharge rate
 

Q = 1.30 ml/min/cm. However, from the tensionmeter readings, it is clear
 

that a saturated zone near the drip emitters did occur. Water in the
 

saturated zone is wnder zero tension and can 
be considered as free water.
 

The saturated strip may be thought of as an invisible thin film of ponded
 

water. Therefore, there is no physical difference between the two phrases
 

"saturated strip" used in this thesis and "pondedl water strip" which was 

used in the original report of Bresler et al (1971).
 

Based on the previous discussion, Equation 9 can be used to calculate 

the time needed per each irrig,,ation. For example: let R be the desired 

depth of' the root zone, substitute V by R in equation 9, then R = St 
 or
 

the irripritin time t in minutes is equal to (R/S)2 

Equation 7 is used to estimate the adequate distance between plant 

an,] drip tubing. 'rIboth direct planting and transplanting, the seeds or 

seedlings should riot be planted within the saturated strip, particularly, 

in soil:; of poor drainage. Space for root system development should also 

bp considered when choosing,water application rates and frequency. Previous 

reports on drip irrigation design have stressed the distance between drip
 

tubings by using the latc:ral water movement information, however, for all 

practical 
purpose, the distance between tubings, or the row space, is more
 

sublert to the nature of the crop and/or other cultivation factors such as 

machinery, micro-topograph, etc., 
than soil-water properties alone. Dis

cussion of row space design based on the horizontal advance ,f irrigation 

water means very little to practical agriculture management. Calculated 

values of the width of saturated strip is useful information to help deter

mine the distance and density of crop along both sides of the irrigation 
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tubing. 

111-3-2 Distribution of Phosphorous
 

Inorganic P fertilizer tends to react with soil minerals, expecially
 

with iron and aluminum Oxides of Oxisols, and become immobile in the soil. 

The larger the contacting surface between P fertilizer and soil particles,
 

the more rapidly precipitation and/or adsorption reactions will take
 

place. This is the reason banded P applications wi th minimum contactinf.
 

surface is commonly recommended in 
 soils with high oxide contents. When 

P is applied in solution form through a drip system, the soil structu'e 

or the nature of the pore tortuosity become important factors. Larger 

or less tortuous pore paths allow not only faster percolation, (less react

ing time) but also reduce the total contacting surface. Consequently, dis

solved P fertilizer may be carried deeper and farther in a medium. This 

is exactly what has been observed in the laboratory: Figure 11-a arid lt-b 

show that P movement almost coincides with the wetting front in the sandy 

Bayamon soil. In Coto Clay, (figure ]l-c and ll-d), however, very little 

mobilization of P is observed.
 

To further examine the P movement in sandy soil with relation to water
 

application rate, figures 12 and 13 present the vertical and horizontal
 

P distribution at various distances and depths from the simulated drip emit

ters. At horizontal distances of 5 
cm and 10 cm from the emitters, the
 

vertical distribution of P concentrations at the two discharge rates are
 

almost identical to each other. 
 However, high P concentrations along the
 

vertical line 15 cm 
from the emitters is found at higher drip discharge rates.
 

The P concentration differences between two discharge rates are more pro

nounced in the top 10 cm layer. 
This is because of the higher discharge
 



rate, 0 1..0? n i'/m, t he .faturatc' zone arnu dit the emitters is larfer 

than with the lower iisch-ire rate. ( fi vure 0). Mien there i solution 

flow in saturated oCres, Ihe soIit,- which is in then central stream would 

-have rmuch I.esFchan e be P !sorbe i bv ,-r re'o~tp,,!wi th the seA 1 suri' tace 

,in h!I ef,or,, fit: be.. :';' . >r' he!'. 'ron gue 9, the mat. ric poten

ii l i "'"ibi" on va'" n fan yI,.-,. nrot ,I ndi,'ates t-hat there, tends 

leti '.e e ween the tw, ii ,har' rates with increasinf soil 

h, :.1 n': .', ra' i-,ls iecreaso, sharp.y be,we-'n fu'lly sa :ra ed ar t 
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rr. tine h,,:':'r a-i Iistribur in :hrwn I 8. the (-f'.- irn f1ire At depths 

-!7. 1r fr :' he i a ] r',e ic-icu:.t f! lateral ly mioviri, 

sa' ' ' .r .w i' a ]ti.,harg e rat6 mf I Iril mi]n/-i pushed as"Iw U (- n P 

•, -"", ! " , , ms ttorhe t, -! 71 depth a,!ad c,m f r,rr, the emit err 

., - ,. A. ,/ in 'r, th I' ,,-.nc-n ration, ('tt the dlepti 

" Nn.1l! ' -i. cen:) are ci se to the c<,r, 'entratioi s whei, 

/ 1,, I zone, cort,' 'rtra= . : n, 1.1. ta P 1 rn radi U.: sat:rat.Ci P 

1i At 15 cm, distribution Pa:"p, ra;I '. th, :deth V)!' em and 0 the X 

.,*,-0i 'c )rI 0 .w' no re at i,n with dischargerc- ratc,. 

, ,-r. -I,';i --n ' nr-ove: more f'r',ely with saturated soil-water f'low 

iT I, . h,7 'stan'-e of :rairat ion reflect ed the ,P is by mafr r,, sioa 

,.r eor -,' :-,!" ' r i,n .f the ii High P ,-,ncntrations qre also noticed 

r -,r I I(er it, t! , P, u se the saturated conii tions near the eri tter prevent 

r",(' "evoe Itm,', I 'e, ,-!'cicey of" P uti lizati on in this zone, as Prrlied 

thro j h a ir; syst em woe] d probably be low. Other methods of P fertilizer 

plie ,mont shniulI b1, considerod tot-ether with P solution applied through a 

trip system. 
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rl of' fertt, iIi OI ( k )C z rtt.ri IcOflr~rlt 70 sol t,on l / _ 

the rato rilct (ml /min) (see . ., Anpend ix)
 

F= the quait i V of fert ii :er beinl,, applied (k.!h,- ,
 

A = ir'r i t,. arI'a (ha. ,
 

O ,t' i, Lon Fi 

C = th,- a c'ti, Ot nr' ii a. iPn timio ant. r:iitjion timn. 

A :,hlir! er fprt, 1li:na ion ;,erilI is r f('cnall )w time T,) 

'l:; h e ;.'.;t em An f' ,¢ilu" eual t, 7 .,t mn:; ,hosen in thi: 

,i,,'i m,. . 'Th. i t.),' .on a 2 ' w't:; ctal ly :; tarteder_ i iI:',r ua 


m i tnn r'r after the i ri t eat ion !;ta!.rt c-d a nd .1u';1.- i q
 

1111i':;, ,W I ci a V2t' , 1n1, i me.
 

'. . 1/, .v :: ( t ari iI trat in:
 

'-

P , ,.s / " -j/ " .1IT ii etc<t', I I..' [vI, rm)n!, -c , 

1,i'c:'' ' .;;,rIc:; wcrc- j;fi 1)2 the maim, wat Ii st,tiblU,ior, I in' . 

' ttr t- d i 'ttlOt WitS cil')--n in cc,stdc, 't'i L'.loni t 'riclioicn lti-

I ',.: in 1.l; ,w-; 'rc',I t", loW-flow :;/stemff. 

I'Ht I -' 

It i ta,,1: ;~ na:; i ibir 2 wer'e usedI ,,) t.Lo i]',rr wate rarK/,' 

ot .o 1'Q-'oti mnts ''ho i-n t1luin laoedi( }1* n ]-.t ic -iSW-'r.-

,nt' !t - t-itt tlI i i, ')#' ,-,,ch bed, ) m tpart from (eac(h o)ther. in )rdei-

I- iw',t' t t h,h 'u',. intu; I'r.-m the tropi cal sun an w(-i.l as to make f l i 

,1i''lgt i''n: enil', tl delivery were about 5 cm b! owll ti( tubinfs buried 

'o
 tanl' mci I ,ql tt 

A W(t -m lc-,., 0. ,im outfr diameter 
2eederolastic tube was used to 

,Mi,,tnceah pctactt delivry tubing and the main water conducting line. 

()it, ijdIothe t eed,'r tube was mnushed into a 21/(4" ( 0.83 cm) hole drilled 

oil.he main line and the other end was courled to the porous tubing usin 
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f
) 

than tL ho m i Po.ri 1 1 n C nr ''l runl ~ 1 n il T ' wuit% r .;o 1!'('( 

War o-.t, v -r:/ ti 

.Rn:;,riabi. .ins'la, wae, I" i vpr. r'n war.i' A 'v hr'inrl at 

tp exerimprntal n~riod. A; shown in Pig... (,), A.n,,ltix: N",r -_: 

"-w-pk biro'thrmil'Ih neriod, the A]WNIurr" rate )' t- 'ye Win maini 

ta ined at. .. I ,',10 Ingtl I irna .about Wl/hurr/mnter or i 

IV--' t ,,- ) I, ( Ini r, 

'1cw crons ," :swo',., penper werp krowTf t) -over a ,ompl1o!be dry .a;L i. 

andI a nom'l.ete wet spaon experiment. The weet pen-er , m]n I&] Pail; 

variety, is a loPal, hiph-yielding, ,Lp:;aaso rpse'.', ant 'variety. Heonimnermletj 

frroWh peri, d/'ron of- this variety K2 6 to 7 montI; Prr inus data howed 

that, lale;r on u]1tivation, wi th proper i s ture nutrienttrad iti cra] and 
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s:aiil es r I Iii' e of Ricanevealed ',WIi mence Pu erto mu';!air Virus, a majo Hseuivc-.;. 
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.8 26.3 .2 26A 24.7 23.128A 29.1 
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27.7 23.9 24.0289.6 29.5 27.4 28.1 28.9 

August 18-31, 1976 February 20, 1977 

(Wet Season) (Dry Season) 

(a) (b) 

Fig. 30 Soil moisture distribution pattern under drip tubing 24 hours
 

after last irrigation. (Numbers refer to nercent moisture 

of dry soil.)
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Fig. 31 	 N, P, K, and conductivity distribution patterns after five months
 

of cultivation under drip fertigation.
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CONDUCTIVITY (mmhos/cm) N, % 

.82 .83 .49 .18 .17 .17 
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24 30 	 0 181 109 68 60 
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Fig. 32 	 N, P, K and conductivity distribute--oatterns of the check plot
 
often five months of cultivation under drip irrigation and banded
 
fertilizer treatment.
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8 	 4 5 II 10 14 15 
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Fig. 33 	 N, P, K and conductivity distribute--patterns of the check Ilot
 

often five months of cultivation under drip irrigation and broad
cast fertilizer treatment.
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Fig. 34 	 N, P, K and conductivity distribute--natterns of the check plot
 

often five months of cultivation under drip irrigation.
 



Table 4. 	Selected chemical characteristics of Coto clay in different depths prior to
 
initiation of treatment differentials.
 

Depth N p2/ K Ca ME Mn 
cm P7M P/M P/M P/M P/M 

0-10 0.17 0 43 690 138 4
 

10-30 o.14 0.05 0 0 19 30 323 84 2
 

0.02 1/ 0 1/ 6 l/ 
30-50 0.12 0 13 325 73 3 

50-70 0.12 	 0 
 13 	 430 74 0
 

l/ Adjusting factor for depth effect.
 

2/ Extracted with NaHCO3.
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In the fertigation treatment, a bulk-shaped low conductivity area was
 

observed immediately below the drip tubing. The high conductivity region
 

started at the soil surface, 20 cm from the tubing, continued as a strip
 

30 cm to 40 cm wide down to a depth of 50 cm (Fig. 31). The two skew verti

cal boundaries of this high conductivity region are roughly parallel to
 

the low conductivity bulb. In Treatments III and IV, the broadcast fertili

were of similar shape, but much shallower high-conductivity
zer and check plots, 


regions were observed. Unlike Treatment I, the low conductivity areas in
 

Treatments III and IV, are located at the lower layer and lower corner in
 

the profiles. Treatment II, banded fertilizer, showed a relatively narrower
 

(15 to 30 cm), very high conductivity strip extending down to more than 60cm.
 

A lower conductivity region formed by a bulb shaped soil mass was noticed
 

directly under the drip tubing.
 

High nitrogen regions were noticed in Treatment I and II. Soil nitrogen
 

accumulated along the wetting front in the fertigation treatment, and concen

trated around the fertilizer band in Treatment II. In Treatments III and IV,
 

the surface broadcast nitrogen showed a tendency to move both downward and
 

sidewar-d.
 

Phosphorus fertilizer, in TSP form, did not show too much movement in
 

the profiles under all four treatments. P either stayed at the surface
 

of the soil, as originally broadcast, or in the vicinity, where first banded in
 

Treatments I and II. A relatively higher phosphorus concentration was ob

served at a depth of 20 cm in Treatment III.
 

K movement in the profiles, with respect to the irrigation water's leach

ing effect was not very pronounced either. However, K was more moveable than
 

phosphorus. In Treatment I, K concentration decreased along the radii from the
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irrigation tubing. Treatment II 
showed high potassium concentrations on
 

the surface layer of soil as well as around the fertilizer band. The
 

movement of K in Treatment III followed a similar Tattern as the movement
 

of N under the same treatment; the concentration decreasing with increas

ing soil depth and distance from the irrigation tubing. A consistent

downward movement of K fertilizer was observed in the check treatment.
 

Table 5 gives data on N, P and K content and electrical conductivity
 

at each sampling point of the soil profile.
 

TV-3-3 Root System Development
 

Table 6 presents quantitative data of oven-dried root weight in each
 

layer and different sections of the soil root zones. Root development in
 

the upper 15 cm layer were of the order 67.h4%, 64.89%, 5h.63% and 67.06%
 

of total root weight in Treatments I, II, III and IV, respectively. In
 

general, a major part of the root system was developed within the 5 cm to
 

15 cm layer.
 

Figures 35, 36, 37 and 38 illustrate the proportional weight distribu

tion of root systems under each treatment. Symmetrical root weight distri

butions with respect to the direction of moisture gradient were observed
 

in Treatments I, III and IV. 
 In other words, the root systems developed
 

relatively equal weights in the inner and outer sections of the three treat

ments. However, root develorment in Treatment II (Fig. 36) was heavier (50%
 

more dry weight) in the inner sections than in the outer sections within the
 

upper 15 cm layer.
 

In spite of the fact that symmetrical distributions of root weight
 

were obtained in three out of the four treatments, more fibrous roots were
 

developed toward the direction of water and/or nutrient sources. Figure 39
 

gives four photographs of the root systems of ten-week old pepper plants,
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Table 5. 	N, P, K content and conductivity values of soil samples taken from
 
a 60 cm x 60 cm nrofile in each treatment.
 

Treatment
 
and N% 2/2/ P (n/a) 2/ K (D/) Conductvity
2 


location-	sample adlusted;-sample adjusted- sample adjusted!/ Mmhos/cm
 

I-A 0.20 0.15 16 16 273 243 0.47
 

I-B .21 .16 18 18 166 136 .43
 

I-C .27 .22 18 18 205 175 .29
 

I-D .16 .14 28 28 210 204 .23
 

I-E .22 .20 22 22 98 92 .25
 

I-F .23 .21 6 6 80 74 .52 

I-G .22 .20 20 20 101 95 .50
 

I-H .14 .14 12 12 78 78 .25
 

I-I .13 .13 7 7 10 10 .41
 

l-J .15 .15 11 11 14 ib .36
 

I-K .12 .12 11 11 16 16 .39
 

I-L .12 .12 14 14 14 14 .30
 

I-M .12 .12 0 0 15 15 .23
 

I-N .09 .09 12 12 15 15 .22
 

1-0 .10 .10 15 15 15 15 .29
 

II-A 0.23 0.18 19 
 19 218 178 0.82
 

II-B .22 .17 18 18 180 150 .83
 

Il-C .22 .17 16 16 154 124 .49
 

II-D .23 .21 33 32 221 215 .35
 

II-E .22 .20 20 20 155 149 .57
 

II-F .22 .20 11 
 11 109 103 1.02
 

II-G .19 .17 7 7 88 32 .33
 

II-H .22 .22 24 24 181 181 .34
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Table 5 (Cont.)
 

Treatment

and N% 2// P (p/m) 2/ K (p/m) 2/onductivity
 

location- sample adjusted!Isample adjusted- samole adjusted-/ Mmhos/cm
 

IT-I .16 .16 3 3 109 109 .45
 

II-J .16 .16 0 0 68 68 .80
 

II-K .19 .19 0 0 60 60 .35
 

II-L .14 .14 8 8 106 106 .35
 

II-M .14 .14 0 0 35 35 .62
 

II-N .13 .13 0 0 45 45 .28
 

11-0 14 .14 0 0 34 34 .31
 

III-A 0.23 0.18 77 77 448 418 0.96
 

III-B .26 .21 36 36 424 394 1.81
 

Ill-C .25 .20 40 40 436 206 .57
 

III-D .15 .13 11 11 68 62 .61
 

III-E .15 .13 15 15 68 62 1.38
 

III-F .13 .11 17 17 48 42 1.36
 

III-G .23 .21 18 18 133 127 .47
 

III-H .10 .10 11 11 15 15 .43
 

111-I .12 .12 9 9 15 15 .39
 

III-J .11 .11 12 12 15 15 .37
 

III-K .14 .14 10 10 18 18 .36
 

III-L .12 .12 8 8 15 15 .32
 

111-14 .12 .12 4 4 10 10 .21
 

III-N .08 .08 5 5 14 14 .18
 

111-0 .12 .12 11 11 15 15 .23
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Table 5 (Cont.)
 

Treatment 
and 2 PpN%(D/m) 2/ K (p/m) 2/Conductivity 

location sample adjusted--sample adjusted- sample adjusted- Mmhos/cm 

IV-A .19 .lh 2 2 ill 81 0.33 

IV-B .21 .16 6 6 100 70 .29 

IV-C .20 .15 3 3 88 58 .21 

IV-D .16 .14 0 0 117 ill .12 

IV-E .17 .15 3 3 99 93 .27 

IV-F .17 .15 0 0 85 79 .30 

IV-Q .17 .15 3 3 21 21 .25 

IV-H .17 .15 0 0 26 26 .15 

IV-I .13 .13 h 4 28 28 .25 

IV-J .15 .15 0 0 23 23 .13
 

IV-K .14 .14 0 0 17 17 .15
 

IV-L .13 .13 0 0 13 13 18
 

IV-M .12 .12 0 0 13 13 .15
 

IV-N .11 .11 0 0 15 15 .10
 

IV-0 .12 .12 0 0 l 14 .11
 

1/ Alphabetical letters refer to the sampling locations on Figure
 

2/ Adjusted value means value after corrected for depth effect.
 



Table 6. Root system development in soil Drofile with different moisture and nutrient gradients
 

Root Development
 
Treatments
 

Inner Sections 
 Outer Sections Each Layer
 

Section Wt. Section 
 Wt. Depth (cm) Wt.
 

I A 
B 

0.4496 
2.2326 

5.7 
28.4 

E 
F 

0.4210 
2.2016 

5.3 
28.04 

0-5 
5-15 

0.8706 
4.4342 

i.0 
56.44 

C 0.8956 11.4 G 0.9011 11.48 15-25 1.7967 22.88 
D 0.3736 4.76 H 0.3740 4.76 25-35 0.7476 9.52 

Subtotal 3.9514 50.26 Subtotal 3.8977 49.58 Total 7.8491 100.00 

II A 0.8649 9.45 F 0.4279 4.67 0-5 1.2928 14.12 
B 2.6969 29.47 F 1.9519 21.3 5-15 4.62488 50.77 
C 0.9039 9.88 G 1.0599 11.58 15-25 1.9638 21.46 
D 0.3629 3.96 H 0.8809 9.62 25-35 1.2438 13.58 

Subtotal 4.8286 52.76 Subtotal 4.3206 47.17 Total 9.1492 100.00 

III A 0.5657 5.85 E 0.4992 5.16 0-5 1.0651 11.01 
B 2.1861 22.61 F 2.0311 21.01 5-15 4.2170 43.62 
C 1.4549 15.05 G 1.3219 13.67 15.25 2.7768 28.72 
D 0.9479 9.80 H 0.6577 6.80 25.35 1.6056 16.60 

Subtotal 5.1546 53.31 Subtotal 4.5099 46.64 Total 0.6645 100.00 

IV A 0.3414 5.14 E 0.2991 4.50 0.5 0.6407 9.64 
B 1.9296 29.07 F 1.8821 28.35 5-15 3.8117 47.42 
C 0.5818 8.76 G 0.5903 8.89 15-25 1.1719 17.65 
D 0.5126 7.72 H 0.5000 7.53 25-35 1.0126 15.25 

Subtotal 3.3654 50.69 Subtotal 3.2715 49.27 Total 6.6369 100.00 
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Inner Sections 

5-_5.7%1 
A 

I Outer 

IE 
5.3% 

Sections % Wt/Layer 

11.00 

I 

B 

28.4% 
I 
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28.04% 

-j 

CI G 

11t.4%1 11.5% 
22.88 

25-
D H 

474.7 9.52 

50.26% 49.58% 

Fig. 35 Root system development of sweet pepper in various soil 
sections, treatment No. 1 fertigation. 
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Inner Sections Outer Sections % Wt/Loyer 
A E 

14.129.54% 4.67% 
5 1i 

E B 	 I F
 
I 5077
 

29.47% I 21.3% 
a. 15-	 I,-I-	 I 

SC' 	 G 
1 	 21.46 

9-889. 11.58% 

25-


DI1 H	 ,13.58 

3.96 41 9,62% 

35 

52.76% I47.17% 

Fig. 36 	 Root system development of sweet pepper in various soil
 
sections, treatment No. 2 banded fertilizer.
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Inner Sections 	 Outer Sections % Wt/Layer
 

5-
5.85%1I 5.16% 1.01 

E 8 I F 
'43.62 

22.61% 
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~15 a. 15,, _I 

"' 28.72 

(, 
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I 
13.67/.2 

25- I-
D IH 
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16.60 

35 

53.3% 	 46.64% 

Fig. 37 	 Root system development of sweet pepoers in various
 

soil sections, treatment No. 3, broadcast fertilizer.
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Inner Sections I Outer Sections % Wt/Layer 

A E 
5.14%1450/ 	 9.64 

- I 	 -

E I 57.42 
28.35%

29.07% 

a. -	 I w 

3.76018.890/ 

25 	 1 -
D H
 

72 	 15.25 

50.69% 	 49.27% 

Fig. 38 	 Root system dc-veIoDnent of nweet peppers in various soil 
sections, treatment No. 4, check. 
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Figure 40 present a view of the mature plants' root systems. From both
 

figures 39 and )40, it is quite clear that, under all four treatments,
 

there was much more specific surface area of roots in the inner parts
 

than in the corresponding outer parts.
 

IV-3-h Yield
 

Analysis of variance of total yield data indicates a highly
 

significant difference between Treatments I, III and TV and also be

ween Treatments TI, ITI and TV. Total yield of Treatment I, the ferti

gation treatment and Treatment IT, the banded fertilizer treatment,
 

are significantly higher than the total yields of Treatment III, the
 

broadcast fertilizer and Treatment TV, the check plot. For the wet
 

season crop and the combined yield analysis no statistically significant
 

difference (95% level) between Treatments I and II are found.
 

The difference in yield between these two treatments in the dry season
 

crop is highly significant, (Table 7).
 

Figure 41 shows that the banded fertilizer treatment was conducive
 

to the highest yield at the first three harvests. Increasing of yield
 

with maturity leveled off in Treatments IT, IfI and IV after the third
 

pickingand increased again after the fourth picking. Yields in Treatment I
 

were continuously increasing between the third and fourth pickings
 

(when plants were four months old) and topped the other three treatments
 

in yield at the last two pickings. A drop in yield was first noticed
 

in the check plots when plants were five months old. The other three
 

treatments also showed decreasing yield two weeks later.
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Figure 42 shows the yield distribution of the dry season crop.
 

Favorable winter temperature caused a faster growth rate in the early
 

stage after transplanting. 
The dry season crop later suffered from
 

aphid attacks and a spreading of the Puerto Rican mosaic virus which
 

affected yields adversely. The fertigation treatment maintained the
 

highest yield throughout the growing season, and nlants anparently
 

were less affected by the virus. The fertigation treatment had the
 

highest yield in each picking followed in order by decreasing yield
 

the banded fertilizer treatment, broadcast fertilizer treatment and
 

the check plots.
 

The combined wet 
season and dry season yield distribution, as
 

shown in Figure 43, indicates that yield increased with maturity until
 

the plants were five months old. Treatment I had the steepest and
 

smoothest increasing rate and also the highest total yield. 
Treatment
 

II followed, a close second in terms of total yield. 
 The increase in
 

yield of Treatment III was slowed down after the fourth month of growth.
 

The check plots did not show much improvement with maturity.
 

iV-h DISCUSSIONS:
 

IV-h-1 Moisture Distribution
 

The moisture distribution under field conditions is always a pro

cess of dynamic continuity. The water content at a particular point
 

varies with time and is a function of the external conditions, such as
 

t h e evapotranspiration rate, soil and air temperature, precipitation
 

and irrigation, etc. However, for a prolonged time period during similar
 

weather conditons, e.g. within the wet season or dry season only, and
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Table 7. Test of statistical significance between treatments.
 

Treatments Average yield t value 

Wet season crop: I v.s. IT 190.65 v.s. 197.51 -1.92 none 

I v.s. III 190.65 v.s. 175.55 4.22** 

I v.s. TV 190.65 v.s. 81.65 30.48** 

II v.s. II1 197.51 v.s. 175.55 6.14** 

IT v.s. IV 197.51 v.s. 81.65 32.4o** 

III v.s. IV 175.55 v.s. 81.65 26.26** 

Dry season crop I v.s. IT 182.15 v.s. 160.90 4.10** 

I v.s. ITT 182.15 v.s. 138.66 8.40** 

I v.s. IV 182.15 v.s. 69.52 21.76** 

II v.s. III 160.90 v.s. 138.66 4.29** 

II v.s. IV 160.90 v.s. 69.52 17.65** 

III v.s. IV 138.66 v.s. 69.52 13.36** 

Combined crop: I v.s. II 373.30 v.s. 358.41 2.10 none 

I v.s. ITT 373.30 v.s. 314.21 8.37** 

I v.s. IV 373.30 v.s. 151.17 31.48** 

II v.s. IIl 358.41 v.s. 314.21 6.26** 

II v.s. IV 358.41 v.s. 151.17 29.37** 

III v.s. IV 314.21 v.s. 151.17 23.10** 

Remarks: t
95: 

2.131 

t992.947 
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o Fertigation 
* Banded fertilizer (IL) 
o Broadcast fertilizer (IT)
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Table 8. Yield of pepper fruit at each harvest in the wet season crop 

Yield 

Sept. 10 Sent. 24 Oct. 3 Oct. 22 Nov. 5 Nov. 19 Dec. 3 Total 

Treatment I 
Replication 

1 12.2 19.2 25.5 28.9 34.1 44.0 38.8 202.7 
2 12.0 21.3 26.2 28.6 34.5 42.0 37.2 201.8 

3 21.0 18.4 24.2 28.4 32.5 43.1 38.2 196.8 
4 11.5 15.5 23.1 29.0 40.1 39.6 36.9 195.6 

5 11.0 14.2 20.3 25.5 32.5 36.2 34.2 173.9 
6 11.4 15.0 21.1 26.4 33.2 38.0 30.0 176.1 

Total 70.1 103.6 140.4 166.8 206.8 242.5 215.3 1143.90 
Average 11.68 17.26 23.4 27.8 34.46 40.41 35.88 190.65 

Treatment II 
Reolication 

1 18.0 26.5 30.3 33.4 34.5 42.0 35.5 222.9 
2 15.1 23.2 27.1 28.4 34.0 36.2 32.6 196.6 
3 16.0 22.7 26.6 29.2 40.0 35.0 35.1 204.6 

4 13.5 18.2 27.0 25.5 36.2 36.2 36.0 192.6 
5 14.0 19.1 23.3 24.2 30.2 36.2 33.1 180.1 
6 16.0 19.0 26.9 22.2 33.6 40.6 30.0 188.3 

Total 92.6 128.7 161.2 162.9 208.5 226.2 202.3 1185.09 

Average 15.4 21.45 26.86 27.15 34.75 37.7 33.7 197.51 

0 
CF\ 



Table 8 (Cont.) 

Treatment III 
Renlication 

1 
2 
3 
4 
5 
6 

Total 
Average 

Treatment IV 
Replication 

1 
2 
3 
4, 
5 
6 

Total 
Average 

Sept. 10 

14.6 
1-.5 
13.0 
13.8 
12.5 
12.2 
79.7 
13.28 

6.6 
6.0 
5.9 
7.0 
4.5 
3.4 

33.4 
5.56 

Sept. 24 

22.4 
23.0 
16.1 
16.2 
13.2 
12.0 

102.9 
17.15 

8.5 
9.4 

11.8 
10.7 

6.9 
5.9 

53.2 
8.86 

Oct. 8 

27.5 
23.5 
25.0 
28.2 
19.2 
19.6 
1430 
23.83 

9.5 
10.2 
14.7 
16.2 
8.7 
9.0 

68.3 
11.38 

Oct. 22 

28.4 
24.6 
22.2 
26.9 
22.6 
24.2 

148.9 
24.81 

11.h± 
11.6 
13.3 
12.9 
9.9 
9.2 

68.3 
11.38 

Yield 

Nov. 5 

28.0 
29.5 

'34.0 
34.5 
31.0 
31.1 

188.1 
31.35 

18.5 
14.2 
16.9 
70.2 
14.0 
14.2 
9q.0 
16.33 

Nov. 19 

34.5 
41.3 
36.2 
32.5 
33.2 
32.2 

209.9 
34.98 

18.1 
14.2 
19.6 
11.3 
14.0 
13.9 
91.1 
15.18 

Dec. 3 

30.0 
33.2 
34.2 
28.0 
29.0 
26.4 

130.8 
30.13 

18.2 
13.3 
13.2 
11.4 
li.0 
10.0 
77.1 
12.85 

Total 

135.4 
183.7 
18".7 
180.1 
160.7 
157.7 

1053.30 
175.55 

90.8 
79.4 
95.4 
39.7 
69.0 
65.6 

489.89 
81.65 

I-, 



Table 9. Yield of pepper fruit at each harvest in the dry season crop. 

Yield 

Jan. 28 Feb. 11 Feb. 25 March Ii March 25 April 7 April 22 Total 

Treatment I 
Replication 

1 
2 

3 
4 

5 
6 

Total 

Average 

19.50 
14.25 

12.75 
22.50 

18.75 
21.0 

108.75 

18.12 

25.75 
26.50 

19.25 
28.50 

22.50 
25.00 

147.50 

24.58 

28.40 
31.20 

23.50 
33.25 

25.20 
29.00 

170.55 
28.42 

27.75 
32.50 

22.75 
31.95 

25.50 
28.00 

168.45 

28.07 

29.50 
33.75 

24.65 
34.95 

25.00 
27.25 

175.30 

29.21 

29.00 
30.65 

24.50 
32.00 

26.25 
27.75 

170.90 

28.48 

24.05 
25.75 

20.50 
29.75 

24.35 
23.00 

152.4 

25.14 

183.95 
194.60 

117.90 
212.90 

167.55 
1S6.00 
1092.90 

182.15 

Treatment II 
Replication 

1 
2 
3 

4 
5 

6 
Total 
Average 

12.50 
20.00 
14.40 
16.20 
11.50 

20.50 
95.10 
15.85 

18.00 
20.00 
21.50 

24.75 
21.25 

25.00 
130.50 
21.75 

20.50 
26.25 
23.50 

26.25 
23.50 

24.50 
144.50 
24.08 

22.50 
26.75 
20.20 

25.03 
23.00 

25.55 
143.00 
23.83 

24.00 
28.25 
23.00 

27.25 
25.75 

27.00 
155.25 
25.87 

28.45 
28.00 
23.65 

27.00 
25.50 

28.00 
160.60 
26.76 

20.85 
25.35 
21.00 

24.75 
20.25 

24.45 
136.45 
22.74 

146.80 
174.60 
147.25 

171.20 
150.75 

175.00 
965.40 
160.90 

0 



Table 9. (Cont.)
 

Yield 

Jan. 28 Feb. 11 Feb. 25 March 11 March 25 April 7 April 22 Total 

Treatment III 
Replication 

1 12.25 16.50 18.75 18.75 19.55 17.65 13.35 116.80 

2 16.00 21.00 22.25 20.00 24.00 23.00 17.50 143.75 

3 14.50 18.50 19.75 19.50 19.00 16.40 13.20 120.85 

4 19.75 25.00 26.75 24.25 26.00 24.75 20.00 166.50 

5 12.50 21.50 24.50 22.75 21.35 19.05 16.25 137.90 

6 20.00 21.75 23.50 21.00 22.00 19.00 15.95 146.20 

Total 95.00 124.25 132.50 126.25 131.90 119.85 99.25 B31.99 

Average 15.83 20.70 22.58 21.04 21.98 19.97 16.54 138.66 

Treatment TV 
Replication 

1 9.50 11.00 7.20 8.50 8.75 7.50 7.50 59.95 

2 7.75 8.50 12.00 9.25 12.25 8.00 9.00 66.75 

3 5.50 12.75 9.75 7.00 8.25 8.00 6.55 57.80 

4 11.50 15.25 16.00 12.70 13.50 10.50 9.00 88.45 

5 8.75 12.00 10.75 8.75 8.75 6.00 7.75 62.75 

6 9.00 14.50 15.00 13.95 12.03 9.75 7.25 81.45 
Total 52.00 7.400 70.70 60.15 63.50 69.75 47.05 417.14 

Average 8.66 12.33 11.78 10.02 10.58 8.29 7.84 69.52 

\0. 0



Table 10. Average yield of peoner fruit of the wet and dry season crops. 

Yield of each harvest 

1st 2nd 3rd 4th 5oh 6th 7th 

harvest harvest har:esi harvesi harveso harest harvest Tota: 

Treatment I 
Wet season crop 11.68 17.26 23.40 27.80 34.46 40.41 15.58 190.65 

Dry season crop 18.12 24.58 29.42 28.07 29.21 28.14 25.40 132.15 

Average 14.90 20.92 25.91 27.93 31.83 34.44 30.64 186.40 

Treatment IT 
Wet season crop 15.40 21.45 26.86 27.14 34.75 37.70 33.70 197.51 

Dry season crop 15.85 21.75 24.08 23.81 25.87 26.76 22.70 160.90 

Average 15.62 21.60 25.L7 25.49 19.3i 32.23 2A.22 179.2 

Treatment ITT 
Wet season crop 13.28 17.15 23.83 24.81 31.35 34.98 30.13 175.55 

Dry season crop 15.83 20.70 22.58 21.0L 21.98 19.97 26.54 138.66 

Average 14.55 18.92 23.2n 22.92 26.66 27.47 23.33 157.10 

Treatemnt IV 
Wet season cron 5.56 8.86 11.34 16.33 15.19 12.8h K1.85 

Dry season crop 8.66 12.33 11.78 10.02 10.53 8.29 7.84 69.52 

Average 7.11 10.59 11.58 10.70 13.45 11.73 10.34 75.58 



under routine farming operations, the soil moisture rgime may be con

sidered to be in a state of dynamic equilibrium. In other words, the
 

irrigation additions are offset by evapotranspiration and deep perco

lation thus, the average value of the volune of water in the plant occupied 

soil profile may be considered a contant. "'his constant soil-moisture 

state should coincide with root develonment arid the distribution of 

water soluble chemicals in the soil nrofile. 

Figure 30 resents the dynamic equilibrium field moisture nrofiles 

in the wet season and the dry season. Owing to the higher initial soil

moisutre content in the wet season and the increasing moisutre content 

with depth, the ellipse shaped wetting nattern J.jes not anpear under field 

0
conditions. As shown in Figure -a, the moist soil mas:; 
is more or
 

less in a fan shape. While in the dry season, because or 
the higher suc

tion force created by the drry surfLae soil, the wettoe soil mass is in 

a bulb shape in the surface 10 cm layer rind a 'an shaiel moist zone de

velops in the subsoil (Fitrure 30-b). The dry strin between the irrigation 

tubes is dryer and deeper in the dry season than it is in the wet season.
 

This is because of less rainfall and hig<her evaporatiori rate from the 

soil surface in the dry season. It should be pointed out that the moisture
 

natterns under field contitions, in both wet and dry seasons, are not
 

identical to the wetting patterns developed in the laboratory soil bin
 

(Fig. 7 & 8). In a laboratory profile, with uniform initial moisture con

tent, the total 
suction force across the wetting front is uniform and
 

independent of depth. But in a 
field profile the moisture content in

creases with depth, the suction forces decrease with depth and in the pro

cess of water movement in subsoils gravity force will prevail. Figure hh-a
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illustrates the water movement in a wet season nrofile, the higher
 

hydraulic conductivity in the subsoil accelerates the major water flow 

move downward by gravity force. Figure 44h-b simulates the dry season 

moisture nattern, more lateral movement of the added water is due to 

the higher matric-suotion in the dry surface layer. 

in conclusion: the field soil-water movement under fixed
 

rate drip irrigation is a function of the various moisture contents 

in the whole nrofile. Application of the laboratory soil water move

ment model hould he limited only to soils with a teen dry layer of 

relatively uniform initial moisture content. Water movement patterns 

obtained under over simplified laboratory conditions sometimes are
 

misleading in ractical field irrigation oierations. This simple
 

Fact has been ignored too rreqiuently in previous discussions about 

drip irrinaton dcsign ,nd managmnent. 

TV-h-2 2olut,# Distribution 

Prnfi ir2 of Conduc t i v ity 

The result "f tntal solute movement in the soil may be represented 

by the distribution of the conductivity of soil solutions. From Figures 

31, 32, 33 and 1h the conductivity distribution in all the four treat

ments are quite similar to each other. There is a low conductivity bulb 

immediately under the drip tubing and a pocket of accumulated solutes 

surrounding the bulb shamed low conductivity zone. This may be explained 

by Figure h usinp the "transmission zone" concept. The moisture con

tent in the transmission zone is close to saturation, and irriga

tion water sumplied from the porous tubing continuously flows through
 



Porous Tubing Porous Tubing 

Soil Surface f Soil Surface 

aissioZonenS - -- Transmission Zone 

Adequate Moisture Adequate Moisture 

and Nutrient cnd Nutrient 

Zone 

(b)(a) 

(a). The we. season soil
Fig. 44 illustration of the "Transmission 7one Concent". 


(b). The Iry season soil profile.
nrofile. 
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soil profile.the transmission zone toward the root zone or into deeper 

This kind of "no return" flow pattern causes a leaching effect in the
 

transmission zone. Outside the transmission zone is an area defined
 

the adequate moisture and nutrient zone. Tn the adequate moisture
as 


and nutrient zone a balance between soil-water flux and moisture de

pletion through root suction is reached. The irrigation water flow,
 

together with dissolved salts from the transmission zone-, stopped at 

various locations in the adquate moisture and nutrient zone. The 

excess fertilizer materials and other soluble soil comnonents accumu

lated in this zone and create,] the high conductivity region. 

N, P& K, Distributions 

DistinguishbLle differences are noticed in the N, P, and K 

Because of differences
distribution patterns with different treatments. 


in solubility and reactivity, N, P, and K move separately in soil media.
 

Th,,y might, however, affect each other.
 

Most of the nitrogen salts are very soluble in water and tend to
 

stay in the soil solution. Therefore, the nitrogen fertilizer is highly
 

susceptible to leaching loss. Under drip irrigation, it can be drifted 

in whichever direction the soil water moves. When annlying N solution 

through drip tubings, the N accumulated along the periphery of the wetting 

front (Figure 31). It is also noticed that the concentrated N zone is 

within the 30 cm layer of the surface soil. This is because in the 

surface soil layer, the higher pH creates more exchange sites in the soil. 

for cations, and the Nh ions from hydrolized urea undergoes the cation 

exchange nrocess with the soil narticles and are retained in the surface 

soil. While in the subsoil, with alower nH value, most of the exchangable 

sites are occupied by Al , which has a higher affinity to the soil surface 
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thneihr ~+ + N+ 
than either NH4+or K . Once 

+ 
NH 4 + NO and K in the soil solution
 

reach the lower soil layers, their chances 
of being retained in the soil
 

as exchangable ions is very slight, and most possibly, they are lost
 

by deep percolation. 

Figure 31 also shows a high concentrated potassium zone around
 

the drip irrigation tubing within the surface layer. As just mentioned
 

there are more negative surface charges in surface 
 soil and K applied
 

with the irrigation 
water can be adsorbed by the negative surface charges
 

as :-oon as they contact the sOil Trarticles. An interesiing 
 and important
 

Dhenomenon was 
 noticed when comnaring the N and K distribution patterns
 

in Figure 31: at 
those locations of high N concentration, the K con

centration are low. 
This is because the urea does not 
particinate in
 

the ion exchange process in the zone, where K is hidh however, once urea is 
h~ yz r d i t }{ + + 

hydrA ized +into N 1 , the 1W)I+ will compete fa)r exchange sites. This is why K 

is concentrated immediately around the drip tubing an. NH4 is located at 

some distance away.
 

The N and K distribution natterns shown on Figure 32 strongly re

frleet 
 tho location of the fertilizer band. This suggsts that banded 

apolication of fertilizer does create a region of high nutrient 
con

centration. 
The irrigation water flows through this region and contin

uously carries nutrients to the root zone. 
 A major part of the dis

solved nutrients from the fertilizer band is removed from the soil by
 

root suction. 
 High concentrations of both I and K are noticed directly
 

under the drip tubing down to about 50 cm. This is because there 

was less root 
activity in the transmission zone.
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are a direct
N and K patterns presented in Figures 33 and 3h 

result of the topical apnlication method, irrigatioti leaching arid 

shows that topical apnlication or fertilizer mayroot suction. It 


lead to a concentrated fertilizer strip between rows and hardly use

able by crop root systems. 

as a non-mobile material
 Phosphorus fertilizer has been realized 


in most soil media. The P distribution natterns for all treatments
 

3h surprising. Although

show on Figures 31, 32, 33, and are not 


(TSP) is classified as moderately water soluble,
Treble superphosphate 

phosphate, the main constituent of T9P; changes rapidly
monocalcium 

In Coto
 
to dicalcium phosphate which is very insoluble in water. 


clay and other Oxisols, the phosphate ions also undergo 
reactions
 

oxides and are "fixed" in
of iron and aiuminfnwith the large amount 

the soil. 

IV-h--3 Root System Develonment 

employed in this research, twodifferent treatmentsWith the four 

and TI,general tynes of root environments are created. Fin treatments I 


moves outward
and banded fertilizer treatments, moisturefertigation 

from the transmission zone flow through the fertilizer 
band and toward the
 

Both moisture and nutrient gradients are established in
 plant zone. 


same side of the plants and theoretically, the root system 
should


the 


develon in the direction opoosite to the moisture and/or 
nutrient gradi

same moisture gradient but the
 ents. Treatments III and IV create the 


effect develops a downward nutribroadcast fertilizer plus the rainfall 


ent gradient. Figure 39 shows a dense fibrous root growth toward the
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nutrient and moisture sources in treatment I and IT. The fertilizer
 

band in Treatment II also causes a l3q more (dry matter) growth to

ward the fertilizer band than away from the band. Treatments III and 

IV have a relatively symmetrical root system development in terms of 

both dry weight and fibrous root growth. This may be because of the 

frequent rainfall and high soil moisutre content in the soil offset 

the effect of moisture gradient created by irrigation water. The
 

above phonomena can be checked by the N, P and K distribution natterns
 

in Figures 31, 32, 33 and 34.
 

Drip irrigation provides an adequate moisture and fertilizer
 

condition in the surface soil and, therefore, encourages the develop

ment of a shallow root (see see. This is important
system '11-3-h). 


evidence to support the use of the drip method in Oxisol areas. Sub

soil acidity or Al toxicity would not be a limiting factor in crop
 

production in acid soils if the cron does not need the subsoil.
 

iV-h-- h Yield 

The understanding of the nutrient distribution and root system 

develonment make it apparent that the fertigation and banded fertilizer 

methods are sunerior to the broadcasting method in Oxisols. With the 

analysis of the distribution of yield data with time, some interesting 

points are found: 1) The increasing yields of treatments IT, ITT, and 

IV slow down after the third harvest reflecting the decreasing nutrient 

supplying power of the soil. The side-dressed fertilizer pushes the yield 

up again in the fifth hai ,,-. 2) In the fertigation treatment, because 

of the continuous nutrient supply, the yield increases smoothly without 

interruption. 3) In the wet season crop, the yield in the first three 

harvests of the fertigation treatment were lower than the banded fertilizer 
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treatment. This may be due to the insufficient lateral movement of 

irrigation water with the result that the nutrient solution applied 

with the drip system cannot reach the nre-develoned root system. 

h) In the dry season experiment, the residual effect of the previous 

season's fertilizatiorn activities provide the initial nutrients for 

early cron growth, and, therefore, the yield of the fertigation treat

ments are higher than the others all through the season.
 



CHAPTER FIVE: FUTURE RESEARCH N[EEDS AND CONCLUSIONS
 

V-i Future Research Needs
 

Results from the field experiment have shown that the drio tech

nique is a Dromising method to increase agriculture oroduction and
 

profit. However, the research has also exposed some new questions.
 

The following theoretical and technical problems have to be studied
 

before a standardized operational procedure can be realized: 

I. Instead of a constant discharge rate throurhout the whole grow

ing season, a variable discharge rate irrigation nroiram should be
 

considered as an alternative to assure that the crop receives enough
 

water and nutrients during emerfyence, early growth and maturation periods. 

2. Since only the top soil layer is used in cron growth with the drip method, 

the chemistry of the fertilizer solution and their effects on soil
 

acidity should be carefully studied.
 

3. A fertilizer rate and economical feasibility studies of both fertiga

tion and banded fertilizer techniques can provide further information on 

the method and quantity of fertilization which would yield the most profit

able returns. 

h . New types of phosphate compounds, such as gjycerophosphate, and their 

behavior in irrigation water and in the soil should be studied. They may
 

be used as alternatives for the non-mobil inorganic P fertilizer.
 

V-2 Conclusions
 

To summarize the results of this thesis, the following conclusions
 

have been drawn:
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Two-dimensional water movement in the soil urofile
 

1. In vertical water movement, a linear relationship exists between 

the wetting front advance and the square root of time. 

2. In horizontal movement, the equation nronosed by Brandt et al 

(1971) serves as a good estimation of surface wetting distance. This 

wetting distanc- tends to anj)roach a limiting value. 

3. In both sandy and clayey soils, for the same amount of water, the 

horizontal advance increases with increasing discharge rate. With 

similar water discharge rates, downward movement of irrigation water
 

is greater in sandy soil than in claye.y soil.
 

4. With defined lateral and vertical movement distances, the two

dimensional wetting pattern may be approximated by a semi-ellipse. 

This semi-ellipse may exist in natural soil profiles under relatively 

uniform soil moisture contents, but may not exist when the nrofile
 

water contents increase with depth. The surface wetting distance ould
 

be useful information to predict water movement under most field con

d i t ions. 

5. Because of the subsoil acidity and Al toxicity, most vegetable
 

crons in acid soils tend to develop shallow root systems in the less
 

acid surface soil layers. In this case, higher dri discharge rates
 

(less irrigation time) with the resulting further lateral movement are
 

recommended for drip irrigated row crops.
 

Fertilization techniques
 

1. In the sandy Oxisol, inorganic P moves with the water flow and
 

reached as far as the wetting front. However, a major amount of drip
 

supplied P was located in the vicinity of the drip
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emitters. In a clayey Oxisol, almost all of the applied P was concen

trated in the vicinity of the drip emitters. For all practical purposes
 

there was no P movement in clayey Oxisols. 

2. Soluble P fertilizer annlied through a drip system is recommended in 

a sandy soil area only if other fertilization methods, banding and/or 

broadcasting, can not be profitably Justified. Those situations may 

occur when there is a seasonal shortage of farm labor or the land is
 

too steeo to use farm machinery. When applying P through drip systems, 

special care should be given to emitter cleaning and soil water manage

ment. The commercially available P fertilizer is not recommended to be 

used in drip irrigation in clayey Oxisols.
 

3. N and K fertilizer can be applied with irrigation water and the
 

yield result under this technique is as good as the banded fertilizer
 

treatment.
 

h. The fertigation technique has the advantages of simple operation 

and minimizing field activities, such as applying fertilizer, which might
 

cause man-made damage to crons. However, banded fertilizer has the
 

advantage thpt only filtered irrigation anpears in the drip system,
 

and eliminates the risks of fertilizer clogging of' emitters or chemical
 

damage of drip components.
 

The drip irrigation technique opens a new direction for overcoming
 

the fertility and soil-water management problems in the highly weathered
 

acid soils. It is particularly advantageous for smaller sized farms
 

and relatively steep agricultural land. Although memory of the early
 

failures of 
some drin systems still exist among many farmers and technical
 

advisors, and lack of enthusiam for drip irrigation has also resulted
 

from criticism that drip systems are too sophisticated to be accepted by
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the general public, with the advanced manufacture of drip irrigation
 

materials and improved system design, drip irrigation operation can
 

be as easy and simple as any other irrigation method. Since only low
 

operational pressure is required, 'he use of electrical and fuel
 

energy can be easily eliminated through proper system design. With
 

further studies on economical and operational aspects, the drin
 

technique may be developed as an alternative to the management of water
 

and fertilizer and increase land capability in the tropics.
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