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ABSTRACT

Water and Nutrient Management With Drip Irrirsation
in

Highly Weathered Soils of the Yronics.

John Ching-Win Ken¢,, Ph.D.

Cornell University, 1978

Laboratory studie: of profile water movement from line source were
conducted using one clayvey Oxisol ant one sandy Oxisol. Punctinnal
relationships hetween water application rates and rertical/horizontal
advances were established. In both finer and coarser textured soils,
the horizontal advance tended to anproach to a limit with nrolonged
time, while a linear relationshin was found between the vertical ad-
vance and the vjuare root ot time, Higheramnlication rates resulted
in further lateral water movement and shallower Aownward movement.

P distribution, together with water movement, was 4lso examined
in the laboratory in both sandy and clayey soils. High P coneentration
tion was observed in the vicinity of the water source in both seils under
various water application rates. P moved as far as 30 em from the
appliication point in the sandly soil vnrofile, but no significant F
movement was noticed in the clayey Oxisol.

Based on the laboratory results, a drip irrigation system was
designed for the field exneriment to study the feasibility and opera-
tional techniques of drin irrigation and fertilization in a tronical

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 different fertilization techniques.
Tn addition to the check plot, the three other treatments were: ferti-
gation (drip application of N and K, banded P); banded N, P, and K;

and broadcast N, P, and K. All treatments but the control vnlot received
the same total amount of fertilizer and the whole exverimental area

was uniformly drip irrigated. The fertigation treatment and the banded
fertilizer treatment resulted in the highest yield, and therefore, are
considered more desirable.

The drin methad recommended in the this thesis is a technique de-
veloned under n genuine trorical environmeht. fenerally svpeaking, the
drip method is feasible and may be profitable for certain crops in the
tropics. However, results of the root system develovment, and ferti-
lizer distribution under field conditions susrested that detailed studies
on drip discharge rates and irrigation and fertilizer schedules are

needed in order to modify and standardize the drin system onerations,
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CHADTER OMF: INTRODUCTION

I-1 The Progress ¢f Drin Irrigation

Drip {Trickie) irripation is « relatively recent technique in which
water and/or fertitizers are jirectly apblied to the nlant's rnot zone
at a high frequency., 't is based on the concert that optimum plant per-
formance may be realized through preventing moisture stress by maintain-
ing favorable soil moisture conditions in the rouot zone. Because of the
Iow averational pressure (usually 30 psi or less) und nlow lischarge rate,
Arip irrigation does not need high energy inputs and losses Crom sarface
rutnoff is neplicible and surface evaporation s reduned,

Therefore, irrigation efficiency could be as hirh as 90% or above,

A recent world wile drin irrigation survey shows that, at the present
Lime, about 71,000 acres are irrigated by this method outside the 1.9,
It is estimated that by 1980 the total area under drin irrigation will
be expanded to 0. 000 qeres. Tn the United States, approximately 70,000
acres are now under drip irrigation and it is estimated that by 1980 the
total will expund to 217,000 acres  (Gustafson, 197h), There are two
dozen or more systems that are commercially available in the U.S. today
(Davis, Lofn).

Previous research indicated that drin irriration has a number of
votential advantapes in addition to more efficiency water use. Denending
on the cron, s0il conditions and tyne of system, there should be & reduc-
tion in labor, less erosion on sloping lands, higher yields with saline
water, dry soil surface between rows, easing of field operations, reduc-
tion of weed prowth, more efficient application of vlant nutrients through

irrigation water and elimination cf ground water pollution.


http:irrifiat.in

The accumulatinn of knowledge and exvetience with the drin irrigation
techninques has lel scientiste ani growers Lo some more exciting thinkings
With apnrovriate understandine of the soil properties and soil moisture
movement pattern, the exdact amount of chemirals, such as herbicides and
ner.atocides, may be adiel thronpgh a Arip system ol o lesired time to modify
the ecology of the root uone, This implies that drip techniques may not
only be used st an irrigation and fertilization nrecess but lso be uscd

for plant wrotection, weed contra]l ani other snil dicinfection mirposes

+

- is safe t» assume that the dawn ~f a new enic of agricul-

-

Uzard, (107h).
tural technolupy is in sifht by using irip irrisation techniques.

I-2 Potential ot Drip [rrigation in Agricultural Develojpment in the

To a laree extent, Ultisnls and Oxisols and closely related soils
predominate in the notentially arable areas of th> tropiecs not yel under
cultivation. These are high in sesquioxides and kanlinite and related
rlay minerals. Characteristically, Oxisols have low cation exchange
capacities, anl low nutrient holding powers. The usually hirh rainfall
intensities rrevailing during the wet season in most tronical areas
demand special management of plant nutrients for intensive production of
most food erons.

With repsect to the hydraulic properties of Oxisols of Tuerto Rico,
Wolf and Drosdoff, (197!) reported relatively high permeability and low
available water hnlding canacities. Wealf, (1975) and Fruntel, (197%)
revorted similar findings for several Oxisols in Central Brazil, Perindic

drought can occur even during the rainy season requiring supplemental



irriration in most areas of the tronics for stable crovn production.

The water-nutrient manasement problem may be studied Jointly by usin-~
drip irrigation. Woudt, (1908) nointed to the notential imvortance of
drip irrigation techniques in Tood production in the tropics., iHowever,
vwork orn the arplication of drip irrimation in tropical areas, especially
on Oxisols, has been scant., There is no informaticsn in “he literature
with respect t«o combined water and nutrient management on Oxisols using
irin techniques.

The following nre considered to be advantuges of Arip irrigation,
varticularly in Dxiscls:

1. With Jdrip irrization, it is nn longer required for the soil to

' for water and/or plant nutrients. The depleted

serve an oo "reservoir!
water or fertilizer could be recharged in the root zone almost continncusly,
Im other words, the soil has been reduced in imnortance as a factor in
holdires the water -r nutrients between irrigations or fertilizations., Thus,
soil with poor available water holdineg ability anl low cation exchanee
capacity have a potential for being highly productive, if the factors are
conducive to crop growth. BSince 1rip irrigation encourases root development
in the surface s0il, (Goldberg, 1971) it may also be advantageous on manyv
OUxinols where cron rootine in the subsoil is restricted by Al toxicity.
. Im the wet-dry tropics, such as tronical America, where dry

seasnn water supplies are usually limited, drip irriegation may permit the

largest expansion of the acreage under irrigation.
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3. Drip irripation shortens the growing season of many crons,  Thus,
this type of system mey be particularly advantareous in the tropics increas-
ine the notential for two or three crons ner year.

L., Veening a concentrated “ertilizer bani continuously moist with
drip irrigation or unplying suluble fertilizer in very small amounts with
each irrigation may minimize learhing losses anl maximize efficiency of
apnlied nutrients. !uring the wet season, the Aris syetem could be outiiized
as 4 fertilization device. All fertilizers can be avplied to Lhe soil as a
mixed solution., This conveys an improved methol of nutricnt management for
both Ary and wet seasons achieved by installing a sinele Ariv system.

Y. With resnect to socio-—econnmic factors, Jdrip irriration systems
fit. better in intensively cnltivated farms and/or nlan’ations which are free
from freezine throurhout the year., The system is rather simple and can be
fully automated. Therefore, only low energy anl low labor inputs are
required.  Since most of the Jdrip irripation components can be made f'rom
plastics, no major Jdifficulties are expected in the manufacturing Hf such
materials with the nresent level of technolngy in most troniecal countries.
This imvlies that the cost of drip irrigation materials could be reduced by
locally manufactured ~omnonents.

Despite these promising features of drip irrigation, problems will un-
doubtedly need to be solved when introducing this technique into the troniers,
Much of the research information and experience with drip irrigation have
been developed in temperate regions. Directly transferable information is
not available. Application of current knowledge and technology should be
preceeded by careful study, testing and perhaps modification before it can

be successfully employed in a tropical environment.
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-3 Svecial knowlelige Needed in Oxisol Under Drip Irrigation

The basic idea «f drin irrigation is to manare the soil water reyime
in the root zone tour the most economical use of water and fertilizers.
Therefore, the moistiure vattern under emitteror lIriv 11bing becomes the
most eritical factor that affects irrigation efficiency, oxyeer deficiency
and possible salt accumulations.

Climatological coniitions and soil properties are factors which dom-
inate water movement through the soil »rofile., These factors are very
difficult, i uot imnossible, to modify. The discharring rate and irri-
ration frequency arc adjustable factors which conld affeet the moisture
movement. pattern, Therefore, one of the basic needs for Arin irrication
desien and manarement in each narticnlar soil tyve i te obtain the fune-
Lional relation of the mnisture nattern versus the water ‘lischarre rate.

When considerine the chemical properties of Oxisols, manv of the
phenomenon between the reversible charsed mineral surcac~ and the various
ions in the bulk solntion have remained unknowr . For intensive produection
of most crons on Oxisols, special manapgement of certain plant nutrients may
be required. Topether with the fact that root systems develon only in the
moisture zone under drip irrigation, fertilizers should be placed or applied
to take advantage of scil water movement and root distribution in this zone.

Woudt, (1968) has pointed out the potential importance of drip irrisga-
tion techniques to food vproduction in the tronics. Sanchez et al (1975)
coneluded that phosnhorus fixation is the foremost soil fertility problem in
Oxisols. The water-phosphorus problem may be studied Jointly by using driv

irrigation. lowever, very little work has been done toward this direction.



There is ne information in the literature with resnect to combined water
and phosphoras management on Oxisels using drin techniques.
{=h Objectives

This thesis »resents the resear~h ani results of labouratory ant field
studies across the subject matter areas of soil hvdrauliec proverties,
moisture and nutrient. movement patterns, drin irriration desicn and field
agronomic practices, All field and laboratory research wus conducted during
an eighteen-month veriod in Puerto Rico,

The first shjective of this thesis was to determine the T distribation
patterns in Oxisols @and the functional relationchins of moisture movement
vatterns unlier fifferent water Jdischarce rates,  The results from this
study would then be anplied to drin irrication desirn andl manarement . It
is exvected Lhat tne information obtainei could be extendod to other Mxisols
with similar soil hydraulic nronerties and natural conditons. The second
objective was to develop a combined ferilization and irrigation fieli tech-
nique which would meet the requirements of simnle oreration, low enerpy
input, low mollution hazard and economic feasibility for the emerrine

societies of trovical countries.



CHAPTER TWO: I.TTERATURY. RRVIFW

I1-1 soll-Water Movement from Line Source

dater enters into the snil from natural rainfall and/or sprinkler
or flood irrigation in one dimension. Under irip irrigation, however,
it enters either from a noint source and then sureads in all directions
or from line source and then moves both laterally and downwardly. Thic
snecial Teature of dArip irrieation, i.e., a partially wetted soijl vnlume,
restricts root develonment to given boundaries and, therefare, limits
totul nutrient untake. 1f liquid fertilizer should he injected into the
Arip system, the complexity of the problem increases and questions of
fertilizer efficiency and/or dangers of chemical aceumilation may arise,.

Theuretical consideratiors and mathematical apnroaches to Jdeceribe
and predict drip infiltration are based on Darcyr's flow equation and on
an assumption of a jhiomormeneous soil medium with uniform moisture distri-
bution., A non-linear partial differential equation, the Fokker-Planck
equation is usually used to describe the unsaturated, isothermal moisture
flow in a porous medium.

Finite different solutions, aided with high sveed comnuter, to this
non=linear partiusl differential equation have been presented by Rubin
(1968), Brandt et al (1971), Selim and Kirkham, (1973) and Amerman, (1976).
fivod agreement between laboratory and field experiment's data and Brandt's
theoretical model have been renorted by Bresler et al (1971). Van Der
Ploeg and Benecke (1974) publiéhed a simplified computer solution which,
according to them, vrovided acceptable accuracy when tested with existing

analytical solutions. This solution is programmed with the computer program



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

dimensional flow problems, with simple initial und boundary cronditions,
linearized analytical or quasi-analytical solutions have bheen investi-
rated by Phillip, (1969, 1971); Raats (1970) and 'omen and Warrick, (197h),

The continuous infiltration model (Hrandt ot al, 1971 ani lresler
et al, 1971) is the only theoretical model that lias been tested so far
usine field data, The basic concept »f the continuous infiltration
model is briefly ~xplained here with particular congideration of line
source water appllication. Tune analytiral selution will be used Lo check
arainst water movement data obtained in the work reported in this +hesis.,

Let us assume that Darey's law applied in both saturated and unsatur-
ated zones, and that the soil is a stable, isotropic and homopgeneons, semi-
infinite body. Siaee infiltration involves only wettine, soil water con-
tent at any point in the system alwiys will be increasing with time, and
therefore, both water siuctien nand the hylraulic conductivity of the soil
are continuous fuctions of soil water content.

As observed under frield conditions, a strip of ponded water develons
in the vicinity of the porous tubing shortly after drip irrigation 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. Fvaporation
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,



In an X-Y-7 rectaneular Cartesian coordinate system, the vorous tubing
is placed at the origin (0,0) =long the Y-axis, water flows both horizontally
along the Z-axis and vertically downward in the Z-axis. The flow is assumed
nlanar with resvect to the Y-axis.

The flow eaiation in hwo limensional forms is as follows:

30 _ A, gy A2 oy e
Ut-ax[y A ) + 3% [" ( ) 27 B (1)s

Where, 6 is the volumetric moisture content, t iz time, z is the vertiecal
denth pointing townward, X is the horizontal dictance normal to the tubing,
I is the matric suction of the soil, 1 is the hydraulic head (the sum of
sravitational and matric suction heals), and V is the hydraulic conducti-
vity which is a function of the soil wetness.

The water content (8 ) at a snecified tine (1) and nosition (x,n) is
governed by Fq. 1. The initial and boundary conditions for (x,z,t) are
ns follows:

1. o(x,2,0) = 8 .(x,2) in %W, when t = 1.

§. is the initial soil moisture content; '/ in the unit volume
within the bounriaries specified here.

L
e 37

H

Oat wo= 7, 07x<k, 0<L<T.
70 =0, at x = 0, x = X, 0S 2<%, 02 tT

where 2, X, are arbitrary horizontal distance and denth beyvond
the wetting front. T is the end time of infiltration.

3. =8 in 07 x= ¢ (t), z =0, 0< < T
¢ (t) is the width of the ponded strim.

a(t)[r %ﬁ dx = 1/2 q (t) - - (2)

5

Ks is saturated conductivity. q (t) is the water discharged per

unit lenpth of porous tubing.
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Bv integrating 1q. ? becomes

k 679 (t)=1/2 q (t) e (3)
dp .
where 6‘=(H5202=0 is the average surface nressure head across the

ronded zone.

£
<

K’Q ----------------------- ()

Rearranging eq. 3 ¢(t) = (é%g (
From Rq. 4 it is ~lear that ¢ (t) is pronortional to the discharfing

rate q, and inversely nronortional to the saturated hvdraulic condiue-

Ji! . J i
(——:J is not 4 constant; however, the average of (——

tivitv ¥ _.
5 =0 d =g

3]

can be treated as a consvant it the surface flux anpronaches constant.

II-? Vertilizer Management

IT1-2-1 Fertigation

Fertilizer apnlied through the i{rin irriration svstem has been used
tn some extent., It 1is generally considered as a murh simnler and more
efficient method than any other conventional fertilization practice. As
mentioned before, by increasing the annlication frequency and reducing
the amount of fertilizer, the nutrient can be apnlied to the soil with
controlled quantities directly to the root zone at the oroper time. Gold-
berg et al (1976) state: "oL...scientists have adorted a olicy of ad-
herine to the existing practices with only nminor change such as annlication
of nitrorsen through the svstem and stuldies on some Tertilizers and their
nronerties not to clog drivners. Their aim has been limited to finding

means to adjust existing practices to Drin Irrigation concents., This con-
servation attitude is totally wrong." As a mtter of fact, research on

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

izer avnlication with drinp irrigation could be possible in both arid and

humid regions' agriculture,.
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The Hawaiian Surar Planters' Association investircated the ferti-
lizer efficiency and the safe level of using aqua ammonia with drin
irripation (Isobe, 197L). Solutions of urea, phosphoric acid and potash
were injected into the irrisation system to compmare with traditional
fertilization methods, Data from nutrient untake and cane growth indi-
cated that the slow method of feedine ¥ and K was ndvantageous over con-
vent.ional methods, However, monthly rhosphoric acid injections 4did not
improve P uptake nor tne fresh cane weight, A simnle equation was sugrested
for calculation of the safe level of anqua ammonia that may be used in the
drin system without cansing chemical rrecinitates. frobbelaar and Lourens
(1rrh), in their studies of fertilizer arvlication with drio irrisation
in South Africa, reported that anplication of urea, monoammonium phosnhate
wnd notassium nitrate in the drio svstem caused a hirh derree of emitter
blockape, They exvlained that the hirh content of calcium and magnesium
in the irriration water could have reacted with the phosvphate fertilizer
and formed non-soluble ealcium and magnesium phosnhates. They suspected
thal. orpanic matter in the irrigation water floculated by the notassium
and settled in the emitter could also cause blockage. After lowering the
bH of the fertilizer mixture to 2.0, sedimentation of solids in the drin
svitem was eliminated,  TIn a subsequent field experiment on fruit trees and
veretables using 1ow pH fertilizer mixtures, they concluded that the drin
fertipation method is not only feasible, but beneficial. The most interest-—
ing oart of this study is that there was very litile effect of this low nH
nutrient. solution on soil ol itself. After the anplication of 2,200 kg ver

hecture of 3:1:5 (41) on an uncropned area, the soil pH in the too 0-30 cm
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laver hardly changed (from 3.98 to 3.96) and in the 30-60 em laver (from
3.93 to 3.82).

Lindsey and New, (107h) studied the distribution of 7n and N in the
field when anplied together with drip irriration. "Ixtremely variable
qistribution” wa. noticed when the fertilizer materials were added to
the system by diverting nart of the water flow throurrh a fertilizer tank
{see next section: the differential nressure svstem). However, an
acceptable distribution pattern was obtained when intecting the fertilizer
solut.ion with a nositive nressure bump,

I1T-2-? Methods of Applying Fertilizer Through a Drin Dystem

Various fertilizer aoplication devices to be used in connection with

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

sified into three categories: 1) the differentinal nressure systoem;
”) the positive pressure system and 3) the nesnt.ive nressure (or suction)
svastem.

The differential pressure system is usually ranstructed by connecting
a closed fertilizer tank parallel to the main water supoly line. A pres-
sure regulator is installed on the mainline betweecn the inlet and nutlet
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 properly adjusting the vnressure regula-
tor, Adiluted fertilizer solution is then carried into the system as out-
flow from the tank.

A positive pressure system is most commonly scen as a fertilizer meter-
ing pump. Nutrient solution is injected into the irrigation system under
pressure. Outside mower, such as gasoline engine or electricity, is nec-

essary to operate the injecting pumps. Pressure tank and gravity force
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IIT-1-3  Water Aprlication Devirce

The water aprlication anvaratus consisted of three major components:
1) the emitters, ) the flow rerulator anl 3) the water supply reser-
voir, Three glass eanijlary tubes | snacedl 1,5 em in a straisht line on
a wooden holder, were used as emitters t) similate irrieation from a line
source of wuter suonly., The ting f the emit*tere were so ad msted that
they barely touched the s0il surface thus minimizine the imnact or distar-
bunre of the suil. The Flow rate wa: reoputated by using a roller dron
controller, the kind commonly used in hospitals for econtrolling the injec-
tion rate of gluecnse Hr biossal' water. The advantage O the drop controller
is that the desirel flow rate can e quickly abtainei by adjusting the
number nf drops ver unit time. The drap ~ontoller a'sn provided accurate
and uniform water arnlication at various discharee rates. Two ten liter
glass bottles with a constant head sinhon device were used as the water
suppl, reservoir. Water was delivered from the reserveoir to the emitters
through a 1/8" (0.1 e’ flexible tubing,

I1T-1-4 The Tenwsiometers

Forty-eight. laboratory built tensiometers each one consisting of a
water filled manometer and a4 sensitive, thin wall ceramic cup, were in-
stalled in the s0il nrofile to monitor the change and distribution of
the soil matrix notential.

The ceramic cuns were 2.5 cm lonp, 1 mm thick and 9 mm in diameter.

. . 2
The material had an avproximate flow rate of 160 ml/hr/em” (commared to
2, . . .
about 5 ml/hr/em” in conventional tensiometer cups) and a bubbling nres-
sure of P20 to 25 psi (1034 mm to 1793 mm of mercurv). Fach ceramic cup
was fitted into a 10 ¢m 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 stooper. The whole unit was then
connected to a mercury well through a 3 meter long Nylaflow pressure
tubing. (Fig. 4 shows a diasram of the tensiometers used in the exneri-
ment)., Fip. © shows the set-up of the tensiometers before being installed
into the soil profile during the exneriment.

[I7-1-5 Preparation of the 5011 Profile

An air-dried, sieved soil was packed into the soil bin using a big
funnel with a flexible tube. Based on the field bulk density, pre-weighed
soil samples were added as uniform as nossible anl then compacted into 5 cm
lavers. An electric taprer was also used on both sides of the soil bin
to nrovide a homorencons medium, It was hoved that the bulk density of
the finished vrofile should not exceed + 5% of the natural bulk density
of the snme soil.

111-1-6 Obtaining Soil Moisture Patterns and "Yatric Potential

Distribution
A 0,00 N Diamoninphosporate solution ( (NHh)qHDOh ) was used for

irrigat.ion in studying the advance of the wetting front ant the P movement

in the soil nrofile. Four discharpe rates of 0.74 ml/min/em and 1.02
ml/min/em for Manati sandy loam and 0.20 ml/min/cm and 1.30 ml/min/cn

for Coto cluy were studied. The solution was applied through the emitters
placed at the center of the soil bin (X = 0; Y =05 Z = 0) and a constant

and continuous flow was maintained throughout each experiment. The room
temperature during all the exneriments was kept at 25 i'lOC. Fach exneri-
mental run was continued until at least 5,000 ml of the solution was applied.

A transparent 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 ecvery 1,000 ml of solution was anrplied. 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.

TII-1-7 Measurement 9£<E Movement lﬂ the Profile

Immediately after turning off the water apnlication, the tensio-
meters were removed and the soil profile turned by 90 degrees from a
vertical to a horizontal position. The detachable face of the 5011
bin was then opened for sampling. The whole wetted volume of soil was
divided into 25 cmp sections, Soil samples were taken from each section
and placed into plastic bags for laboratory analvsis of P. Another set

of soil samples from each section was used for soil moisture determination.

1II-1-8 Estimation of Boil Hvdraulic 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 1if-
fusivity functions and corresponding soil-water characteristic curves.

The diffusivity function within the interval of saturated and air-
dried soil water content was measured by employing tlie 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 em 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 6s of saturated soil ad Jacent 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.
q/g, a slope, m, of the X~ NE curve was obtained. The empirical ex-

pression for the decired soil water diffusivity function, D (8), is

given by D ( g) = n® exp [@(A-p A/ -] . - -—- (5)
where according to Reichardt et al (1972),2 = 1.05 x 1073 and B= 8,06.
The hydraulic conductivity furction is then estimated from D (8) and the

801l water characteristic curves using the relationship

D(8)== _1 k(o) o x(o) — (6)
Pn W 04, .
where/ﬂ is the density of water s 8 is the acceleration due to gravity,
3 30 .
and‘/g;<n' 9h 18 the slone of the soil-water characteristic curve at a
/

certain appropriate water content.

ITI-1-9 Other 5oil Parameters

Soil water characteristic curves for the range of 0 to 100 cm HQO were
determined through measuring the capillary rise in 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 NHhHCO3'
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IIT-2  RESULTS

ITI-2-1 Wetting Front Advance

Figures 5 and 6 show the wetting front advance with time in the
nrofiles of Bayamon sandy loam., The amount of water anplied was 7.00
liters and 7.0h liters with discharge rates of 0,24 ml/min/em and 1.0?
ml/min/cm, respectively. As shown in Figures 5 and 6, laterial movement
of infiltration water near the soil surface is faster if the water apnli-
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., When 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 amounts of water, 5,000 ml, were applied in two experi-
mental runs with discharge rates of 0.2 ml/min/em 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 accumulated in-
filtration water reached 4,000 ml and 5,000 ml level.

The two dimensional soil nrofile may be described by X and 7 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 merpendicular to the X axis. The
exmanding rate of wetted area on the soil surface, in both Coto and Bayamon
soils, decreased with increasing irrigation time. In other words, 22 >0

7¢ | x=0

when t ~» &« , where t is irrigation time.
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Wetting front advance versus time for sandy loam. Discharge rate was

D.24 ml/min/em.

Total water ammlied was 7.00 liters.
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Fig. 6 Wetting front advance versus *ime ©or Haramc: saniy 1am. {Discharsze
\

rate is 1.02 ml/min’/om, total water addei is 7.0b liters.'

gc



o o o o o (o)
o) o o o o o
o] o o o o] o
o] o] o o o o o o (o] o o
o o o o o o o] o o o o
o o o o] o o o o o o 1+
0 o o o o o o o (] © o

Fig. 7 Wetting front advance versus time “or Cotc clav. (Discharge rate
is 2.20 ml1/min/cm, total water added is 5.0 liters.)
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IJI11=2=0 Matric Potential Distribution

Table 1 shows the values of matric notential distribution when
5,000 ml1 of water were applied to each soil profile., The numerical
data were plotted in Figures 9 and 19 as flov-nets., The equi-potential
lines were interpnlated using the adjacent tensiometer readings. Because
nf the fact that soil1 matric potentinl increases sharnly across the
wetting front, it is often immnssible to obtain detailed data about
potentinl changes acrouss the webting front with nre-snaced tensiometers,
mder such circumstances,  estimated equi-notential lines were drawn.,

The dotted] sections of the equi-notential lines on Figures 9 and 10 are
nnly estimates,

From Figure 9-a, the major nart of water flow tended to move down-
ward when the nccumulated infiltration water reached 5,000 ml under the
discharge rate of 0,74 ml/min/em in the sandy soil nrofile, “ore side-
ward water flow was observed in the same soil medium with a higher dis-
charping rate (Fipure 9-b).

Figure 10-u sugeests that, in a semi<infinite Colo clay profile and
under a discharging rate of 0.2 ml/min/cm, a relatively equal amount
of water flows in all directions in the wetted zone. Ponded water on
the s0il surface was only observed in the Coto clay with a discharge rate
of 1.30 ml/min/em. 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 1,--Matric potential distribution in the profiles when 5 liters
of water wereannlied,

Tensinmeter Readines (em of He)

Location of Manati santy loam Coto c¢lav
tensiometers— N=0,7h N=1,00 N=0,7 D=1.30
ml/min/cm ml/min/cm ml/min/em nl/min/em
1 5 ) ) l
2 10 5 1 4
3 20 10 58 13
l £5 by 65 lyy
5 64 AR (8 £:8
6 68 AR 63 63
T 10 5 O 17
! 10 5 33 15
Q9 oo 17 HHl 30
10 68 Ln (A 66
11 68 68 68 ]
12 H8 68 (8 A8
13 5 7 Lo inh
1k 15 10 L9 L6
15 21 19 68 5
16 A8 W2 £8
17 69 A8
18 A8 68
19 1f 17
20 17 25
21 25 33
oD L6 59
23 A8 68
2l 68 68
25 37 b5
26 40 51
27 55 66
28 - 48 68 68

i/ Tensiometer numbers refer to locations on Fig. (3).



Taui- .
qui-matric rox
rotenti
ntial

rates whe:
ml/mirf‘"A

£y
five liters
>rs were arnli
el ied



o (o] (o] o o o
o] 0 o (o] o (o]
0 (o] o o o] o
o o (o o o) o (o] o o] o] (o] o o o o o o o
o o (o o] o] (o] o o) o o o o o o o] o o o
(o] (o] o o (o] o (o] o o o o o o o] (o] (o] o (=}
o o o o o (o] o o o o o o o o o o o o
(a) (b)
Fig. 10 Fqui-Matric potential and Tlow direction 5 Coto 2lay unier twe ils-harge rate
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HORIZONTAL DISTANCE (cm)
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IIT-2-3 P Movement in the Soil Profile

P movement in Coto clay and Bayamon sandy loam with respect to water
anplication rate is presented in Figure 11. Dotted lines on each nrofile
mean the wetting front at the termination of irripation. The numbers are
the values of bicarbonate extractable P in earh sarnling site, Tt ig
apnarent that the P apnlied in ammonium-phosnhorate form concentrated
beneath the emitter shows little downward movement and no laterial movement
in the Coto clay uniler a water dischareing rate of 0.2 ml/min/em. There
was a 15 em horizontal movement at the surface 5 cm layer under discharg-
inz rate of 1.30 ml/min/cm in the same soil. P moverent in the Bayamon
sandy loam was surprisingly close to the wetting front, althourh high P
concentration in the vicinity under the emitters was also observed. Fipures
12 and 13 present the vertical and horizontal soil P content at var: us
distances and depths in the Rayamon soil profiles. From Figure 17, at the
horizontal distance Z - 15 cm, higher P content is noticed down tn a denth
of 25 cm when the discharge rate is higher. At 7 = 1Ycm and 72 = 10 om,
there are no differences in downward P movement between the two water apnli-
cation rates. Figure 18 also indicates more P movement in the ton 10 cm
layer with higher discharge rates.

TTI-2-4  Calculation of Hydraulic Conductivity

Figure 1L shows the relationshivp of the advance of water front versus
time measured with the apparatus described in section ITI-1-8. The correla-
tion coefficients of the data are calculated as Y'=0.98 and YQO.QQ, and
the slopes of the repression functions are 0.555 and 0.202 for Bayamon
sandy loam and Coto clay resnectively. Based on Fiegure 14 and equation 5,
the functional relationships between D ( 0 ) and ® of the two soils are

calculated and presented as Figure 15, The hydraulic conductivity function
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K (g )} “; calculated from Figure 17 and equation 6. The soil-water

charact o>ristic curve, shown on Figure 16, is usel to estimate the
values of d 8/d' . Soil water hysteresis in the lower suction range
of Nxisols has been found small (Charma 1966 and Santo 1974). Hence,

hysteresis effect is considered to be nemligible. Calculated con-

ductivity functions X ( §) are presented on Figure 17.
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ITI-3 DISCUSSION AND PRACTICAL IMPLICATIONS

JI11-3-1 Vertical and Horizontal Advances

The semi-ellipse shaped wetting tronts as shown in figures 5, 6, T
and 8, may be ronsidered 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 irripgation tubing, and
also suggests the optimum distance between plant seedlings and irripgation
water source. The depth of downward soil water movement, as function of
discharge rate and tim=>, can help to estimate the Jdepth where the leaching
process stops and/or where applied fertilizer materials can reach. The
matric potential distribution indicates the difference in wetness of soil
at varied locations related to the irrigation tubing and divides the wetted
soil volume into 1) a region under prolenged 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 range and soluble plant nutrients
may accumulate and, therefore, is ideal for plant pgrowth. 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. 1In the sandy Bayamén soil profile with a lower discharge

rate, Q = 0.24 ml/min/cm, the vertical and horizontal advances were similar
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to each »ther at the very beginning and then the vertical advance sur-
prassed the horizontal advance by a larse distance. As the discharge rate
increased to 0 = 1.97 ml/min/cm, the horizontal advance was greater than
the vertiecal advance at the bepinning of irrigation, when the cumulative
infiltration water reached 2,000 ml, the vervical advince surpassed
the horizontal aivance, TH 15 avparen® that, in a sandy soil nrofile, the
canillary forcen are the dominating forees when the 5031 13 not saturated,
Wnter added from the 5oil surface has an equal chance S move vertically
ac well as horizountally, 1€ the rate of water additior i- greater than
the uncatwrated hydraulic contnctivity of the air-dried snil, a layer of
free water might be ponded on ton of the soil surface and cause a preater
lateral movement.,  This may be the reason why, at the beginning of irrica-
tinn, the horizontal sadvance under high discharge rate in Rayamon sanly
loam was wreater than the vertical alvance. As Lhe wa'er ~ontent in the
rofile inereases, the mnior water movement will take nlace in larger onil
rores and water flow will be domiantedi by gravityv forces. The gravity low
is much yreater in juantity and sneed than capillary flow in s0il medin.
This is the reason that Lhe shape of the vertical advance curves in the
sandy soil profile increase steadily as cumulative infiltration water in-
crease.  Figure 18 also suggests lareer horizontal movement with higher
discharge rate, The distance of horizontal advance depends on the gralient
of suction force across the wetting front and with higher discharge rate
the water content near the drin emitters inereases, enhancing the horizontal
advance of water,

In the doto clay profiles, with low dAischarpe rate, 0=0.2. ml/min/cm,
the horizontal ndvance and vertical advance are almost identical with the

first 2000 ml of irrigation water., This indicates that capillary forces


http:saturat.ed

DISTANCE - cm

Bayamon Sandy Loam /. Bayamon Sandy Loam
40 Qe0.24mi/mins ¢ " Q= 1.02mi/mi —9
£ 0.24 mi/min cm/ Q=1.02mi/min/cm PY
L
30— / = —=0
(] /O//-O
20" O/O =
y 4
To)® (  /o” ®Vertical Advance
OHorizontal Advance
O 1 | 1 1 1 1 1 1 I 1
Coto Clay Coto Clay
40F Q=0.20m!/min/ ~ Q=1.30mIi/min/cm
——0
30" ™ O/O
= o —
20 Y _o—o _—9®
oIS e
O 1 ] 1 1 [ 1 1 1 1
0 | 2 3 4 5 [ 2 3 4 5
CUMULATIVE INFILTRATION
Firo 1Y The distance 00 the wetdt e st e P e bpiokie

SOHTee 485

fanetinn f the

amoatits ot infiltration water,



40

dominate the waler movement in finer textured soils. Oxisols, however,
have a uninque structure in that there are two groups of pore size: the
intra ageregate norosity carries only capillaryv flow, while a larre

portion of the inter :pregate nores :iare beyond the capillary limit and
permit certain legree of gravity flow., The effect of Lthis kind of bi-
model pore size dictribution causes rreater vertical advance in the two
dimensional water movement experiment, Curves with the «reater discharre
rute, 0 = 1.30 m!/min/er, in Cotu clay prnfile show 1 different mpattern:
the horizontal advance is greater than the verticai advance throughout

the irrigation perind; *he distances of vertical advance at various amounts
of cumulative irriecation water are very close to the corresnonding values
under the lower discharge rate. Thi: sugiests that the effect of pgravity
"orces in water movement in a clayey textured soil is limited. When the
rate of surface anplied water increases, the execrss water will nond on the
soil surface and flow laterally as free surface water, The free surtace
water f'low extends the infiltration area of water whi-h enters across the
01l snrface and the infiltration rate will keen increasing until the in-
tfilttration rate and the discharge rate reached equilibrinm. The subsequent
horizontal advance will, follow the same mechanism as capillary flow. In
the Coto clay vrofile, ponded water was seen near the emitters under the
high discharge rate tests, The matric-potential profile vresented in Figure
L0-b indicates that water enters the soil from a strip of ponded water in-
stead of from a intermittent line source formed bw the emitters., As a con-
clusion: +the difference of ratio between the vertical and horizontal ad-

vance is a function of both water discharse rate and the soil porosity.
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To further examine quantitatively the downward water movement, the
vertical advance, at 7 = 0, the data t'rom Figures 6, 7, 3, and 9 are plotted
aFgainst the square oot 8 irrigation time, in Fimuwre 19, For the two water
discharee rates in both Joto anl Baysmon soils, a linear relationship be-
tween verticral advance and sguare ront of anplication time is observed.
Rerulling Darey's equation Tor one~iimensional downward infiltration inte

an isotropic, homegenenus soil profile:

. dh _ ,
I T it -l R B (7

where I is the lux, at the soil surface and O i3 equal to the infiltration
ar drin discharee rate, H is Lhe total hyvdraulic head, Hn is the oressure
head, %is the hvidraulic conductivity and 72 is the distance of vertical ai-
vance lownward,

Tn unsaturated water 7low ~onditions, Hn is nermative, and can be ex-

pressed s a suction head ¥, and

A (8)

r]?,

the equation of econtinuity is combined with equation 8:

a0 _ 93, 9y, 9« dx , . 36 K
R T T Al P PG o e (9)

where D isdifMusivity.

To solve equation 9, Philip (1957) developed a method of nower series:
/1') /n 3
7(8,0) = £ r (8) t" =f‘1(6)t]’ Foro(e)t + ro(8)e /7
n=1 = '
under the conditions:

£

o= 0, 7> 0

, 0 0,
t >0, 7%= 0, 8=09

k]

where § , is the initial moisture content of the nrofile, and g is the

saturated moisture content.



Since the power series converges rapidly, only the first few terms
are significant in practical calculations. Figure 24 indicates linear
relationship between 4 and t%, which coincides with the Philip's power
series when using only the first term. This supgests that in a two dimen-
sional plane flow model, the vertical water advance may be expressed by

one-dimensional vertical infiltration equation. Tts simplified solution

is

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/em and Q = 0.2. ml/min/cm
respectively. 1In Bayamén Sandy Loam, 7 values are 1.51 and 0.83 under the
discharge rate of Q = 1.02 ml/min/cm and Q = 0.24 ml/min/cm repectively.
The S value which has the dimensions of L/T%, is an arithmetic parameter
reflecting both soil properties and water application rate. 1In 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 198,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 reportad by Bresler‘et
al (1971) and its quantitative treatment has been presented in Chapter II,
Section 1 of this dissertation.

The matric potential distribution in figure 9 and 10 can be used to
estimate the width of saturated strips discussed in Bresler's equation. Re-

call equation (k).

From figure 17, the saturated hydraulic conductivity, oo ot Coto Clay is
3.187 x 10_h cm/sec or 1.9068 X 107¢ em/min.  The v of Bayamon Sandy Loam
is 3.89 x 1073 cm/sec/ or 0.2334 em/min.  From figure 10, the estimated

half widths of saturated strips in Coto Clay are 14 em and 7.9 cm with dis-
charge rate of Q = 1.30 ml/min/cm and @ = 0.20 mi/min/cm respectively. From
figure 9, under discharge rate of Q = 1.02 ml/min/cm and Q = 0.24 ml/min/cm
the saturated strips (half width) in Bayamén Sandy Loam are 12.5 cm and 4.0
cm.

Using ®(t) = 17 em; q = 1.3 ml/min/cm; and K= 1.907 x 10"2 em/min in
equation L, the calculated value of ¢ in Coto soil is 1.9 cm_l. Letting o
=1.9 cm—l, 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, o is calculated to be 0.17k48

cm-l. ‘Nhichagain fits both discharge rates.

It has to be pointed out that during the four infiltration experiments
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a ponded water strip was Seen only ip Coto Clay under the discharge rate
Q = 1.30 ml/min/cm. However, from the tensionmeter readings, it is clear
that a saturnted zone near the drip emitters did occur. Water in the
saturated zone is under zero tension and can be considered as free water.
The saturated strip may be thoupght 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 "ponded 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 irrigation. For example: let R be the desired

b

depth of the root zone, substitute V by R in equation 9, then R = St? or
the irrigation time t in minutes is equal to (R/S)%.

Equation 7 is used to estimate the adequate distance between plant
and drip tubing. 1In both direct planting and transplanting, the seeds or
seedlings should not be planted within the saturated strip, particularly,
in soils of poor drainage. Space for root system development should also
be considered when choosing water application rates and frequency. Previous
reports on drip irrigation design have stressed the distance between drip
tubings by using the lateral water movement information, however, for all
practical purpose, the distance between tubings, or the row space, is more
subject 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 of 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.

ITI-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 surfuce between P fertilizer and soil particles,
the more rapidly precipitation and/or adsorption reactions will take
place. This is the reason banded P applications with minimum contacting
surface is commonly recommended in soils with high oxide contents. When
P is applied in solution form through a drip system, the soil structure
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 and ll-b
show that P movement almost coincides with the wetting front in the sandy
Bayamon soil. Tn Coto Clay, (figure 1l-c and 11-d), however, very litlle
mobilization of P is observed.

To further examine the P movement in sandy soil wilh 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., = 1. rin/em, the saturat.ed zone rountd the emitters is larger
han with the ALl Iisvhiar-e rate. i rure a) n there vl ut ior
rlow in saturat Ee S, ch is in the central stream would
have miach ¢ hanee to be n rbed by or reacted with the soll surtact 3
ind thers : ol | hi et re 9, Lhe malric potern-—
tinl di b ! Baynr o ! rod ndicates that thevre tends
Lie le gi'ay i W ti Wi g rat th incre ing i
! ' ra et ‘ b Ly et we il i A3 irat ed -
et 1 . ) A ior ! ! H 1t rted b it e
it Kot ! tribut hown i Y « AL Lhe deptl '
- i ol t He 1 e - thi s iyt t L] Aatera vA
’ i
11t v sl | i harge vat N = mi m i P in:
S m Srarm the emisters at 5 pm depth and 20 em from the emitters
i ; = 2 v m. bhi 1 vt rat ions (o bis 1
t ! I are close t he econcentrations wher
v v .- .-. ryey F i o yr raddiu = [ 4 T ¢ 2O ¢ 5 | I irLre—-
i idly. At Ll i=pth 5l ‘m and ) em, the distributior {1 ;
S1EE 4180 Bah WS ln n with e rat.e.
Ty 1 ln ] oo e Preely witl aturatcd f1ow
hootihe . The listanece of P mipraticon is reflected by the: matri (& n
rolesres ' sntidration - f the il. Hirh oneent.rations are also noticed
Hean Shne lembtuers: Because the gaturated counditions near the emitter prevent
root development ; the efficiency of I 1 in th one a3 nnplied :
rongh a dr system wonld probably be low. Other methods of P
el t 1l b en lered torether with F soluticn applied through a
]



http:sat:rat.Ci



http:it'reIi1i'.ti

s

20 Km




(inches)

RAINFALL

70¢

s
\ : ;
e0r \ /O Mean \O\ /
50 O @]
401
3 1 1 | 1 5 | 3 (B |
1966 1968 1970 1972 1974

YEAR




(inches)

RAINFALL

O Highest rainfall during 10 years

/ B

O Mean of 10 years

] =
= ® Lowest rainfall

during |0 years

)
p—

RV

O
—0——0
6 / < - \EJ
4_
a
oo
L @
P
| | l I 1 1 ] 1 1 1
Jan Apr June July Aug Sept Oct Nov

May

Dec




(inches)
no

@)

RAINFALL OR EVAPORATION

® Rainfall
O Pen evaporation

oZ
O

/

\

] ! 1

June July Aug Sept

Nov







l
|
I
|
I
|
i
I
:
I
|
I
|
1
|
|
|
|
l
|
|
!
i
1
|
|
I
|
|
|
|
|
|
I
|
I
|
|
|
|
B

| |
| !
| |
! |
_ _
! o N o !
[ = > =) __
| ; 7 ol
| | I
: = 2 = !
; 5 & 7 "
| = 2 =1
| . 0 o
| = A S| :
_ = *
| A_# n“.h i |
| - = > |
M R [
_ o ! ] |
__ - = = |
_ ¢ 0 o _
| i = S “
| g i 5 M _
| 34 = m M |
* |
e &+ E Kamuilinmui]l.,mﬁ E — o
| = © Q
_
_

o ——— — — —— —— —————— — ——




g % : . |
= = : ; : : !
. . < E ) £ : = \ : ) = 1
= 5 3 5 r & £ ¢ | 1 = X
- = z 5 . = e = =t -
= i : i . . - : 5 [ ¢ e
| - . - = o i 9 z i £ o .- a
) i - ' E - 2 = 2 - . = iy s 3
< . : ; . > - ' : ) : . ’
r - 3 =7 2 3 % A L
= o " ; : _ . - : - 2 ; x 7 : 52
¥ = - - : =
: - . . . : - 3 E A . E B =
: . - : L : : : : n! s r
- = . . = , £ - ' . . =y g
. - . = : 5 = -y - 2 -
- : 3 . 7 : - . = £ 2 .
3 24 o T | . x : : “ - < 1 -
- . 4 d o ~. . < a x 3 + - iy o 1
F . — - | 5 [ L : 2 5 : ] - = - 2 >
- - : : = 4 3 . % ; = % i
3 « - T - 3 . ; iz = - -




.1.‘ [Nk " i '.|
- 1 - - 1 A3 " 1 + 1l g [}
tiend, { W
4 st )
e ! [} I| 3
il | ! :
} L)ty 4 : ;
IE i
. O b ; - i
E &y \ ¥ ™ ! .
4 l . ’ { t R RT 3 ==
' 1 ' ' ¢ ' 1Y m Pifary? 16 £ ' i
A = L}
1 ¥ sy 1 s 1 . i W ; Forem .
\\I
1 ol it prpcd : 1 1 ' T R T v 104
AT g 1 | O . ; erid Vb b | '“ 1 7 I -
=i ] it e q 15 = fdeer 1o | reenine ! Fiyt e
- . " " 2 a0
ki Ehiear: Wal,op wspnl Lesad Top trefitment Sy n Iyl heswd™  Beeted G120 LI
WL {oniened for ot exveriment . All the campopent sl i
*/ Trade names are used for itdentifieca 6 nly anl 40 nnot
mply preferen for this material by iR




mri

.
[
.

wn

'] ]
rean
yiiv

t

e

} UL

1 i
/

w40

Almann

Wil

P
[ .
Wit
e tw
e use

r
art
T
ir

separat
1n eac!







1

( Lanna

/




il i
'
The concenten (oo 5 p v 1 v lrrieent : EOF (oair B
vl lated el "W (et ! )
nnm = H MKy ememe—m—— A T et Pl o Bt ot e A e
‘ L W
J.I
- J Ll ¥ ' ¥ i AWl i W ¥ ' ir = rd
e 1 fev ] t o ot s ! Wit
L% i W i T . .
el L 1 M W { ¢ LA oy FIET - t oy
O it | et . 5t Aol e Wit
3
i . ' ' 5 i f i 1 £ e ¢
i
i
" y i 5 et i : i TR r o ' 1
7l e, Hes et : T Yot o i e st am throe
W i Yyl v ety toephes wi 4 was bul i Bk Topg Yoest L b Y o VR | i .
1 o [T —ur | piter ol oL tyfted » . i vt ’ ’]",r {1 o £ R A LR
AL eyt v
:
80 redd 1n)ect ST m:y be obrained b gl Just ineg the it §orpe e V4
rregunre, The i wol maant inie " Pertilizer ylad inn v, rehand s
S TRUL are nescented in Anpendix | Thg IS ) T sy B
i
ressiul used all Lhrousgh the experiment..
Fauation (13) is used to determine the concentration of the fertilizer
lution: {
' . P f
= 1} _f,: ¥ A x e e it sl oy e P o e o e S S S A it R el e o e 1 9%
Whier




~or

_ y i
Air Inlet

\
== |7 Guage
Needle




Pipe—=— r————I@

of

Sofet

Rubber Goske1

C)
L]

Cap

2!“

Pressure Regulator

-=—Pressure Release
Valve

—-=—Compresscd
Air Tank

==

Outlet of Condensed
Water







ny =rirur el A ! P, | e nnre
tubini, the tubineg was ol 1 : ; ' . Fhe
beyprs } Q] fnoer e ! Yoy , . 1es * P i s
s I & ' = | £ MIAT = v g
{ , Sl , ol AR LI P
bl s r. .
-} i
derid t . .
SRS (e i i 4 - BE oir)
=T ' t i . H Py T i e
1 , . . !
" W ¥ {5 ! + ' o [ iy .
: ¢ GEeer oW SO
Pt et e by Pyt e T v )14 ST r, Hi
" r t ¥ obye LR T " ey I oy Ny " 1t ] o 34 .
-l\ll:.-‘ f I ) A -
an : ¥ J er T2 yroyte Chronge i
t experimental veriod, thown i A S AN ST LT B o0
—woek bpeakthrouch nerind, the diset we et £ Ailkie WL i
ained at abont 1,590 ml/hour/meter lenesth of tubire.
1 » P
Twor cron Y sweel penper were grown Lo cover o mnlete dry Fe A
amd o complete wel season experiment. The sweel penper, Blaneao el ‘
variety, is a local, high=yiclding, Jdicsease res ant. variety. Hecommernls
provwth period/erop of this variety is to T monthn. Previous data showed
Lhut, under Lraditional ecultivation, with proper moisture and nutrient



"

Insecticide



W

- = = 3. i
= i ot A
= E & I =
- - "
= + = . o~ af
= ek i ’
= - - .
: . <
= . = s = .
= T W . = 5.
- 3 0 - =
- s - =
A =S = - £
e . - = = @
i - B & S
) — - - o -— -
. i = » o i
= = T - L = " -
1 < s - =)




0
i yoagrg ! u 1t i . Lasing e By b Jiimes
\ £24 vy . ey i b Tty v 3 {¢ R . 113} | ' Al '
b pov oot e ' | ‘ ' % . : wed oo 10w .,
IS | S § by ry R " T Wy Vet b (I oA )
" .
) / i .
b o RLLRE e tadeapy aet by . ol et by apevedke a0 B I
4
i
t - 1 { t ' papyed t .t .
1 . N {
+ . e e, 4 g i i "L
i T | Foay ey A 4o (B b i
! i AL . " I 5
' t i ' 1810 1l i Iy £ . TR ¢ i SEICEAD ' ' t
A1 I i i=binpye . A8l L { Bserm Tad W el : i
bl ! ol ! i L it ' i
;
= £ Yoo ] gt % s Pty
.“ I' I ! )t (R S T@RT AL T T "l- e ., LT i1 PR N | | i ITi
£
I
bt Seam o eaely Sreediment o wadi o examipned i mes el hobt by vl suad rid
"_. IR, £t o D Plants Wit wi —jove 1 | YO rnd rogsonabl 1
Loy wers chosen fopopoat, pattern studies, Weedd, 10 any, on toe

vl e gt s weess pemavest carefully with their own roots,







st

PR ML .-
L
s i = 4
A= e . “
AR LS o S
e 5 AL

- L} - il
- . . . 2

e




Porous irrigation tube

!
+ v

>Q
o
o

—_——
==
mO
MO
o0

DEPTH
T
O
B @)
xO

=S
<0
20
o0

~—20 - 20 = 20—
cm cm cm

s

R e




LI
s '
]

system disteibut i
max tmun vertical and hori

} gt
rory}
Wi 1
SN
X ' $ oy
1 !
. H
| jart
S !
"~ 1 1
Wit z

ey ..
! ) !
_ MHe ]
' S Wi
Flaap Wy
At '
1) AN el
i) Y {
I 1l

i
1 ¢4
1
)




5cm

|Ocm
[Ocm

I0cm

Pepper Plants

| ® m M

m |G | Mo M

A

<~
B
C
D
S0
cm

Porous Irrigation Tube

120cem

N



H
v Iry
P e A ] ”._ foLy t L ¢
IJ
I'I'} i 4 vy P - jrnt v 3 e Y ni . i LWl A Far, nresg)
. ' £y - 0 , " Y B e ty 1 lul. ¥ [ riat i . ! T
-1 .| .' :'.n * bl ) 1 -r' iy £ - r -"1' ' L 1 l-' ! '
¢ fimnnt sl f i i Yary ‘ Wit i T ri b=
. Fye o W i 1 it Yiir i v 134t
T i tird {ow ] ot 11 ey i = ¢ 1 re by
=
] t ' t i ' ' ¥ ’
4 ¥y » [ 4 '|i 0 l' ) 1 .." i i ’ rit <I J'
4 th t ' i1 \ o .
3
' 2] | LAY ! 1 i\ LY E AL | " :. ' 1t r:ht ! I (o |
i sl 1 t 1 } et 1 ' § 1o § .
34 2 i { vl eyt TR LAY i (AT | Wit b 5 1 h. iy
- (ot | W i i L ] e n 1L ' i T | 11
g
r 1 a0l ] ¥ ¥t ' { [ o e [ Iy § - i1l + tr 4 ¥
0y ¥ | 1 ; i H 1 P B 1Y Lo '
¥
L R " 11 o mige PPy f hiern || W 1 . nresy | -y fr k4 oY 1 ... s
i it £ the dry string betwern two drip subing R EAR) L1l roached
"!_‘J 1 ki v et W t g 5
f
: =iy o' K oann et | it ion Hattersn
[ demnny s 5 and b show the B, P, wnd nduetivi by distributin
! EPRENE U N (1 CRAR 8 ‘outr treatment s, wlepted snil chemieal characteristac
.;'r 1 Py e L E o PabDies Hoy e W, B and K tlues on Fimure Jiil i
3y ad 3 haee Deen udjusted e the depth effiect ad justed valuen
Hh
' Fodiliee o Le teae movement Lhe fertil added.




1§ 2401

a5




D o o)

286 293 274 26.1
August 18-3I, 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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Conductivity (mmhos/cm) N, %

P (ppm) K (ppm)

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, %
62 83 49 18 17 7

D 0 o) 0 D 0 o] 0
8 0 0 0 106 35 45 34
P (ppm) K (ppm)

Fig. 32 N, P, K and conductivity distribute--patterns of the check plot
often five months of cultivation under drin irrigation and banded
fertilizer treatment.
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III
CONDUCTIVITY  (mmhos/cm) N, %
96 1.81 57 |
D
13
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(M J2 Al 14
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77 36 40
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D o) o) D
[ 5 17 18 62
D (0] 0 o— b 0o o o
i 9 12 10 I8 5 I 18
P 0 o) 0 D o) 0 0
8 4 s T 18 10 14 I8
P (ppm) K (ppm)

Fig. 33 N, P, K and conductivity distribute--patterns of the check plot
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--patterns of the check plot
often five months of cultivation under drip irripation.
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Table 4. Selected chemical characteristics of Coto clay in different depths prior to

initiation of treatment differentials.

Depth N p2/ K Ca Mn
cm o P/M P/M P/M P/M P/M
0-10 0.17 0 43 690 138 L

10-30 0.1k 0.05 0 0 19 30 323 84 2

0.02 1/ 01/ 6 1/
30-50 0.12 0 13 325 73 3
50-T0 0.12 0 13 430 Th 0

1/ Adjusting factor for depth effect.

2/ Extracted with NaHCOB.

L8
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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 em 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 ITI and IV, the broadcast fertili-
zer and check plots,vwere of similar shape, but much shallower high-conductivity
regions were observed. Unlike Treatment I, the low conductivity areas in
Treatments IIT 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
sideward.

Phosphorus fertilizer, in TSF 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 em 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 pattern 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.

IV-3-3 Root System Development

Table 6 presents quantitative data of oven-dried root weipght in each
layer and different sections of the soil root zones. Root development in
the upper 15 cm layer were of the order 67.4L4%, 64.89%, 54.63% and 67.06%
of total root weight in Treatments I, II, IIT 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, IIT 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 develomment 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,



Table 5.
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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% P (p/m) 2/ K (p/m) Conductvity
location=' sample adjusted= 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 .1k 28 28 210 20k .23
I-E .22 .20 22 22 98 92 .25
I-F .23 .21 6 6 80 T4 .52
I-G .22 .20 20 20 101 95 .50
I-H b 1k 12 12 78 78 .25
I-I .13 .13 7 T 10 10 L1
I-J .15 .15 11 11 1k 1k .36
I-K 12 .12 11 11 16 16 .39
I-L 12 12 1b 1k 1k 1L .30
I-M 12 12 0 0 15 15 .23
I~N .09 .09 12 12 15 15 .22
I-0 .10 .10 15 15 15 15 .29
1I-A 0.23 0.18 19 19 218 178 0.82
1I-B .22 17 18 18 180 150 .83
TI-C .22 17 16 16 154 12k 19
II-D .23 .21 33 32 221 215 .35
II-E .22 .20 20 20 155 149 ST
II-F .22 .20 11 11 109 103 1.02
II-G .19 A7 T T 88 32 .33
II-H .22 .22 2k 24 181 181 .3h



Table 5 (Cont.)
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Treatment
and N% 2/ P (p/m) K (p/m) Conductivity

location— sample adjusted= sample adjusted—= samnle adjusted— Mmhos/cm
I1-T .16 .16 3 3 109 109 A5
11-J .16 .16 0 0 68 68 .80
II-X .19 .19 0 0 60 60 .35
II-L J1h .1k 8 8 106 106 .35
I1I-M 1k J1k 0 0 35 35 .62
II-N .13 .13 0 0 45 L5 .28
I11-0 1k J1b 0 0 34 34 .31
III-A 0.23 0.18 T7 T7 448 418 0.96
III-B .26 .21 36 36 Lok 394 1.81
I1I-C .25 .20 Lo 4o 436 206 ST
III-D .15 .13 11 11 68 62 .61
I1I-E .15 .13 15 15 68 62 1.38
III-F .13 11 17 17 48 b2 1.36
III-G .23 .21 18 18 133 127 7
ITI-H .10 .10 11 11 15 15 A3
I1I-I 12 .12 9 9 15 15 .39
I1II-J W1 a1 12 12 15 15 37
ITI-K 1L 1k 10 10 18 18 .36
III-L .12 12 8 8 15 15 .32
III-M 12 .12 4 4 10 10 .21
III-N .08 .08 5 5 14 14 .18
III-0 12 12 11 11 15 15 .23



Table 5 (Cont.)
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Treatment
and 1/ N% P (n/m) K (p/m) Conductivity

location=' sample adjusted— sample ad Justed— sample adjusted=" Mmhos/cm
IV-A .19 b 2 2 111 81 0.33
IV-B .21 .16 6 6 100 70 .29
IV-C .20 .15 3 3 88 58 21
IV-D .16 b 0 0 117 111 .12
IV-E A7 .15 3 3 99 93 27
IV-F 17 .15 0 0 85 79 .30
IV-G 17 .15 3 3 21 21 .25
IV-H 17 .15 0 0 26 26 .15
IV-I .13 .13 4 4 28 28 .25
IV-J .15 .15 0 0 23 23 .13
IV-K .1h b 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 A1 0 0 15 15 .io
V-0 12 .12 0 0 14 1k .il

l/ Alphabetical letters refer to the sampling locations on Figure

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



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

Root Development

Treatments
Inner Sections Outer Sections Each Layer
Section Wt. Section Wt. Depth (cm) Wt.

I A 0.4496 5.7 E 0.4210 5.3 0-5 0.8706 11.0
B 2.2326 28.14 F 2.2016 28.0L 5-15 L, 43Lk2  56.Lk

C 0.8956 11.k4 G 0.9011 11.48 15-25 1.7967 22.88

D 0.3736 L.T76 H 0.37L40 L.76 25-35  0.TL76 9.52

Subtotal 3.951k 50.26  Subtotal 3.8977 4L9.58 Total 7.84L91 100.00

IT A 0.86L9 9.h5 E 0.k279 L,67 0-5 1.2928 1hk.12
B 2.6969 29.47 F 1.9519 21.3 5-15 L.6488  50.77

C 0.9039 9.88 G 1.0599 11.58 15-25 1.9638 21.u46

D 0.3629 3.96 H 0.8809 9.62 25-35 1.2438 13.58

Subtotal 4 .8286 52.76  Subtotal L .3206 L7.17 Total 9.1L92 100.00

ITI 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 L.,2170 43.62

C 1.4549 15.05 G 1.3219 13.67 15.25 2.7768 28.72

D 0.9k79 9.80 H 0.6577 6.80 25.35 1.6056 16.60

Subtotal 5.15L6 53.31 Subtotal 4.5099 L6, 6k Total 0.66L5 100.00

Iv A 0.341k4 5.1k4 E 0.2991 4,50 0.5 3.6407 9.64
B 1.9296 29.07 F 1.8821 28.35 5-15  3.8117 u7.42

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 3.365L 50.69  Subtotal 3.2715 Lg,27 Total 6.6369 100.00

£6
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Inner Sections Outer Sections % Wt/Layer
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Fig. 35 Root system development of sweet pepper in various soil
sections, treatment No. 1 fertigation.
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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
A | E
5.85% | 5.16% .0l
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53.3% : 46.64%
Fig. 37 Root system development of sweet pepners in various

soil sections, treatment No. 3, broadcast fertilizer.
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inner Sections | Outer Sections % Wt/Layer
A I E
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Fig. 38 Root system develorment of sweet peppers in various soil

sections, treatment No.

4, check.
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Root system development of 10 week old pepper plants.
(LILILIV refer to treatments)
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Figure LO 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 corresnonding outer parts.

IV-3-k  Yield

Analysis of variance of total yield data indicates a highly
significant difference between Treatments I, IIT and IV and also be-
ween Treatments II, ITI and TIV. Total vield of Treatment I, the ferti-
gation treatment and Treatment TI, the banded fertilizer treatment,
are significantly higher than the total yields of Treatment III, the
broadcast fertilizer and Treatment TV, the check nlot, 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 1is 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 II, I[I and IV after the third
pickingand increased again after the fourth picking. Yields in Treatment I
were continucusly 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 cron 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 avparently
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 vield 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
IT 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-4 DISCUSSIONS:

IV-b-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



Table T.

Test of statistical significance betwveen treatments.
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Treatments Average yield t value
Wet season crop: T v.s. IT 190.65 v.s. 197.51 -1.92 none
I v.s., ITI 190.65 v.s. 175.55 L, oo%*
Iv.s, TV 190.65 v.s. B1.65 30.L8**
IT v.s. II1 197.51 v.s. 175.55 6.1k %%
IT v.s. IV 197.51 v.s. 81.65 32.Lo%*
IIT v.s. IV 175.55 v.s. 81.65 26.26%*
Dry season crop I v,s, II 182.15 v.s. 160.90 L, 10%*
I v.s., III 182.15 v.s. 138.66 8.Lho¥*
Iv.s., IV 182.15 v.s. 69.52 21, 76%%
IT v.s. IIT 160.90 v.s. 138.66 L, 2g%%
II v.s. IV 160.90 v.s. 69.52 17.65%%
IIT v.s. IV 138.66 v.s. 69.52 13.36%%
Combined crop: I v.s. IT 373.30 v.s. 358.41 2.10 none
Iv.s., IIT 373.30 v.s. 31k.21 8.37**
I v.s. IV 373.30 v.s. 151.17 31.L8**
IT v.s. III 358.41 v.s. 31b.21 6.26%*
IT v.s. IV 358.41 v.s. 151.17 29.37**
ITTI v.s. IV 31k.21 v.s. 151.17 23.10%%
Remarks: tQ;: 2.131
t**: 2.947

99



AVERAGE YIELD (pounds /treat.)

O Fertigation
® Banded fertilization (II)
O Broadcast fertilization (III)
40 & Check (IV) o]
x Side dress fertilizer on Sept. 27, 976 %‘\
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DATE OF HARVEST

Fig. L1 Yield curves of the wet season pepver crop.
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O Fertigation

® Bonded fertilizer (II)

O Broadcast fertilizer (III)

40 A Check (IM)

* Side dress fertilizer on Feb. |5, 1977

*x Virus occured on the |2th week after transplanting
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AVERAGE YIELD (pounds/treat)

o D\
O
]
A
A
| -___-"‘-AL A
10 A/ \A
A
X »*»
ok i R W 1 \ ) ]
1728 2/11 2/25 371 3/25 /7 4/22

DATE OF HARVEST

Fig. 42 Yield curves of the dryv season pepper croov.
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O Fertigation (I)
® Banded Fertilizer (IL)
0O Broadcast Fertilizer

40" A Check (IX)
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Fig. U3 Average yield of wet and dry season pevbver crops.
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Table 8. Yield of penper fruit at each harvest in the wet season crop

Yield
Sept. 10 Sent. 24 Oct. 8 Oct. 22 Nov. 5 Nov. 19 Dec. 3 Total
Treatment I
Replication
1 12.2 19.2 25.5 28.9 34.1 Ly, 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 h3.1 38,2 196.8
4 11.5 15.5 23.1 29.0 Lo.1 39.6 36.9 195.6
5 11.0 1.2 20.3 25.5 32.5 36.2 34,2 173.9
6 11.k 15.0 21.1 26.% 33.2 38.0 30.0 176.1
Total 70.1 103.6 140.4 166.8 206.8 2h2,5 215.3 1i43.90
Average 11.68 17.26 23.L 27.8 3L 46 Lo. k1 35.88 190.65
Treatment II
Replication
1 18.0 26.5 30.3 33.L 3kh.5 L2.0 35.5 222.9
2 15.1 23.2 27.1 28 .k 34,0 36.2 32.6 196.6
3 16.0 22,7 26.6 29.2 L0.0 35.0 35.1 20k .6
L 13.5 18.2 27.0 25.5 36.2 36.2 36.0 192.6
5 1L.,0 19.1 23.3 2L.,2 30.2 36.2 33.1 180.1
6 16.0 19.0 26.9 22.2 33.6 L0.6 30,0 188.3
Total 92.6 128.7 161.2 162.9 208.5 226.2 202.3 1185.09
Average 15.h4 21.4 26.86 27.15 34,75 37.7 33.7 197.51
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Table 8 (Cont.)

Yield
Sept. 10 Sept. 2k Oct. 8 Oct. 22 Nov. 5 Nov. 19 Dec. 3 Total
Treatment IIT
Renlication
1 14.6 22.4 27.5 28.4 28.0 34,5 30.0 185.4
2 13. 23.0 23.5 k.6 29.5 L1.3 33.2 138.7
3 13.0 16.1 25.0 22.2 3k.0 36.2 34.2 182.7
I 13.8 16.2 28.2 26.9 3L.5 32.5 28.0 180.1
5 12.5 13.2 19.2 22.6 31.0 33.2 29.0 160.7
6 12.2 12.0 19.6 2h.2 31.1 32.2 26.4 157.7
Total 79.7 102.9 143.0 148.9 188.1 209.9 130.8 1353.30
Average 13.28 17.15 23.82 2k .81 31.35 3Lk.98 30.13 175.55
Treatment IV
Replication
] 6.6 8.5 9.5 11.kL 18.5 18.1 18.2 90.8
2 6.0 9.4 10.2 11.6 1k.2 14,2 13.3 79.4
3 5.9 11.8 14,7 13.3 16.9 19.6 13.2 95.4
L 7.0 10.7 16.2 12.9 70.2 11.3 11.L 39.7
5 b5 6.9 8.7 9.9 1L.0 14,0 11.0 69.0
6 3.k 5.9 9.0 9.2 1k .2 13.9 10.0 65.6
Total 33.h4 53.2 68.3 68. 93.0 91.1 77.1 L89.89
Average 5.56 8.86 11.38 11.38 16.33 15.18 12.85 81.65
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Table 9. Yield of nepper fruit at each harvest in the dry season crovo.

Yield
Jan. 28 Feb. 11 Feb. 25 March 11 March 25 April T April 22 Total
Treatment I
Replication
1 19.50 25.75 28.40 27.75 29.50 29.00 24,05 183.95
2 14,25 26.50 31.20 32.50 33.75 30.65 25.75 194.60
3 12.75 19.25 23.50 22.75 24,65 2L .50 20,50 1L7.90
i 22.50 28.50 33.25 31.95 34.95 32.00 29.75 212.90
5 18.75 22.50 25.20 25.50 25.00 26.25 2L .35 167.55
6 21.0 25.00 29.00 28.00 27.25 27.75 28.00 186.00
Total 108.75 1L7.50 170.55 168.k5 175.30 170.90 152.4 1092.90
Average 18.12 2L, 58 28.42 28.07 29.21 28.48 25.14 182.15
Treatment IT
Replication
1 12.50 18.00 20.50 22.50 24,00 28.L45 20.85 146,80
2 20.00 20.00 26.25 26.75 28.25 28.00 25.35 17L.60
3 14,40 21.50 23.50 20.20 23.00 23.65 21.00 147.25
N 16.20 2L.75 26.25 25.07 27.25 27.00 24 .75 171.20
5 11.50 21.25 23.50 22,00 25.75 25.50 20.25 150.75
6 20.50 25.00 2L .50 25.55 27.00 28.00 2L .45 175.00
Total 95.10 130.50 144 .50 143.00 155.25 160.60 136.kL5 965.40
Average 15.85 21.75 2L .08 23.83 25.87 26.76 22.7h 160.90
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Table 9. (Cont.)

Yield
Jan. 28 Feb. 11 Feb. 25 March 11 March 25 April 7 April 22 Total
Treatment IIT
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 2L, 00 23.00 17.50 143,75
3 1k.50 18.50 19.75 19.50 19.00 16.L0 13.20 120.85
L 19.75 25.00 26.75 2k .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 18.95 146.20
Total 95.00 12k.25 132.50 126.25 131.90 119.85 99.25 831.99
Average 15.83 20.70 22.58 21.0L 21.98 19.97 16.5k 138.66
Treatment IV
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 T.00 8.25 8.00 6.55 57.80
u 11.50 15.25 16.00 12.70 13.50 10.50 9.00 88.L5
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 12.02 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
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Table 10. Average yield of peoper fruit of the we

and dry season Crovs.

Yield of each harvest
1st 2nd 3rd 4th Sth 6th Tth
harves=: harvest hariwes: harves- harves: harves® harvest Total
Treatment I
Wet season crop  11.A3 17.26 23.40 27.80 3L L6 Lo.u1 35.88  190.65
Dry season crop 18.12 2L .58 28.L2 28.07 29.21 28.45% 25,40 182.15
Average 14.90 20.92 25.91 27.93 31.83 3L Lk 30.6L 186,40
Treatment II X
Wet season crop  15.L0 21.L45 26.8¢€ 27.1L 34,75 37.70 33.70  197.51
Dry season crop  15.85 21.75 2L, 08 23.87 25.87 26.76 22.7L  160.92
Average 15.62 21.60 25,47 25.ko 39.31 32.23 2R,o2 179.20
Treatment IIT
Wet season crop 13.28 17.15 23.83 24,81 31.35 3L,98 30.13  175.55
Dry season crop  15.83 20.70 22.58 21.0L 21.98 19.97 26.5L  138.66
Average 1bk.55 18.92 23.20 22.92 26.66 27.47 23.33 157.10
Treatemnt IV
Wet season cron 5.56 8.86 11.37 16.33 15.18 12.8L 81.85
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.L5 11.73 10.3k 75.58
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under routine farming operations, the soil moisture regime 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 volume of water in the plant occupied
soil profile may be considered a consitant. "This constant soil-moisture
state should coincide with root develonment and the distribution of
water soluble chemicals in the soil nrofile.

Fiepure 30 oresents the dynamic equilibrium field moisture nrofiles
in the wet season and the dry season. Owing to the hirpher initial soil-
moisutre content in the wet <season and the increasing moisutre content
with depth, the ellipse shaped wetting pattern loes not anpear under field
conditions. As shown in Figure 30-a, the moist soil mass is more or
less in a fan shape. While in the dry season, because of the higher suc-
tion force created by the dry surface soil, the wetted soil mass is in
a bulb shape in the surface 30 cm layer and a fan shaped meist zone de-
velops in the subsoil (Fignure 30-b). The dry strin between the irripation
tubes is dryer and deeper in the dry season than it is in the wet season.
This is because of less rainfall and higher evaroration rate from the
soll surface in the dry season. Tt should be pointed out thal the moisture
patterns 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). 1In 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 hlh-a
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illustrates the water movement in a wet season profile, the higher
hydraulic conductivity in the subsoil accelerates the major water flow
move downward by gravity force. Figure Wl-b simulates the dry season
moisture vattern, more lateral movement of the added water is due to
the higher matric-sucrtion in the dry surface layer.

In eonclusion: the field soil-=water movement under fixed
rate drip irrigation is a fanction of the various moisture contents
in the whnle vrofile, Application of the laboratory soil water move-
ment model qionld be limited only to snils with a deev dry layer of
relativelv uniform initial moisture content. Water movement patterns
obtained under over simplified laboratory conditions sometimes are
misleading in practical field irrigation onerations. This simple
fact has been ipnored too fremently in previous discussions about
drip irripaton desipgn and managment.

TV=h=? ©olute Distribution

Profile of Conductivity

The result of total solute movement in the snil may be represented
by the distribution of the conductivity of soil solutinons. From Fipures
31, 32, 33 and 3% 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 shaned low conductivity zone. This may be explained
by Figure b using 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
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the transmission zone toward the root zone or into deeper soil profile.
This kind of "no return" flow pattern causes a leaching effect in the
transmission zore. Outside the transmission zone is an area defined

as the adequate moisture and nutrient zone. Tn the adequate moisture
and nutrient zone a balance between soil-water flux and moisture de-
pletion through root suction is reached. The irrigation water flow,
tozether with dissolved salts from the transmission zone, stopped at
various locations in the adquate moisture and mitrient zone. The
excess fertilizer materials and other soluble s50il commonents accumu-
lated in this zone and createl the high conductivity rerion.

N, P, &K, Distributions

Distinguishable differences are noticed in the N, P, and K
distribution patterns with different treatments. Because of differences
in solubility and reactivity, N, P, and K move separately in soil media.
They 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 nitropgen fertilizer is highly
susceptible to leaching loss. Under drip irrigation, it can bhe 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 hisher pH creates more exchange sites in the soil

for cations, and the NHh ions from hydrolized urea undergoes the cation

exchange vnrocess with the soil narticles and are retained in the surface

soil., While in the subsoil, withAa j,yer pH value, most of the exchangable

e . 4
sites are occupied by Al ', yhich has a higher affinity to the soil surface
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than either NHh+ or K+. Once NHh+’ Nog- and K+ in the soil solution
reach the lower soil layers, their chances of beins retained in the soil
as exchangable ions is very slight, and most possibly, they are lost

by deep percolation.

Fiemure 31 also shows a high concentrated potassium zone around
the drip irrigation tubing within the surface layer. As just mentioned
there are more nepative surface charees in surface soil and K+ applied
with the irrigation water can be adsorbed by the negative surface charges
A5 soon as they contact the soil particles. An Interesting and important
nhenomenon 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 particirate in
the ion exchanege process in the zone, where K+ is hirh however, once urea is
hydrolized into NHM+’ the ”Hh+ will compete for exchange sites. This is why K+
is concentrated immediately around the drip tubing ani NHh+ is located at
some distance away,

The N and K distribution matterns shown on Figure 37 strongly re-
flert the locatinn of the fertilizer band. This suggests that banded
apolication of fertilizer does create a region of high nutrient con-
centration. The irrigation water flows throupgh 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 N and K are noticed directly
under the drip tubing down to about 50 em, This is because there

was less root activity in the transmission zone,
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N and K patterns presented in Figures 33 and 34 are a direct
result of the tonical apnlication method, irripation leaching and
root suction. It shows that tonical apnlication of fertilizer may
lead to a concentrated fertilizer strip between rows and hardly use-
able by crop rool systems.

Phosphorus fertilizer has been realized as a non-mobile material
in most soil media. The P distribution vatterns for all treatments
show on Figures 31, 32, 33, and 34 are not survnrising. Although
Treble superphosphate (TSP) is classified as moderately water soluble,
monocal cium phosphate, the main constituent of TSP; changes rapidly
to dicalcium phosphate which 1s very insoluble in water. In Coto
clay and other Oxisols, the phosphate ions also undergo reactions
with the large amount of iron and aluminum oxides and are "fixed" in
the so0il.

TV-h-3 Root Cystem Develooment

With the four different treatments employed in this research, two
general tymes of root environments are created. TIn treatments T and II,
fertigation and banded fertilizer treatments, moisture moves outward
from the transmission zone flow through the fertilizer band and toward the
plant zone. Both moisture and nutrient gradients are established in
the same side of the plants and theoretically, the root svstem should
develop in the direction opnosite to the moisture and/or nutrient gradi-
ents. Treatments III and IV create the same moisture gradient but the
broadcast fertilizer plus the rainfall effect develops a downward nutri-

ent gradient. Figure 39 shows a dense fibrous root growth toward the
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nutrient and moisture sources in treatment T and II. The fertilizer
band in Treatment II also causes a 13% more (dry matter) growth to-
ward the fertilizer band than away from the band., Treatments IIT and
IV have a relatively symmetrical root system develorment 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 ¥ distribution patterns
in Firsures 31, 32, 33 and 3k,

Drip irrigation nrovides an adequate moisture and fertilizer
condition in the surface soil and, therefore, encourages the develop-
ment of a shallow root system (see sec, III-3-k). This is important
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.

TV-hk Yield

The understanding of the nutrient distribution and root system
develorment make it apparent that the fertigation and banded fertilizer
methods are suverior 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, III, 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 har.~» -, 2) In the fertigation treatment, because
of the continuous nutrient supply, the yield increases smoothly without
interruption. 3) 1In the wet season crop, the yield in the first three

harvests of the fertigation treatment were lower than the banded fertilizer



treatment. This may be due to the insufficient lateral movement of
irrigation water with the result that the nutrient solution anplied
with the drip system cannot reach the nre-develoned root system.

) In the dry season experiment, the residual effect of the previous
season's fertilization activities provide the initial nutrients for
early crop growth, and, therefore, the yield of the fertigation treat-

ments are higher than the others all through the season.

118



CHAPTER FIVE: FUTURE. RESEARCH NFFDS AND CONCLUSIONS

V-1 Future Research Needs

Results from the field exneriment have shown that the drin tech-
nique is a promising method to increase agriculture vroduction and
profit. However, the research has also exposed sume new questions.
The following theoretical and technical problems have to be studied
before a standardized operational nrocedure can be realized:
1, Instead of a constant discharge rate throushout the whole grow-
ing season, a variable discharge rate irrigation prorram should be
considered as an alternative to assure that the crop receives enough
water and nutrients during emergence, early growth and maturation periods.
?. Since nnly 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 nrofit-
able returns.
i, New types of phosphate compounds, such as glycerophosphate, 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 profile

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 distance tends to anproach 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
gimilar water discharge rates, downward movement of irrigation water
is greater in sandy soil than in clayey 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 vrofile
water contents increase with depth. The surface wetting distance would
be useful information to predict water movement under most field con-
ditions,

5. Because of the subscil acidity and Al+++ toxicity, most vegetable
¢rons in acid soils tend to develop shallow root systems in the less
acid surface soil layers. In this case, higher drip discharge rates
(less irrigation time) with the resulting further lateral movement are
recommended for drip irrigated row crops.

Fertilization techniques

1. 1In 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 anplied 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 drin system is recommended in
a sandy soil area only if other fertilization method s, 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 steev to use farm machinery. When applying P through drip systems,
special care should be given to emitter cleaning and soil waler 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 arplied with irrigation water and the
yield result under this technique is as good as the banded fertilizer
treatment,

L, 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 thet only filtered irrigation appears in the drip system,

and eliminates the risks of fertilizer clogeing of emitters or chemical
damage of drin 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 drip 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, rhe use of electrical and fuel

energy can be easily eliminated through proner 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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