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INTRODUCTION 

Soil water depletion from a given portion of the root zone includes 
losses to the atmosphere and losses to deeper soil layers or the ground 
water. Since rate of downward movement of water is generally small, most 
of the irrigation applied to a crop returns to the atmosphere through the 
process of evapotranspiration. In the process if transpiration occurs at 
a rate sufficient to meet the demand of the atmosphere, crop 
water aval1 ability is considered Factors that determine the 
actual crop transpiration include potential evaporativity of the atmos
phere (ambient meteorological conditions), soil hydraulic characteristics 
(scution - water content - hydraulic conductivity), and rooting charact
eristics of the crop (depth of rooting and root density). 

EVf'n though the potential rate of transpiration is dictated by 
meteorological factors, soil hydraulic and plant rooting characteristics 
determine whether or not transpiration would occur at the required rate. 
Both these factors changf' with time ,md from point to point in the soil. 
With decreasing wetness soil water suction continuously increases while 
the hydrauli c conductivi ty continuously decreases. As crop growth pro
ceeds root system expands both laterally and vertically until growth 
ceases at crop maturity. 

A decrease in the hydraulic conductivity of the soil does not nec
essarily reduce the water flux. A constant flow rate can bf' maintained 
provided the potential gradients increase sufficient1v to offset the 
effect of decrease in hydraulic conductivity. However, the hydraulic 
conductivity of a soil may decrease to a point at which initial rate of 
water movement can no longer be maintained. 1fuen this happens, the flow 
rate drops below the potential evaporative demand of the atmosphere. 
For example, the rapid development of a thin dry surface 1aYf'r on a bare 
soul after irrigation limits the rate of evaporation from the soil. On 
cropped soils, roots of actively transpiring plants extend the zone of 
water extraction and the effect of a steady decrease in the hydraulic 
conductivity of the soil on crop transpiration may remain insignificant 
for sf'vf'ral days. Thf' presence of a well-developed root system affects 
water extraction in two ways. Firstly, an extensive network of active 
roots reduces the distance over which water has to flow from the soil 
to the points of extraction. Secondly, roots in the wetter soil may 
have incrf'ased rate of water extraction when other parts of the root 
zone become too dry to maintain their contribution to the flow rate. 

The efficient management of soil water under a givf'n external environ
ment requires a knowledge of how soil water from various sections of the 
root zone is df'p1eted. Because root growth is a continuing process, and 
the hydraulic properties of a drying soil change substantially, water de
pletion patterns are markedly time dependent. It seems desirable to 
know what thesf' patterns are and whether a progressive change in growth 
affects the crop's ability to absorb nutrients and meet transpirational 
demands. 

x 



Soil water suction measurements provide a useful insight into the 
drying pattern of a soil. In a drying soil, suctions at various points 
can be translated into water contents from suction - water content rela
tionship of the soil. If changes in the water content of the soil are 
thought of as being directly influenced by water uptake by plant roots, 
then suction patterns can indirectlv indicate relative root activity 
patterns in the soil. In a homogeneous soil, it should be possible to 
distinguish between plants having markedly differing rooting patterns. 
Hm,ever, a detailed survey of the suction distribution within the root 
zone would be a minimum requirement. 

One of the best ways to study water use patterns of a crop is to 
directly determine tlle water uptake by plant roots from various portions 
of the root ~one. Tlli s provides a means for determining quantitatively 
the root effectivf",ess of different plant species. Furthermore, the 
effective root zone of a crop at any stage of growth can be ascertained 
from the profiles of waler uptake by the root system. An integration of 
uptake rates from various portions of the root zone would provide an 
estimate of the actual transpiration rate of the crop. 

Water uptake in tfte root zone is a dynamically changing process. 
lt depends on the dlfferences ill root and soil water potentials, on 
water transmission properties of the soil, and on root density and root 
effect i veness. NOllC of these factors sing] y (Can suggest how important 

particular soil zone may be in supplying water for crop use. Water 
llptake data, on the otlwr hand, can very well indi.cate the zones con
tributing ;] maximum or minimum to the total water absorbed by the crop. 
From calculations of water uptake in various portions of the root 7.one 
wlwfl soil is progressively drying, one (Can obtain a good understanding 
of how extraction pattenl" change over time in order to maintain a con
stant transpiration ratc. 

Accurate and extensive measurement of suctions, water contents, 
and potent:ial gradients at various points in ,md below the root 7.one 
arc needed to compute water uptake hv planl roots. These measurements 
are made at appropriate time intervals following an init[a1 application 

r \Vater. In addition, suction - water content, and suction - hydraulic 
conductivity relationships for the soil pr-ofile mllst also be known. Often 
the efforts invol veti in conduct ing such e.xperiments and analyzing the 
data are extremely time consuming which explains why field studies of 
the water uptake patterns by plant roots have not received much attention. 

Fteld eXperiments on patterns of soil water depletion in a Waukegan 
omn soi 1 on the St. Paul Campus Experiment Station of the University 

of Minnesota reported in this thesis had the following objectives: 

t. 	 To de.termine the hydraulic properties of the soil, i.e., the 
functional relationship between matric suction and water content, 
and between matric suction and hydraulic conductivity. 

To determine differences in water depletion patterns betHeen 
two soybean varieties alld to comparc these to water losses from 
a bare soil. 

3. 
To cnlculale water urtake bv soybean roots in various sect} ons 
of rlw root %One with time durin" a drvfn~ period. 

To de>termi ,,,he>ther \vater uptake patterns are related lo root 
dens ties nnd to Soil hvdrauli c conducti vit ies. 

\":lter from the n,ot %one of cropped soils is lost to t atmosphen> 
('vdpotranspirntion or tu the ground wal"r dOh'flIJani drain

"F:('. [)"pl(>tion of this root 7.0110 W;Jl'er is a cOl1mlex process, invoLving 
cunduct ion of Haler Hilhia Ihe soil in variOlls directions, fIO\y into I'he 
"I'lilt roots, <I"d transport from the roots through xYlcm ell'ments of the 
Pli1l1l 1.0 tile leay('s. Within int(Tccl1ulnr spaCL'S of the It'[Jvcs ilnd On 
sol I surface <valer ls V<lpori%cd and 10,,;t to tile atmosphen bv the pro"e,os('sof <lil'fusion ,lIld displ,rsion. 	 o 

iii n'el'ion and ratl' of 100v 01 wntor is d(>I'"rmined bv its por(eno 
ial ('1)(> ,p tC'ntiCll ('nergv gradicTlt and din'erion, '1llrl the l'ond ct(llIee 

lloj til(> i10hl pi'th. inee soi I, plant, ilnd iltmosphere form a Cont inUIT!, 

:J compl"tl' and nWilnlngful ch;lrnclc'ri%ilti.Ol] f 'vater d"ptetion from he 
root ZOnlr "(''lllin's :111 intpgt"ill('d ('xnminntion f i 1 and plnnt hydraul ie 
,'lwJ::IC[(>ristics, ntmosplwric condit ions, and lheir varintion in spaCt';<nd 	 l fmc'. 

il water ilvnflnhilltv <111 t of the overall f](lIif process 

liliit rt'lilLes lmplv 1'0 \Vhetill'r or not water C"11 move> into plan t roots 


lit" rate L<''lu;n,d for I'ranspi rat'ion. Thl' rlmilunt ilnd rnl'e of will0'r 
uPl.<lke depc'nd nO[ only on tho ability of pLlllt roots to nbsorb IV"t('r from 
tile soil l,il:11 Ivbleb the\, iln' in cont;]ct', but :11s0 On rh,> allil itv of t'he 

i I lo supplv and rransmi l 'valer tOwilrd the roots at a surf i.ei ent rnle. 

Tilt' ability of plnnt to absorb wnter depend,] on th" rooting d"l't11 <It ,1 


given lim", ,md On the rate 0 root extpnsioll, lVeI] as on the pllvsiol 

ical :h'I'ivity of roots. Tlte <lhiJitv of n Soil lo supplv \v<lter to 


root em d"pencis on its matTic sueti \Vilt('r COlllent rel;]t ionships, 

and hydraul ie. condllctiviLv nnd diffusivfty fUllctions of sllction 'lIld 

\vilt"r content. Thc' rate at which ''':1ter must be extracted from the soi I 

hv an nct iv"J Lrnnspiring [lIant dc'pends On the potent lal transpiration

rn~t' determined hy the mereorologlc~l conditions. 

II, flYDI{AU], PROJ'I:HT 1 
IMPORTANT IN pun, OF h'A'rER 

llhl ' 	 0 the most Important sol L-\vatf.'r 
W.:lter content to matric Sucti.on. Suction 

preSSure component of the total [lotenti31. The total pot-
f il Wilter is r"ken to 1)(' l sum of pressure, osmotic, and 

graVitational potenti Is (sl'e lIillel, 1971). It i 'veL! knOlvn thnt Sue
t ion incrp:1sl'S when Hater i removed from a [ven i 1 mass and decreases 
\vl,e:1 mOLl' 'vater is addpd. rl'Jatiollshi.p between sucti.on and 
HI.'tnc'ss is not unique. [fl II, .. maiority of soU», is markeulv hvster

l 
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etic (Haines, 1930; Miller and Miller, 1955 a,b; Philip, 1964; Topp and 
Miller, 1966; Topp, 1969). For a given suction, the water content of a 
solI is higher in desorption than in sorption and Is influenced by the 
moisture history of the soil. 

Various techniques for measuring either directly or indirectly, 
suction and water content of a soil have been described by L.A. Richards 
(1965), S.J. Richards (1965), and Gardner (1965). The functional relation
ship between suction and water content of a soil is commonly obtained in 
the laboratory with a pressure plate apparatus developed by L.A. Richards 
(19L,9, 1954). Some workers believe that reliable es timates of soil water 
contents in the field may not always be obtained [rom tensiometric data 
and suction-water content relaLionships obtained in the laboratory 
(Stolzeyet al., 1959; Taylor et al., 1961). However, Nielsen et al. 
(196 /,) and Van Ravel et al. (1968a) obtained estimates of water content 
from solI-water characteristics curves determined in the laboratory 
which agreed well with their field measurements. Clearly the application 
of suction-water content relationships obtained in the laboratory to field 
studies requires both satisfactory field sampling and sound laboratory 
procedures. 

The amount of water retained in most soils at low suctions depends 
primarily on capillary effects and pore size distribution. Hence it is 
strongly affected by the structure of the soil (Croney and Coleman, 1955; 
Sharma and Uehara, 1968; Bruce, 1972). Water retention in the higher 
suction range depends more on adsorptive potentials and tends to be in
fluenced less by soil structure and more by the texture and specific 
surface of the soil materials (Sharma and Uehara, 1968; Gardner, 1968). 

As yet, there is no satisfactory theory for predicting suction
water content relat.ionships from basic soil properties. The adsorption 
and pore. geometry effects are too complex to be described by any 
model. Some empirical equations have been proposed (e.g. Visser, l~bb; 
Gardner et al., 1970), but their use is limited to soils with a narrow 
range in pore size. Furt.hermore, the evaluation of the constants con
tained in these equations Is often difficult. 

Hydraulic Conductivity Hydraulic conductivity of a soU may be defined 
as the ratio of the flux (flow volume per unit area per unit time) to 
the potent ial gradient across any point in the flow path. It is a measure 
of the ability of a soil to transmit water. In saturated flow the hydrau
lic conductivity of a nonswelling sol1 does not vary with potential. It 
is a characteristic of texture and structure of the soil. In unsaturated 
flow, as water is drained [rom the soil, the hydraulic conductivity de
creases sharply (See Hillel, 1971). It is, therefore, commonly expressed 
as a continuous function of either suction or water content. In some 
water flow problems, e.g., infiltration into a uniform soil, flow equation 
can be simplified to a form analogous to a concentration-dependent dif 
fusion equation. Usually the conductivity function is replaced by a 
diffusivity defined as the ratio of water flux to water content gradient. 
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In PrinCiple conductivity and diffusivity functions mav be obtained 
from either steady-state or transient-state flow systems. Some laboratorv 
techniques have been described by Klute (1965). A widely used transient 
flow method for measuring hydraulic conductivity is the outflow method of 
Gardner (1956). Bruce and Dlute (1965) proposed a technique for measuring 
dU fusiv! ty in horizontal soH colums. Field techniques of measuring hydrau
lic conductivity have been used by Richards et al. (1956), Rose et al. (1965), 
Watson (1966), van Bavel et al. (1968a), LaRue et. al. (1968) and many oLhers. 
Gardner (1970) suggested a simple field met.hod t.o obtain 

Several attempts have also been made to predict the conductivity 
fUnction from suction-water content dat.a (Childs and Collis-George, 1950; 
Marshall, 1958; Millington and Quirk, 1959). The predicted conductivities 
for sever,1l porous materials have been compared against experimental values 
by Nielsen et al. (1960), Jackson et al. (1965), Kunze et al. (1968), aud 
Green and Corey (1971). In these comparative studies the predicted con
ductiVities have generally been found to be higher than the experimental 
values. 1\ matching factor is, therefore, introduced to adjust the pre

dicted values to the level of the experimental values. In doing so, gross 

adjustments are often needed. More recently Farrell and Larson (1972) have 

proposed another model that di ffers from the Childs and Collis-George 

model in assuming that the structure of a soil may be simulated by a random 

assemblage of spherical pore domains. The utility of the latter model has 

not yet been tested. 

As we might expect from the hysteretic nature of the suction-water 

Content relationship, both vs. suction and the conductivity 

vs. water content relationships are also hysteretic. However, the latter 

seem.s to be far less hysteretic than the former (Topp and Miller, 1966, 

Poulovassilis, 1969). Tn practice the problem of treating hystereSis can 

often be avoided by I tmiting the use of these hydraulic properties to 

systems in which the changes in water content occur monotonically, that 

is, at all points in the system the soil either wets continuously or

dries continl1(,)1fclu with time* 

\-IATER F1/)W THROUGH SOILS 

Water in 
11 so il flows from regi On 

regions where of high potential to adjoining
the potential is lower. 

Under isothermal conditions therate of water movement is described by 

q 

where q is the volume of water tlowing through a unit cross sectional area 
in unit time, k is the hydraulic conductivity, and ~~ is the potential 
gradient in the direction of flow. This equation is valid for saturated 
and unsaturated flow, and for steady and transient flow. To develop an 
equation for describing transient flow in a soil the condition of con
tinuity or mass conservation is combined with the above dynamic equation.
This combination yields 

• k;,t 
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where is the volumetric water content, and t is the time. For one dim
ensional flow the above equation readily simplifies to 

k 

where x is the distance along the flow path. 

Water movement in the root zone of agricultural soils is almost 
always unsat urated transient flow. Steady flow conditions arc rarely, 
if ever, realized. Consequently, water flow in a uniform soil is described 
by 

"X lk (VJ) 

wheee k has been replaced by k(1!J) signifyIng th'lt hydraulic. conductivity 
Is a unique function of soil matric suction, Hydraulic c.onductivity 
:1S a unique fllnc:tion of water content, k(O), is often used in place of k{~). 
By doing so dIffusion type equation may developed to describe thlo 
f 1m,. This has the form 

dO );)~J 
"dt ,JX dx 

is the gradient of water content in the direction of flow, and nCO) 
is the"aiffusivity expressed as a function of water content. D(A) and k ) 
are related by 

D(e) = k(O) [~Jd(l 

Many processes like infiltration, drainage, evaporation, and water 
absorption by plant roots, occur singly or in combaintion in the fie 
For some of the flow processes solutions of the flow equation based on a 
Ill'mber of simpli assumptions are now available (see Hillel, 1971; 
Nielsen et aI., 1972 Quite restrictive initial and houndarv conditions 
for the flow system are needed in order to obtain ,Ill analytical or qll:lsi 
analytical solution to waler movement. 

SOIL HATER DEPLETION 

After applied water is absorbed by the soil, it may be lost either 
to the ground water by deep drainage or to the atmosphere by evapotrans
piration. If the soil surface is covered to prevent evaporat ion, downward 
drainage or redistribution may continue for a long time (Coleman, 1944; 
Robins et aI., 1954; Ogata and Richards, 1957; Wilcox, 1959; van Ravel 
et al., 1968a). But \hen the soil surface is exposed to the atmosphere 
direct evaporation from the surface and downward redistribution are hoth 
operative. Under these eonditions \Vater in the soil profile moves in 
both IIp\vard and downward directions. The profile exhibits a plane of 
zero flux which gradually moves downward. 
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Black et al. (1969) and Hillel el al. (1970) studied 'vater movement 
under the occurring proc:esses of evaporation and redistri 
bution. They concluded that the two processes are interactive and that 
water movement cannot be predicted on the basis of the separate c:onsider
ation of each process alone. Evaporation reduc:es downward redistribu
tion, and detracts from the amount of water which would otherwise be 
available for downward movement. 011 the other hand, downward redistr1bu
tion detracts from evaporation as it tends to decrease the water content, 
and hence the overall potential gradient and hydraulic conductivity in 
the ?one of evaporation near the soil surface. These s ludiE's shm, that 
both downward redistribution and evaporation are r3pid at first, with 
the rate generally decreasing with time. 

The decline in the rate of downward movement and is due 
to a decrease in the water content. Richards et al. (19 Ogata 
and Richards (1957) expeeimentally showed that in both processes average 
water content, of a given zmru of depth, L decreases with time, according 
to 

aiL til 

where a and b are constants. A imilar relationship was found by Wilcox 
(1959). 

Even though hOUI eVClporaL ion and downwilrd redistribution Illler
acl, the magnilude of the effect that both have on each other i not well 

defined. Gardner al. (llj70) founcl that for a sondy soil evaporalion 

generally had lilt1 ffeet on eedistribllt On tlte other hand re
distribution greatly detracted from evaporation. Van et al. (lq6ila) 

had earlier shown und<er fi,'ld conditions that except j'or the upper 20 em 

of soil, the presence cvap"rnti had lltt1,c effect on the downward 

distribution waLer. 

absenC'c of a cov('r , tIl(> nature of the redistribution 
of applied water :lfter infiltration deppnds "pon tlll: initial distribution 
of ",ater in the soll profic'l, the depth of ',Jpt['ing, and the eVClporative 
demand at tIl(' soi I SllrLlce (C,}1eman, 19[,!,; Richards and Hoe)re, 19';2; 
Biswas el al., 19Gh). 

Crop roots extract water from 
evaporation zone, of downward water movement. As 

a resull, flow of ter ill t lons I affected. The <letua 
pattern f water depletion In root ~oue depends upon the rooting 
cha"acterlstics the crop (root densltv, their variation in vertical 
ilnd lateral dlreetlons, and their phvsiolog 1 ability to extract water), 
and the r sllpplving pow('r of the sol I adjacc'nt to active roots, (Wet
ness, matrlc suction, ilnd hvdrclUli condlletivity). The net effect is 
that downward movement ceases earlier than it would in the absence of 
crop roots. occurs because evoporation and transpiration are both 
aCling agalnst dmvnward movement of water. 
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The effect of crop roots on soil water dep"1 etion can be assessed by 
comparing the water content or potential profiles in a soil subject to 
downward drainage, downward drainage + evaporation, and downward drainage 
+ evaporation + transpiration. Many workers (e.g. Robins et al., 1954; 
Richards et al., 1956; Wilcox, 1962; Miller, 1967; Black et al., 1970; 
Hi ner and Aarstad, 1971) have conducted experiments which show that 
downward drainage from the soil at a given depth becomes negligible much 

transpi.ring plants are present than when they are 
from a soil wetted and covered with a plasti 

sheet, continues for an indefinitely long time. Hillel (1971) presents 
data for a loesslal silt loam sol1 wetted to 150 cm depth and covered 
with plastic indicating that drainage from the 60 - 90 cm depth coutinued 
for at least 156 days after wetting. In a detailed field study van Bavel 
et al. (1968a,b) used the instantaneous profile method of Watson (1966) 
to obtain the hydrauli properties of a soil in situ. For plastic cov
ered, bare, and cropped soi"ls, suctions and water contents were measured 
with depth and time. From a plot of total water content vs. elapsed 
time a depletion rate vs. time curve was obtained for 1 - 115 and 1 - 170 
cm depths. Evaporative losses were determined from lysimeters. Evapora
tion rate vs. time curves were obtained from plots of accumulated evapor;]
tion vs. time. The difference between the depletion rate vs. time for 
the two depths and the evaporation rate vs. time curve was used to de
termine the flux at hath depths. They fOllnd that when the soil W;]s cov
ered with plastic downward drainage at all depths continued throughout 
the period of investigation. As much as 10 days after water application 
the flux at 170 cm depth was found to 2 mm/d;]y. In the case of hare 
soil a measureable flux at both depths continued for about 17 days. For 
the cropped plots at 170 cm depth downward flux 8 days after irrigation 
became zero and then reversed reaching an upward flux of 1+ mmlday 12 days 
after irrigation. The flux reversal at 11S-cm depth took place 4 days 
after irrigation. 

The effect of initial distribution of water in the soil profile on 
water loss from a soil cropped with rye was studied by LaRue et al. 
(1968). They found that water lost to deep percolation from a 1110 cm 
profile was greater when 16 cm water was applied in I, applications of 4 em 
each, then when 16 cm was applied in a single applic;]tion. 

Because of the interaction between water uptake by plant roots and 
water redistribution in the soil profile, the classical concept of " 
av;]ilable water" (that held between "field capacity" and 
wilting percentage") underestimates true "available 
searchers h;]ve real ized this. Wilcos (1962) suggested that "available 
water" in addition to ir,c1uding water held between "field capacity" and 
"permanent wilting percentage", should also include th;]t extracted by 
plants from the start of an irrigation to the attainment of "field capa
city". Hiller (1967), following this sucgestion, showed that "available 
water" at an arbitrarily selected time after irrigation in cropped plots 
was greater than in noncropped plots by about 40 per cent of the evapo
transpiration that occurred between irrigation and sampling time. 
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In the past, many irrigationists assumed that water deficits that 
in the root zone were due to evapotranspiration only. As a 

result, water loss from the root zone of the soil was equated to evapo
transpiration, an approach that disregards water flow across the lower 
boundary of root zone. The magnitude of the error thus introduced in 
the water balance of the root zone has been evaluated by several scien
tists (e.g. Robins et al., 1954; Nixon and Lawless, 1960; Wilcox, 1960; 
Nakayama and van Bavel, 1963; Stern, 1965; Rose and Stern, 1967; van 
Bave 1 e t .'11., 1968.'1, b). Clearly the measurements of soi 1 water content 
by itself cannot tell us the rate and direction of water movement in 
the soil. Even if the water content at a given depth remains constant, 
one cannot conclude that water CIt that depth is immobile, since similar 
conditions exist during steady flow. Tensiometric measurements win, 
however, indicate the direction and magnitude of the potential gradients 
in the soil profile and ;]llow one to compute water fluxes in the soil 
from experimentally determined relationships of hydraulic conductivity 
vs. suction or w;]ter content. 

'">7-=--'-'-''-=-- A general review of root growth, root dis
, root actIvity, mechanisms of nutrient and water 


absorption, and factors these has heen given hy Dramer et al. 

(1967) and Danielson (1967). 


There is no consensus of opinion as to what root parameter Is most 
directly related to the ahsorption process. In fact root mass, length, 
surface area, and root diameter may ,,11 be significant parameters. Some 
researchers (e.g. Gardner, 1960, 19(4) seem, however, to prefer to use 
root length because they feel it directly relates to the distance water 
must move in the soil phase. Direct measurement of root length in a 
sample is difficult. Indirect techniques based on statistical approach 
have heen developed by Newman (1966), and Melhuis h and Lang (1968). The 
l;]tter method is tediolls and has not been shown to give a better estimate 
that the former. The Newman method is easy to use and provides a cood 
estimate of root length (Reicosky et at., 1970). 

Even though coot length is the preferred parameter, it is not cer
tain whether the entire root 1engthin ;] soil volume is equallv effective. 
Studies on root absorbing zones (Rosene, 1937, 1941; Kramer, 1956; Slatyer. 
19(0) suggest that the most rapid uptake of water by young roots occurs 
a short distance behind the root tip where the xylem is well differen
tiated, hut suberization has not proeressed far enough to seriously re
duce root permeability. This also is the region ,.;here the most extensive 
development of root hairs commonly occurs. Based on such knowledge root 
hairs have been thought to be very important in forming the potential 
absorption capac I ty of a root system (Dit tmar, 1937. 1938). It is pos
sible th;]t the importance of root hairs has been overemphasized. Thick, 
suberized roots have been shown to absorb a sizable fraction of the 
transpirational water required by plants (Dramer, 19.56; Slatver, 1960). 
In f;]ct, suggestions have been made that finer roots may offer a greater 
resistance to water flow (Wind, 1955). Root sink theory (Garner, 1960), 
on lhe oLher hand, suggests that root diameter is not very important in 
,,,ate r uptake except in very wet soi Is. 
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Plant roots arc not uniformly distributed in the soil. Interaction 
between i ndl vidual plants, soil heterogenieties, age of roots, and degree 
of branching all contribute to this. A gradual decrease in root concen
tration laterally and vertically may be found for individual isolated 
plants (Raper and Barber, 1970) in uniform soils. A gradual decrease 
in root density with depth may usually occnr in closely spaced plant 
communities such as grasses and cereals (Pavlychenko, 1937), but in row 
crops the di stri bution is quite heterogeneous (e. g. Taylor et al., 1970). 

Root densi ty pal terns in the soil may not necessarilv re 1at e to 
root activity patterns. The difficulties associated with destructive 
sampling and washing techniques, and the confusion that exists with re
gard to what root parameters should be measured has Jed many researchers 
to obtain more dirf'ct estimates of root activity in the various parts of 
the root zone. Russell and Ellis (1968) estimated the root distribution 
of barley plants from the quantity of 86 found In soil cores after the

Rb
radioactive tracer had been injected into shoots. Activity as a percen
tage of that found in the surface layer decreased with depth up to 25 cm 
below \Yhich it ,i,nc.reased. The acli,vily level in the plant row tended to 
be higher than in the interrow zone, but was not consistently so. Hall 
et a1. (1953) used depth placement or radioactive P to estimate root 
activity under field conditions. Uptake decreased rapidly with depth for 
corn, cotton, and peanuts throughout the growing season. Hammes (md Bartz 
(19~3) showed that the zone of major activity for vegetable crops was 
in the surface soil. Nakayama and van Bave'I'lSl963) reported approximately 
90 percent of the uptake of both water and p'- bv a sorghum occurred 
in the upper 60 per cent of till' root zone. Huntf'r and Kelley ) found 
ttlilt the roots of "lfal fa and guayule extrncted \,ater From the surface 
soil ilt fairly high suctions even tilongh \vater was available deeper in 
the profil at much Imver suctions. They attrihuted their find ings to 
" gre3ter root concentration nenr the soU surface. Davis (1')!,O) con
cluded from a study of Imtf>r uptake by corn that thf> distance from the 
root CrOI{Tl rather than depth was the most important factor since roots 
ncar the <crown of a corn plant removed water much more rapidly and dried 
the soil to below "wi ring point" while rools 120 em away from the crown 
were in moist soil. 

Other ",ater absorpt ion stuclies suggest that the maximum \"ater absorbing 
activity of roots also depends on the ease with which \"ater can move into 
tehe roots and may not be necess3rily rp1ated ° root concentr3tion. There 
is some evidence to suggest that the quant i ty of '-later absorbed from a 
dry soil "rill be related to root conce'ntr3tion. Tn a wet soil, thf're
lat ionshlp is much weaker. For pxample, ,[,otsuka and Honsi (1959) found 
that tobacco plants grown In nutrient solution wi lted only "hen progres
sive' lowering of the water lpvel left less than 40 percent of the roots 
immersed in the solution. Tn simililr experLment Gardner (1965) showed 
that no perceptable Change in the relative water content of the leaves 
of cotton plants occurred when only 10 percent of the roots were a 
nutrient solution. Heyer and Gingrich (1964) trimmed the root system of 
a ",he3t seedling to tlvO roots and found no effect on the relative tur
gidity of the leaves when one root wns stressed and the other ",as supplied 
"'ilh ",atl.'r. Recently, Reicosky et al. (l972) studied Ivatcr uptake by a 
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soybean plant in the presence of a water table. They found that uptake 
was not related to root distribution. A small fracU,on of the soybean 
roots near the zone of saturation absorbed most of the watf>r used by
the transpiring plant. 

An important feature of the root systems of annual crops is their 
rapid extension into preViously unOccupied Soil. It is this continuous 
invasion of new soil masses that enables plants to Continue growing for 
days or weeks without rain or irrigation. The movement of water through 
a soil towards roots is often too slow to maintain a satisfactory \Yater 
balance in transpiring plnnts (Philip, 1957; Gardner, 1960; Gardnf>r and 
Ehlig, 1962). Root extension and continued branching and 
bring the roots of c.rop plants into contact with thf> water in hitherto 
untouched soil and milintain plant growth long after a static root system 
\"ou1d have exhausted all the available water. The change in root growth 
with time "'as studied by Dittmar (1937) who estimated that over 111, 
thousrl11d new roots per day Over a 4-month growing period were produced 
by a single rye plant ':md that d3i ly new root .lpngth averagpd 1.1 miles. 
Based on these d3ta KramE'r and Coile (1940) calcua1ted the amount of 
water made available hy root extension and concluded th3t under some con
ditions it might amount to all the ",ater required by the plant. Hackett 
(1968) quotes data that show rapid increases in total number, length,
and sur [ace area of cereal roots. 

There is Some question whether a root system becomes static at a 

cert3in growth stage. rt probilbl does as far as the tot31 root system 

is concerned. There is evidence, howf>ver, that the of older 

roots and appearance of new roots are continuing processes. Under these 
conditions tlw distrlhution of roots in the soil keeps Ganvood 
and IHll iams (19~ 7) found the distr ibuLion of <let L vely roots 
of ryegrass sward initially decreased l>lith depth. \>lith time, however, 

root concentration decreased at some depths and increased at others with 

the ;;.one of maxi mum concentrati on shift i ng in the 03011 profi Ie. 


A general review and discussion of this 
ip (1957,1966), Gardner (1960, 965),COIvan and Klute and Peten3 (1968). 

the soil-plant-air continuum, water mOV2S through the soi 1 to the 

root surface, through the plnnt to the sites of evaporation in the leaves, 

and frnm there as VApor into the atmosphere. The mOiling water encounters 

a spries of resistances :in each portion of the flow system. Iy, 

water potenti a I coot tnuous1y drops all along the f1 ow path. The resistance 
is generally Considered to be greater in the soil than in the plant. With
in the soil the maximum loss in potential occurs in the vicinity of the 
root-soil interface. In the transition from eaves to 3tmosphere, where 
wilter changes its state from liquid to vapor and moves ont hv the relat 
ively slow process of diffllq;nn the resistance is greatest. 

As water is taken lip by the roots, wnter suction in the soil increases. 
, the ",ater content and hydralllic conduct:ivitv of the soi 1 

begi n to decrease. Furthe rmore, tbe potpnlial gradients in the soi 1 in
crease in order to maintain the climatic31ly controlled flow rate. If 
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the process of water uptake by plant roots continues indefinitely, a 
situation may arise when the decrease in hydraulic conductivity can no 
longer be offset by the rise in potential gradient. The flow rate reaches 
a limiting value (Whisler, et aI., 1968; Lang and Gardner, ] 970). When 
the soil is too dry for plant roots to absorb water at the rate required 
for transpiration, the water status of the plant changes, leaf turgor 
drops, and the stomata begin to close. As a result, the. transpiration 
rate drops below the potential rate. 

In order to determine the patterns of water depletion in a cropped 
soil and evaluate water availability from the hyddaulic properties of 
the soil, the rooting characteristics of the crop, and the environment, 
the dynamics of water movement within the soil must be considered. Such 
an approach is needed because the son, plant, and atmosphere are in a 
dynamiC equilibrium and their mutual interaction determines the water 
status of the root zone. Since soil hydraulic characteristics and root 
distribution vary in both space and time, the total loss of sOlI water 
and total uptake by plant roots can be obtained only be integrating these 
quantities over time and space. Knowledge of the environmental conditions 
(evapotranspirational demands on the soil and plant) can greatly assist 
in the interpretation of the results. 

There are hasically two approaches to the analysis of water uptake 
by plant roots. These arc the single root model in which flow in the 
soil around a single root is analyzed and the uptake of water is repres
ented as a flux across the root-soil boundary; and the root system model 
in which water uptake is represented as a distributed sink function. 

The actual geometry of plant roots is com
, the presence of root hairs, and the movement 

of the root tip through the soil during the period of root elongation make 
it difficult to treat the geometry in detail. As a result, certain sim
plifications are needed. 

Philip (1957) assumed a cylindrical root at a fixed location in the 
soil and applied the water flow equation expressed in cylindri.ca1 coor
dinates to estimate the flow of water to plant roots. In his analysis, 
Philip simulates the actual root by an equivalent cylindrical sink with 
an area equal to absorbing surface of the root and a length equal to the 
total root length. The flow region was circumscribed by an outer cyl
indrical shell such that the volume of soil per unit area of sink surface 
was the same as that of the natural root-soil system. The flow equation 
was solved subject to boundary conditions of constant flux at the sink 
surface and zero flux at the sink surface and zero flux at the outer radius 
of the flow region. Constant diffusivity and a constant initial water 
content in the flow region were assumed. From his analysis Philip con
cluded that soil water content at which plants wilt depends on the trans
piration rate, the extent of the root system, the soil water diffusivity, 
and the characteristic plant water potential at which wilting occurs. 
In general, the higher the transpiratton rate the higher the average soil 
water content at which wilting occurs. 
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Gardner (1960) used essentially the sarr,1i'! approach as that used by 
Philip. He assumed (1) a stationary cylindr =:cal root in an infinite soil 
medium, (2) a constant initial soil water co :l.tent, 0) constant diffusiv
lty and conductivity, and (4) constant flux -~t the root. By analogy to the 
flow of heat in an infinitely long cylinder, he obtained a SOlution to the 
f] ow equation in cylindrical coordinates, 

ae 1 dGJat r ar ur 

where e is the volumetric water content, D i", the diffusivity, 
t is thetime, and r is the radial distance from the a xis of the root. 
The initialand boundary conditions used by Gardner are r ">spective ly 

t 0 
31J 

q 21ra kh 211"a r a, t > 0 

where a is the root radius, is the soil wat r suction, k is the conduc
tivity, and q is the rate of water uptake per unit length of root per unit 
time. With k and D assumed constant the foll(".<_~ solution was obtained 

; D.qJ In~ 
r Yc J 

where Y is the Euler's constant equal to 0. 57 722.c 

This equation specifics the suction distr i bution with distance from 

the root snrface for a given flux. Gardner sh,)wed that the difference in 

suction between soil and root required for a given flow rate ,vas directly 

proportional to the flow rate and inversely pr')portional to hydraulic 

conductivi ty of the soil. Gardner's analysis "hows that at long as the 

average suction in the soil water does not exc"ed a few bars the sllction 

wi thin the root is not appreciably greater than that in the soU. BlIt 

when the suction in the soil increases beyond] 0 bars, root suction may 

exceed 30 bars in order to maintain the requirc,tl uptake. 


In the field the rate of water uptake is not constant. It undergoes 
a diurnal fluctuation. During the night transp iration is nonnally very 
low and the water potentia] difference between the soil and plant- decreases 
markedly. Nevertheless plant water potential Seldom, if ever, reaches the 
value of the soil water potential. 

From the purely physical reasoning of Phil ip and Gardner, the rate 
of water uptake per unit length of root is prOPOrtional to the transpira
tion rate and inversely proportional to the length of the root 
system. Therefore, for a given rate of transpil'ation the more extensive 
the root system the lower the uptake rate per Unit root length. If the 
uptake rate required per unit length of root is lowered the-water poten
tial di fference between root and soil decreases. It follows that even before 
wilting occurs soil can dry to a suction close to that existing in the plant 
root. On the other hand, when a root system is 8parse, uptake of water 
required from each unit root length is large. COnsequently, suction dif
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feren between soil and root must also be large. In this case soil water 
cesuct ion must be much lower than that in the plant root. If both these 

situations are examined for a root water suction at which wilting occurs, 
one would conclude that with an extensive root system wilting would occur 
at a lower water content than with a sparse root system. Thus, the soi 1 
water content at which water supply to the plant becomes limiting is not 
a static value. Rather, it depends on a consideration of soil water 

, the extent of the root system, and the transpiration demand. 

(ii) 	 In the analysis of water uptake by a root 

as point sinks and are represented as a 


distributed sink function. 

solI water flow svstem 
The continuity condition for a 

is given by 

+ S 
;It 

where q is the Flux in the z direction, S is the source function, and 8 

and t are volumetric water content and time. as given previously. For 


steady state flow 

o 

c1q = Sand 

Ogat a et al. (J 960) appli ed th is concept in a studY of water uptake 
by alfalfa rootS. Thcy m(:;asured the water potential w'i th time at various 
soil depthS. From the known relationships between suction, wat,~r content, 
and hydraulic conduetivi ty they compute.d the fluxes as specified soi 1. 
depths. In calculating the fluxes across different soil depths flow was 
considered to be in the vertical direction only. Uptaket:ates for variouS 
depth intervals plot ted against time shm,fc·d that immed iately following 
irrigation water was removed most rapidly from soil layers near the sur
face. As t iml' increased more water was removed from proflress 1ve1y Im·ler 
soil layers. They ascribed this pattern of water re.moval to higlJcr root 
density near the surface. However, their root measurements did not fit 
with this explanation. Root density in the surfac"e layer \",as smaller 
but the mean root diameter was 1ilrger. They postulated that root resis
tance. to water f1m" decreased with increasing di ameter, a suggest ion pro

posed earlier by Wind (1955). 

Stern (1967) also presented an analysis of the time rate 
Rose and of water from different soil 	depth zones in terms of \<Ioil 

of wi thdra\<lal conduc:tivity, and rate of uptake. Thl'ir equation 
water content, 
is 

z tr2,llJ dzdt dz dt.Jtf2 
(1 - Vz - E) dt -f Jt 1 :It ~t i:

a 

14 

where I is the rate of water supply, E is the evaporation rate from the 
soil survace, Vz is the vert ical flux of water in the soil -at depth z, 

is the volumetric: water c:ontent, r is the rate of decrease of volumetric 
water content at any depth due to withdrawal by plant roots, and t is time. 
The average rate of water uptake by plant roots at depth z is given by 

dt ~_ t )
lS:l 1. 

is the average rate of water uptake, and - tIl is the time 

The pattern of soil water extractIon hy a root system can in theory 
be dete~mined by repeated calculations hased on the above equation for 
successive small increments of time and depth. The total water uptake, 
Rz by the roots is given by 

=1
z 

Rz ell.r z 
o 

Rose and St<~rn described water uptake pattern of irrigated cottOll 
llsing measured soil hydraulic properties. Their analysis assumed a zero 
horizontal flux at all depths. The results show that most of the wFlter 
removed by roots came from the upper 30 em of the soil. This finding ',vas 
supported by the cons i stently low suet ions at so i1 depths below Col. 

At any given suction, hydraulIc conductivity of Ord sandy loam at Kimberlcv 
Research Station, Australia decreased \4ith depth, a factor which would 
restrict water wi thdrawal by roots in the depper soU layers. 

In a field study of watl'r use by sorghum, van Ravel et al. (1968a,b) 
made frequent and simultaneous mpasurements of water potential and water 
content throughout the soil profile. From their data they calculated the 
rate of water uptake of the sorghum crop. Thp calculated uptak,' data 
agreed reasonably well with indepl'ndent measurements of transpiration ob
tained from lysimeters. TheIr data also showed that water uptake reached 
a maximum in the upper portion of the soil profile, a finding which they 
attrihuted to greater root density in the surfa~p layer. 

Whisler et Ill. (19118) used a llumeri~al analysis to s01vl' the stl'ady 
state flow equatton for evapotranspiration frDm a vertical soil ('olumn 
above a water table. In their equation they simulated water uptake hy 
plant rDots as a sink or negati.ve source function. The evapotranspiration 
rate and its partitioning hetween plant transpiration and soil evaporation 
were specified a t the soil surface. The lower boundary condition spec
ified zero suction at the water tahle. The sink term was assumed to he 
a func:tion of hydraulic conductivity, and the difference in pressure head 
between plant tissue and soil. The flow of water within the roots was 
assumed to encollnter a negligible resistance, hence a single value of 
pressure head was assumed for the entire root system at a given time. 
For all values of evapotranspiration the sink was found to be smaller in 
the surfac:e than i the deeper soil, meaning that the rate of water uptake 
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was larger at the bottom of the! rooting zone. The occurrence of positive 
values of source in the top portion of the column was described as a 
"shorting effect" result from transfer of wate!r from wet to dry soil 
via roots. Breazeale and Hunter and Kelle!Y (1946) have reported 
such a "shorting effect". 

Reicosky et al. (1972) llsing the model proposed by Whis]er et al. 
analyzed the water uptake pattern of soybean plants grown in soil coluTIUls. 
Their results indicate that in the presence of a shallow water table, up
take is not necessarily related to root distribution and that a small 
fraction of the roots present near the capillary fringe can absorh most 
of the water. The magnitude and distribution of the sink term could be 
speclfi ed as an interact ion he.tween hydrauli.c conduct i vi ty and root dis
tribution. As the plants grew the limitation to water uptake imposed bv 
the decreased conductivity was overcome by an increase in the length of 
the roots. 

Some attempts have been made to predict root distrihution from water 
uptake data. Gardner (1964) tried to construct a model of a well developed 
root system extracting 11ater at a constant rate. In his mode! the root 
density was assumed to decrease uniformly with depth. Only resistance to 
water flow in the soil was considered; resistance within the roots Wi1S 
assumed t a be negli gible and hence root Wi1ter suet ion was assumed constant 
throughout the root system. T,arge discrepeneies existed betweE'n measured 
and predicted distributions of root density with depth, especially i1t the 
lower depths. The asswnptions of consti1nt root water suction through01lt 
the root system and negligible root resistance are possible sources of 
error, particular·ly so for the lower portion of the soil profile where 
the smaller roots (Wind, 1955; Gardner, 1965) could offer considerable 
resistance to water flow. 

INTERPRETIVE SUMHARY OF HATER FLOW TN A SOIL-PLANT SYSTEM 

The dynamic relationship between transpiration rate and water uptakE' 
in relation to soil and plant water potentials and root systems hi1s been 
discussed by Philip (1957), Gardner (1960, 1965), Visser (1964), and Cowan 
(1965) • 

Under conditions of a complete plant cover and low soil water suction 
actual and potential transpiration rates by plants are generally c·losely 
related. Physical models assume that gradient of water potential in the 
plant is proportional to transpiration rate. If the permeability of plant 
were to remain consti1nt, a given transpiration rate would require a spec
ific potenti.al difference between the root and the plant top. If the 
potential at the root were to decrease due to increased soil suction, leaf 
water potential would have to decrease correspondingly in order to maintain 
the given transpiration rate. However, the permeability of the plant does 
not remain constant. As the leaf water potential decreases due to de
hydration, leaf turgor decreases, stomata begin to close, and permeability 
of the pI ant decreases. The decreasing permeabiH ty with decreasing pot
ential tends to set a ] ower 1 imit on the leaf water potential. This 
happens slightly below the maximum turgid water content of the leaves 
(EhU g ana Gardner, 1964). Thus the maximum transpirat ion rate for a given 
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soil SuctiOn would occur when the leaf water Potential is at a m~nl.mum. 
From this paint on transpiration rate must decrease with increaSing soil 
Suction because this Would result in a decrease in the potential difference 
between the le!af and the soil. The decrease in transpiration rate Would 
be small when the soil SUctiOn is low becoming larger only as the soilsuction increases. 

The critical leaf water potential at which stOntates close is char

acteristic for the plant Species and the leaf age. For low Potential 

transpiration rates, the potential between leaf and soil re
quired to supply the needed transpiration flux is r;mal1. Therefore, soil 
can dry to a ·level clOse to the critical leaf water potential before pot
ential difference [or a given rate would fall helow that 
required. On the other hand, when Potential transpiration rate is high, 
a larger potential difference hetween the soil and leaf is required. 

This difference WOuld fall below that required at a soi.l water potential 

higher than that in the former case. This analYSis suggests that a low 

transpiration rate can be maintained to a greater soil dryness while a 

ashighdry.transpiration rate would faU below .its va.1ue even when Soil is not 

..~ confirmation of the effect of potential 
ation On actual transpiration was found by J)enmead and Shaw (1962). 

measured the transpiration rates of corn plants grown in containers placed 

in fields under different conditions of irrigation and atmOspheric evap

orativi.ty. tinder an evaporativity of 3-!, mm per day, the actual transpir_ 

ation began to fall below the potential rate at an average soil water 

Suction of about 2 bars. Under more extreme conditions of evaporation, 
with i1n evaporativity of 6-7 mm per day, the rate began 


to drop at a soil Suction of about 0.3 bar. On the other hand, when 'ltmos

pheric evapurativity was low, about 1.4 mm per day, no drop in transpira_ 

tion rate was noticed until soil water suction exceeded 12 bars. 


If the unsaturated conductIVity of the soil is high, the soil water ) 
potential at the root-soil houndary does not decrease as rapidly and the 
required Potential difference for a given transpiration rate can he main
tained for a longer time. Thus,;j fine textured soil can maintain a high 
transpiration longer than a sandy soil, since both its water content and 
hydraulic conductjvity are higher than that of sandy soil in the unsat

urated state (Holmes, 1961; Gnrdner and Ehlig, 1962, 1963). That soil 

h;'draulic conductivity is a limiting factor in plant transpiration was 

also Confirmed hy Gingrich and Russell (195-) who compared the transpira_ 

tion rate of corn seedlings grown in an osmotic solUtion and in the Sail. 

They [ound that soi] Suction had a greater effect in retarding 
transpiration rate than increaSing the osmotic value of the solution. 
Their findings are indicative of the effect of the transmiSsion charac
teristics of the medium which was Umiting in the case of soil but not
in the case of a Solution culture. 

Plant root 
quired per unit has an effect On water putake he cause uptake re-
than when it is of roots is less when rooting is greater 

smaller. Apart from this, an increase in rooting density 
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has the effect of shortening the path that water must travel through the 
soil. Thus, with a dense root system transpiration can be maintained at 
a higher rate for a longer period. Holmes and Robertson (1959) have 
shown that as the root density of a crop increased in the soil, soil 
water content at which transpiration rate began to fall below the maximum 
decreased. 

MATERIALS AND METHODS 

FIELD PLOT LOCATION AND SOIL CHARACTERISTICS 

Field plots used for the experiments were located about 150 meters 
N.E. of the present crop service building in the S.E. corner of field 
G-l on the St. Paul Experiment Station of the University of Minnesota. 
The soil is classified as Waukegan loam, a typic Hapludoll. Rather 
abruptly at 80 to 100 cm depth a thick layer of coarse sand and gravel 
is encountered. A water table is rarely, if ever, found in the surface 
horizons and is generally beli.eved to be at least 3 to 4 meters below 
the ground surface. Some characteristics of the soil are reported in 
Table 1. Uniformity of the experimental area with respect to water re
tention of the soil was determined using four replicate soil samples at 
each depth of each of three locations around the experimental area. The 
data are reported in Table 2. 

SOYBEAN PLANTS 

After consulting with Or. W. A. Brun and others in the Department 
of Agronomy, University of Minnesota, 1 originally planned to compare 
soil water depletion patterns between plants of two soybean varieties, 
and between plants of two varieties grafted to roots of a common variety. 
The grafting technique was in use by University of Minnesota Agronomists. 

Unfortunately it was not possible to get meaningful data for the 
grafted plants for two reasons. First, there was excessive variation in 
the top growth of the grafted plants. Second, an inordinate nu~)er of 
tensiometers installed in the plots with grafted plants failed prema
turely leaving serious gaps in the tensiometric data. The scant data 
that was analyzed simply could not provide valid and meaningful infor
mation. For this reason, the data on water depletion patterns for only 
two varieties, both seed-grown are being presented and discussed in this 
thesis. 

Soybean varieties Chippewa-64 and 79.648 were planted in rows to 
determine if there were detectable differences in their water uptake pat
terns. These varieties had been recommended because of significant mor
phological differences in their root and shoot systems. For example, 
variety 79.648 is a poor fixer ?7 CO and appears to have an inferior

2
rooting system than Chippewa-64

l/Personal communication, Dr. W.A. Brun, Department of Agronomy, Univ
ersity of Minnesota. 

18 

Table 1. 
Some characteristics of l"aukegan loam soil. 

Depth 
Particle size 

Total
% pH lk . 1/cm carbon Bu de~sltV-sand silt clay % glcm 

0-10 33.7 47.5 19.0 2.85 
]0-20 

6.80 1. 4831. 7 48.9 19.5 3.02 0.80
20-30 1. 4524.3 55.0 20.8 2.17 
30-41) 

0.70 1. 4416.8 60.5 22. q 0.99 0.47 
40-50 1. 3323.S 54.2 22.4 0.75 6.20
SO-oO 1. 30

25.4 50.0 2/f.7 0.70 0.0]
00-70 1. 3231. 0 49.0 20.2 0.53 

~.82 
70-80 1. 32If4. If 30.8 18.9 0.4] 5.82 
80-90 1. 3877.3 1].0 9.80 0.35 5.89 

1. 50 

I / U" lk d co"H' c, ddecm;,">d hy d cd me Chod 'co me"," mf 4 Coplic."ec > 

i) 
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0-10 

30-40 

50-60 

variation in water content at various 

Table 2. in the experimental area 
depths 

\{ater content, - Loc<,tion 

3 

Depth 
cm 

10-20 

20-30 

Rep. 

1 
2 
3 
4 

.243
0.238 0.252

0.7.461 0.242 0.244
0.2422 0.219 0.202
0.24')3 0.236 

4 

2 
3 
4 

1 
2 
3 
4 

2 
3 

4 

1 
2 
3 
4 

2 

3 
4 

0.203 
0.188 0.214

0.213
0.204 0.202

0.198
0.208 0.198

0.191
0.209 

0.253
0.257 0.247
0.256 

0.255
0.256 0.251
0.240 

0.250 
0.251 
0.253 
O.2S1 

0.262 
0.257 
0.264 
0.260 

0.254 
0.261 
0.253 

0.245 
0.253 
0.250 

0.241 

0.246 
0.246 

, 
Soybeans of the two varieties were planted in rows 80 cm apart in 1970 

and in 1971 on different plot areas. Data from the first vear were consid
ered preliminary and exploratory so that ml~asurements reported are for the 
1971 year only. Four rows of each variety of soybeans were planted May 
29, 1971 at the rate of 32 to 34 seeds per meter of row at a depth of 4 
to 5-cm. Plot size was 3m x 1m. Rows were plainly visible by June 8. 
Around June 15 when most plants had developed the first three leaf tri
foliates the population was reduced to 15 plants per meter of row. 

MEASUREMENT OF SOIL WATER DEPLETION UNDER SOYBEAN PLANTS 

This required a knowledge of the changes 1n suction, soU water pot
ential, water content, and hydraulic conductivi ty of the soiL Soil 
water suction and potential were measured with a system of tensiometers 
and mercury manometers. Water content was inferred from suction-_vater 
content relationships determined by laboratory measurements. Hvdraulic 
conductivity was measured in hoth the field and laboratory, 

Ceramic cups for tensiometers were 2.861ym long, O. 'lS-cm 
wall thickness with one end rounded-. To the open 

end of each ceramic cup two stainless ste?} tubes were attached through 
a machined brass plug welded into the cup-'-. One protruded .lust through 
the 4 rum cylindrical plug. Two outlets allowed for easy purging of air. 
One outlet was connected throug~/l,19 to 1.37-mm I.D. x 0.406 ~ 0.076-mm 
wall thickness polyvinyl tubing;.- to a mercury manometer, the other had 
a length of tuhing that allowed convenient purgi.ng hut was sealed by a 
clamp during operation. A schematic di.agram of the tensiometer is shown 
in Fig. 1. 

Each tensiometer was soaked in deaerated water and tested for leakage 
under a pre.ssure difference of 70-cm of mercurv across the walls. Defec
tive tensiome.ters were readily detected by a bubbling of air through one 
or more fine cracks visible only when the pressure was applied, Such 
cracks were repaired using the structural adhesive. 

Tensiometers were installed in the plots between June 18 and 22. 
By this time the plants were about 20-cm high. Tensiometeters were 1.n
stalled grid-fashion to a depth of 70-em at IO-cm spacing between adjac
ent rows and columns. Each column of tensiometer was inserted by boring 
a 4.75 cm diameter hole, care being used to save the soil from each 10 em 
depth so that it could be replaced and tamped to its original density. A 
special device shown in Fig. 2 desi gned and made for the purpose, ,,'as 
used to clamp each tensiometer, to place it at its proper depth and pos
ition, and to release it. Each stack consisted of 7 tensiometers. A 
wooden plant firmed into the soIl surface served as a reference level for 

from Soil Hoisture Equipment Company, P.O. Box 30025, Santa 
Barbara, California 

1./"Scotchwe1d". 3M Co., St. Paul, was used to secure the brass plug, and 
stainless steel tubing was welded to the plug with metal welding material 

]/Obtained from DM and S Division, 3M Co., St. PauL Catalog No. 3003, 
size 17, clear, Temflex 10S-C 3003. 
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0.268 
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.246 
.256 
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0.250 

0.247 
0.250 
0.236 

0.247 
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0.256 
0.261 
0.257 
0.243 

0.257 
0.255 
0.240 

0.252 
0.244 
0.240 

0.247 
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Fig. 1. Sehellk'ltie diagram showing design of tensiometer 
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After purging the tensiometers with water at the beginning of a 
drying cycle, at least 24 hours were allowed for equilibratIon. There
after mercury heights in the manometers and in the trough were recorded 
daily. With time there was a slow attrition in the number of functioning 
tensiometers. When a majority had failed, the plots were reirrigated, 
the tensiometers flushed and filled again, and a new drying cycle was 
started. Tensions could be measured in uninterrupted periods up to a 
maximum of ]0 to 11 days. 

From the manometric readings soil water suction was calculated by 

~) = (hI - p - + h3 + 7. - Cc) 

where 1j! is the soil water suction in cm of water, hI the height of the 
mercury meniscus in the manometer in the height of the ntercury 
level in the trough in em, p is the of mercury in g/cm , h3 is 
the elevation of the zero poinl at the manometer scale above the soil 
surface in em, Z is the depth in cm of a tensiometer below the soil 
surface, 	and C is the capillary depressi.on of mercury in polyvinyl 
tubing of 1.lgCto 1. 37-mm diameter, C was determined in another exper
iment in the laboratory and was foundCto be about 10.5 cm of water. The 
various values needed in the calculation of soil water suction are shown 
in Fig. 	5. 

The suction <"IS measured represents the water potential due to adsor
ption and capillarity only, but does not include osmotic and gravita
tional potentials. The osmotic potential is considered to make an insign
ifieant eontribution to water flow at ion coneentrations commonly found 
in this soil. The gravitational potential of water decreases with depth 
and at eaeh tensiometer the deerease in potential is equivalent in cm 
of water to the depth of the tensiometer below the soil surfaee. 

The total 80i] water potentLal at a tensi ometer is commonly expre.sse.d 
as the sum of the mat ric suction at the tensiometer and its height above 
some datum level. Thus when the soi 1 is taken as the datum 

¢ = 1); + 	Z 

where ~ is the total soil water potentiai in cm of water. It is under
stood of course, that soil water potenlial is usually negative in soils 
with respect to the soil surfac:e, and as defined, we are simply adding 
negative pressures and Z values that are negative from the soil surfac:e. 

The volumetric water content corresponding to a given suetion in the 
soil under plants was interpolated from suction vs. water content relation
ships to be described later. With the help of Dr. D.A. Farrell, a computer 
program was written for simultaneous calculation of suctions and poten
tials from manometrie readings, and for interpolation of water contents 
from suction vs. water eontent relationships. 
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MEASUREMENT OF SOIL WATER DEPLETION IN A BARE SOIL 

In order to establish differences in water depletion between cropped 
and bare soil, an additional experiment was conducted. Single stacks 
of tensiometers were installed at two locations on a bare soil plot adjoin
ing the soybean plots. Suctions were measured at various depths with 
tlme following a heavy irrigation. Evaporation and downward drainage 
rates were calculated from the data and are presented in the Results and 
Discussion Section. 

SOIL HYDRAULIC PROPERTIES 

Suction vs. Water Content Relationships Desorption characteristics of 
Waukegan loam soil were determined by compositing data from both field 
and laboratory analysis. Field measurements give more reliable results, 
but are limited to soil suctions less than about 0.5 bar. Laboratory 
measurements supplemented and extended the range of suctions measurable 
in the field. 

Water contents were measured on field samples while nearby tensio
meters provided the suction readings. In order to avoid excessive dis
turbance of field plots, these samples were limi t.ed to suct ions in the 
low range ( < 120 cm wat.er) where laboratory methods show their greatest 
inaccuracy. 

For laboratory determination about 100 natural-structure peds were 
t.aken from each lO-cm dept.h interval from the smoot.hed walls of a pit. 
Some of the peds were placed on a ceramic plate apparatus to measure 
wat.er content at one suction, using different peds for different points 
on the suction-water content curve. Other peds were equilibrated at a 
given suction, weighed, wetted, equilibrated again in cycles to obt.ain 
suction vs. water content. relationship for the same ped. Tn the latter 
case a thin layer of saran dissolved in met.hyl ethyl ketone was applied 
to prevent evaporation of water except at the contact plane. A filter 
paper between ped and plate facilitated removal, weighlng and return of 
the sample to the plate. A correction was made for the desorption char
acteristic of the filter paper. 

Suction vs. Hydraulic Conductivity R~lationships Two techniques were 
also used to determine the hydraulic conductivity of the soil as a 
function of soil Welter suction. A field method is perhaps more reli
able but could not be extended to suctions greater than about 300 mb 
because of the extremely long time required for drainage to increase 
suctions to higher values. Thus, a laborat.ory procedure using undisturbed 
soil cores was also used to extend the range. There was overlap between 
the suction range covered by the two methods. 

(1) Field method: The field method proposed by Rose et a1. (1965) was 
modified to impr,:,ve its efficiency. In the original method the soil 
surface is covered with a plastic sheet following irrigation. Suction 
and water content changes at various depths are measured with time. From 
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these measurements fluxes of water and potential gradients at various 
depths are determined and hydraulic conductivities are readily calculated. 

Rose's method was modified by allowing both evaporation from the 
soil surface and downward drainage to take place simultaneously. Because 
evaporation dries the soil much faster than gravity induced downward 
movement of water, conductivites over a wide range of soil dryness can 
be obtained in a shorter time. 

(ii) Laboratory method: Bruce and Klute (1956) developed a method for 
determining diffusivity in horizontal columns of sand. Sand columns 
initially at uniform water content throughout their length were wetted 
from one end, water being allowed to move into the columns for a measured 
period of time. The distribution of water content in the column was de
termined by sampling. From this distribution, diffusivity - water Con
tent [unctions were obtained. They assumed that for their experimental 
conditions water content was a function of a variable dependent on dis
tance and square root of time. The initial and boundray conditions in 
their experiment were: 

e x » 0, t a 

o o , x 0, t. » a 
s 

where 8. is the initial water content., e is the saturation water con
tent, x~is the distance, and t is t.he tiffie. 

The diffusivities were calculated from 

D(ex) = lixJ r e~d0 
de ex ex 

where D(Ox) is the soil water diffusivity as a function of water content. 

Using the same basic approach and a sl i ghtly different analysis 
Gradner (1959) showed that a diffusivity - water content relationship 
could be obtained by evaporating water from one end of artificially packed 
soil columns initially at uniform water content throughout their length. 
Diffusivities could be calculated from water content distribution provided 
cumulative evaporation was proportional to the square root of time and the 
water content at the bottom of the soil column remained unaffected. 

The evaporating technique was selected and the equation given by 
Bruce and Klute was used with the following initial and boundary conditions 

e x > 0 t o 

e e , x o t > 0 
a 

For determining hydraulic conductivity of Waukegan loam, brass cyl
inders 7.65-cm long, 3.65-cm I.D., and O.09-cm wall thickness, were pushed 
into the soil vertically at each 10-cm depth interval. The cylinders were 
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excavated and the soil cores trimmed at both ends. 

Three replicate soil cores from each IO-cm depth interval were 
on a porous ceramic disc in contact with free water and saturated 

for a few days. Samples were sealed against water loss and allowed to 

equilibrate for several dayS. 

After ion, one end of the core was opened and warm air 


was blown over the wet soil surface at a constant rate. Evaporation

periodic weighing of the soil core, and the cumularive 

against the square root of time. Evaporation was 
to the square root of time except for the first 

few minutes of evaporation. The time taken to achieve the desired pro

portionality was strongly influenced by initial wetness of the soil and by 

the potential evaporation rate. Ylhen the proportionality was reached, 

bottom seal of the core was brc)ken and the soil was pushed out of the 

brass cylinder with a suitably piston. Soil samples 2 to 5-mm 

lengths were cut from the core with a sharp knife, dried, and their grav

imetric water contents calculated. Initial water content was calculated 

{rom the cumulative water lost from all samples upon oven drying plus 

that lost in evaporation before sampling. The test conditions were con

s i dered sat isfactory if the water content of the sealed end was equal to 

the initial water content of the core. This condition verified that the 

soil core was sufficiently long to be treated as 

Preliminary expeL ~"" .. ~v were conducted to determine the init ial rate 
and period of evaporation that would satisfy the initial and boundary con
ditionS. Severa13tri~ls confirmed that a soil core initially at a ,·mter 
content of 0.4 em fcm or less would give an evaporation that was 
tional to the Square root of time wtthin 2 to 4 minuteS, when air at 
to 1000e was directed vert tcal1y dm,nward from 4 to 5 cm above the soi 1 
surface. Depending upon the soil texture and density evaporation could 
safely be continued for a period of 16 to 25 minutes before the water 
content at the sealed end began to drop below its initial value. Under 
these conditions the soil at the top became air- dry while the water con

tent at the hottom remained virtually 

To lll1nlm"LZe redistribution of water within the soil core a short 
sampling time was considered mandatory. This precluded the measure
ment of sample length, and thuS of sample volume, as well as volumetric 
water content. Samples 2 to 5-nnn in length were quickly cut from the soil 
core with the entire process taking no more than 7 minutes. After weigh
ing and oven drying the volume of each sample was by dividing 
its dry weight by the average bulk density of the soil core. Sample 
length was obtained by dividing the sample volume by the cross sectional 

area. 
Since the water content gradient was towards the dry end of 

the soil< core, sampling of small length increments waS begun at the dry 
end to a depth of 2 to 3-cm. The remaining soil was then removed by 
applying the piston to the drier end and samples of 3 to 5-mm lengths 

were cut from the end where the soi 1 was wet tes t. 
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For each of the three replieate samples a plot of volumetric water 
content vs. distanee was ohtai.ned. From this plot the derivative and 
integral expressions that appear in the diffusivity equation were gra
phically evaluated, and a diffusivity vs. water content relationship 
caleulated 

These diffusivities were used to calculate hydraulic eonductivities 
from 

k(ex) D(Ox) [~!J 
Elx 

rd()]
where k(ex) is the hydraulic conductivity for a water- content Ox and [d~ 

is the slope of suction vs. water content curve at the same water- content. 

Saturated Hvdraul i.c Conductivity With both field and laboratory ethods, 
hydraulic conductivities at suet ions below 20 to 30-cm of water could not 
be determined owing to the difficulties inherent in creating and main
taining a near saturated conditions. It was decided, therefore, to de
termine saturated conductivities separately, and thereby extend the un
saturated conductivity function to saturation. 

Saturated conductivities on 8 to 10 replieate, undisturbed samples 
from each depth interval were determined in the laboratory hy a procedure 
described by Klute (1965b). Samples were 7.62-em in length and 7.62-cm 
diameter. 

MEASUREMENT OF ROOT DENSITY DISTRIBUTION 

Soil samples for root density distribution of soybean variety 
79.648 were obtained at the end of the experiment. Plant tops were 
removed and a pit was dug alongside tensiometer- grid. The pit wall was 
smoothened and a 10-cm cubed soil sample containing roots was removed 
in such a way that a tensiometer was at the center of eaeh cube. On 
soil surface and row boundaries sample dimensions were 5 cm x 10 em x 
10 cm. At each position two additional samples one on each side of the 
tensiometer grid were taken. Soil samples containing roots were stored 
in a room at 1. 7°e temperature until they were washed. Samples were 
washed free of soil by soaking in calgon solution and by mechanieal agi
tation. Roots were removed by sieving on a sereen with 0.3 mm diameter 
holes. After sieving roots could be disti nguished from nonroot material. 
These were removed with tweezers after whieh root samples were suspended 
in water and separated from eoarse sand by decantation. After washing, 
r-oots were eollected in vials eontaining 5 formaldehyde solution. 
These vials were stored in the room at 1. temperature unti 1 measure
ments were made. 

Total root length in each sample was estimated hy a method proposed 
by Newman (1966). In this method total root length is given hy 

R 
H 
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where R is t.he total length of root.s, N is the number of int.ersections 
between the roots and random straight lines drawn in a rectangular 
area A i.n which root pieces are uniformly dispersed, and H is the total 
length of randomly located straight lines on which intersections with 
roots are counted. 

On a large graph a rectangular area 49 cm x 34.4 cm was drawn. 
Parallel straight. lines 1 cm apart were drawn in one dimension, produc 
ing 49 straight lines each 34.4 cm long. Lines were randomly numbered. 
The graph paper was then attached underneat.h the bottom of a transparent 
plastic tray. Roots from each sample were cut into pieces about 1 cm 
in length and uniformly dispersed in about 3 mm thick layer of water in 
the tray. After uniform dispersion of root pieces, water w&s siphoned 
off and the roots were fixed in place. 

From the L,9 straight lines, 15 lines (15 x 34.4 = .516 cm long) were 
randomly selected. Intersections of roots with these straight lines 
were counted and total root length was estimated from the equation given 
earlier. Three independent estimates of root length in each sample were 
made and a mean was t.aken. 

This method of root length determination was tested before sample 
root lengths were estimated by using pieces of sewing thread of known 
total lengths. Results of this testing are shown in Table 3. 

Table 3. Comparison of estimated and actual lengths of sewing threads. 

Length Length 1/ 

measured estimated- of 


deviation variation 

em cm cm 


600 611 27.5 4.50 

1000 1002 21.6 2.16 

1600 1566 30.2 1.93 

2100 2008 28.3 1.40 

--~---~---~. -- 
of three estimates. 

Root density at any point in the soil space was expressed as root 
1ength per unit volume of soil. This was obtained by dividing the total 
root length in a given sample bv the soil volume from which it came. 
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RESULTS AND DISCUSSION 

SOIL HYDRAULIC CHARACTERISTICS 

This relationship for soil from each 
on natural peds, using primarily the 

laborat.ory proce.dures as described in detail in the MATERIALS AND METHODS 
sect.ion. Water contents at each equilibrium suction were determined on 
a gravimetric basis and were multiplied by the bulk density of t.he soil 
to convert them to a volumetric basis. Bulk densities for all soil layers 
are presented in Table 1. 

Examples of suction-water r:onten t re lationshlp for the 0-10, 
and 60-70-r:m layers/are shown in Figs. 6, 7, and 8, respectively. De
tailed and complete data not shown in these figures are given in Appendix 
tables 3 and t+. Data obtained in the laboratory on a ceramic plate show 
that up to about 100-cm suction the variation Ls large. In the wet range 
the influence of soil structure is strong and this may be responsible for 
the high variabil lty among peds from the same depth. Also, when saturat
ing the peds on a ceramic plate there is a chance that the structure may 
change due to increased clos weight, decreased strength, and internal 
air pressure which develops upon entry of water into an initially dry 
soil. In drier soil the amount of water held at a given sllction is pri
marily determined by clay and organic matter content. Hence water con
tents obtained ,lre less affected by soil structure and variability among 
samples is also lower. Data show that the variation among clods in the 
40-50-cm layer is much smaller than in either the 0-10 or 60-70-cm layers. 

Field measurements obtained in the wet range also showed sample varia
tions at all depths. Examples are shown in Figs. 6, 7, and 8. 

To reduce sample variability between points on the suction-water 

content curves, single. large clods were coated with a solution of saran 

+ methyl ethyl ketone and used to determine all points in the low suction 

range. Coating with a saran solut ion minimi zed the structural break

down so that water contents at a given slIction were higher in coated clods 

than in those not so protected. Coated single clods had to be placed on 

a filter paper on the ceramic plate to facilitate lifting and weighing at 

ear:h equilibrium point. This prevented a good contact between the clod 

and the plate at suctions about 100 cm. 

Both field and laboratory 
conductivity of the soilfrom 10-cm layers. 

(1) The field method of measudng hydraulic 
of of irrigating a field plot thoroughly and then allow
ing the soil water to evaporate and drain simultaneously. At 10-cm depth 
intervals to about 80 em depth suction measurements were made with time 
as the soil dried. 
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60-70 cm 

In a situation where evaporation and downward drainage occur simul
taneously, the zones of upward and downward movement of water are separated 
by a plane of "zero flux", As the soil dries the plane of "zero flux" 
continuously moves downward in the soil profile. 

To compute the instantaneous hydraulic conductivity at some point in 
the soil profile two quantities are neededt 

~ (i) the vertical flux, which is the volume of water moving through 
a unit cross-sectional area in unit time 

(i1) The 	vertical potential gradient, which is the slope of the
j: potential vs, depth curve at the pOint in question.
t 

The hydraulic conductivity of the soil at any depth is the ratio 
of the flux to the potential gradient, 

.\
r In a soil profile with both upward and downward flow occurring, and 
l where the position of the "zero flux" boundary is known wi th time, the 
I hydrau1ic conductivity can be obtained as follows: 

Let z , z , and zb represent the position of the "zero flux" boundary, 
the soil dgpthaabove, and the soil depth below the "zero flux" boundary, 
respectively with depth z and flux q taken positive downward 

Then flux, q(za) across the depth za above z is 

-Ja 
z 

q(za) dz, 

z 
0 

and flux, q (zb) across the depth Z,_ below Z is 
z 

q(zb) = J0 ~~ dz, 

zb 

and if the potential gradients at and zb are [~J za' 

and [*b] zb' respectively 

then conductivities K(~)za' and K('J;Jz. are: 

z 

K(1jJ)za = a dzJ ot [*J 

Z 

38and K(1jJ)zb dz;Jt 7
fa [~J 

z 
0 
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where e is the volumetric water content, t is the time q, is the potential, 
\j! is the suction, and z is the depth. K(lf;) denotes that hydraulic con
ductivity is a function of the suction. 

The procedure outlined can be repeated for any number of depths above 
and below each position of the "zero flux" boundary as it moves down the 
soil prof De. 

Soil water suctions at two locations and at various depths 
lO-cm apart were measured with time following an irrigation. 

These data are reported in Appendix tables 5 and 6. The potentials at 
various times after irrigation arc plotted against depth in Fig. 9. r 

1 
From Fig. 9 the potential gradients at lO-cm depth increments were I 

determined graphically for various times after irrigation and arc plotted 
in Figs. 10 and 11. For each depth the.re is a time when the potential t 
gradient is zero indicating that the moving "zero flux" boundary has 
reached that depth. The advance of lhe "zero flux" boundary down the soil 

with time is shown in Fig, 12. At the end of the irrigation the 
flux" boundary is at the soil surface and at ]/d hours after irriga

tion it is at the 80-cm depth, I
Volumetric water contents at v<lrious depths are shown as a function 

of time in Figs. 13 and 14, These water contents Here interpolated from ! 
the suction-water content relationships reported in Appendix tables 3 and 
4. The water content for a suction at some given depth was taken as tIle 
mean of the water contents obtained from the suction-water content rela
tionships for the depth intervals above and below this depth. 

The rates of change of vo lumetri c water content with time (du I~t) 
we:'e obtained graphic<llly for various depths from Figs. 13 and 11+. Plots 
of de/at as a function of depth are sho","n in Fig. 15 for various posttions 
of the "zero flux" boundary. The flux across any depth above or below 
the depth of "zero flux" may readily be obtained by integrating the area 
under the appropriate curve between the depth of "zero flux" and the 
depth of interest. 

The hydraulic conductivites were obtained by dividing the fluxes thus 
determined, by the appropriate potential gradients. These field estimates 
of ic conductivity for the 30- /10 and 60-70-cm depths are shown 
in . 20 and 21. Those for all depths are given in Appendix lable 7, 
A sharp decrease in hydraul i c conductivi ty with increasing suet ion in the 

range is a common feature of conductivity - scution functions and is 
in the data plotted in Figs. 20 and 21. 

The accuracy of the hydraulic conductivities thus determined is 
very stTongly dependent upon the accuracy of the suction-water content 

for the various depths. Also, conductivity calculations 
are quite sensitive to errors in potential gradients. Therefore, accur
ate measurements of suction and depth are also very important for satis
factory results. Curve fitting procedures and graphical techniques of 
differentiation have their own limitations and introduce errors that can
not be avoided. 
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(ii) In this method soil cores, ini tially at unifonn 
water by evaporation from one end subject to the fol
lowing conditions 

(i) 	 that cumulative evaporation be proportional to square root 
of time. 

(ii) 	that soil cores be allowed to evaporate only as long as the 
water content in the bottom of the core remained unchanged, 
i.e .• the column behaved as though it were semi-infinite. 

Both these conditions were established by a number of preliminary 
tests. After a desired period of evaporation soi 1 from the core \vas 
pushed out by a piston designed for the purpose, and sampled for water 
content in sections only a few millimeters long. The length of each 
sample was established from the cross sectional area of the core, dry 
wf'ight of the sample, and mean bulk density of the soil. Evaporation 
data for al1 samples are reported in Appendix tab] e 8. Cumulative dis
tance vs. volumetric water content data for all samples are given in 
Appendix table 9. 

The diffusivity of the soil was caluclated by: 

D(ex) 	 f
" t ex 0 x dO xJ 

Where D(Ox)'is the diffusiviLy of the soil (length
2
/time). The deriva

tive ilnd the integral expressions In the equation \"ere graphically eval
uated from a plot of volumetric water c.ontent agatnst distance. 

All diffusivities were converted to conductivi.tIes by: 

K(ex) D (Ox) [dO]
Ld~J 

WhE-re K(Ox) is the hydraulic conductivity of the soil (length!time), 
<j; is the soil water suction at the water content at which the conductivity 
is evaluated, and de/dip is the slope of the suction VB. water content 
curve of the soil. If one assumes a unique relatIon between suction and 
water content then, 

K(Ox) K(~x) I x dG,Quantiti es (Ox), (~i) 	 2t,[*J 
ex ex 

D(Ox), and K are presented for all samples in Appendix tables 10 through 16. 

The fol1ow1.ng shows how hydraulic. conductivity for the 30-40
depth was calculated. The relationship of cumulative eVilporation 

root 	of time, It, is shown for three replicate soil cores in 
The data show that evaporation becomes proportional to square 
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root of time about a minute after the zero time, suggesting that external 
evaporative conditions are not intense enough to limit the flow of water 
when the soil surface is quite wet. As the surface dries its conduc-
ti vi ty drops and the flow rate at the surface soon falls short of the pot

evaporation rate. When this happens the predicted proportionality 
with Yt' is established. In cases where the initial water content is low, 
the time to reach proportionality with It is less t.han one minute. Soil 
cores could not be evaporated for a longer time than 16 to 25 minutes be
cause at greater times they no longer behave as though t.hey are semi
infinite. The only way to confirm this is to determine if at. the end of 
t.he evaporation period the soil in the bott.om of the core has not dried 
significantly to below the initial water content. The method of arriving 
at. the initial wat.er content of the soil is shown in Table 4. The initial 
water content of the sample 1.S equal to the sum of water lost: upon oven 
drying and that lost. during evaporation. This sum divided by the total 
volume of the core gives the mean volumetric water content of the soil 
in the cylinder. 

Volumetric water content distributions for three samples from the 
30-40-cm dept.h are shown in Figs. 17 through 19. From these Figs. one 
can see that the water content. at the bottom diverges little from the 
initial water content. The steep gradients of water content with dis
tance near the soil surface are the result of a very rapid drving of the 
soil and suggest that the soil rather than the external conditions con
trolled the flow of water. From the water content. vs. dept.h curves in 
Figs. 17 to 19 the derivative and integral In the di[fusivity equation 
were evaluated and diffusivity as a function of water content was cal
culated. The slope of the suction vs. wat.er content. curve [or 30-40-
cm soil was obtained at various water contents and all diffusivity values 
were converted to conductivity by the relationship shown earlier. 

Field and laboratory measured hydraulic conductivities for the 30-40 
and (,O-70-cm soil depths are plotted as functions of soil water suction 
in Figs. 20 and 21, respect.ively. The data show that variation among 
samples in laboratory measurements is greater. Also, field measured 
conductivit.ies tend to be higher in the low snction range. There is, 
however, a tendency for the two to converge in the drier range. Great.-
er reliability is placed on the field measurements than on the laboratory 
measurements for several reasons. Compression during sampling is likely 
to reduce larger pores. If this is true then one would expect laboratory 
samples to have lower conductivities in the wet range and higher conduc
tivities in the drier range. Shearing of soil along the sides of the 
cores could also reduce the effective cross sectional area of the sample 
result.ing in lower conductivities for the laboratory samples. In the 
evaporation procedure temperature gradients were not taken Int.o account. 
The cooling effect of evaporation would be expected to lower the potential 
of water in the region undergoing cooling. Becanse of thIs wat.er across 
t.he cool region would flow more slowly than expect.ed. 
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Hydraulic conductivities in the suction range saturation could 
not be measured in either the field or the laboratory. In order to f1 
the gap, saturated conductivities on soil cores were measured in the 
laboratory. These data are reported in Appendix table Saturated 
conductivities show a large variation among samples from the same depth, 
a result that is found for such measurements. Data in ix table 
17 that mean s,qturated conductivities decrease depth. This 
is expected because the proportion of large pores decreases with depth 
o",ing to increasing overburden and decreasing aggregation. 

Mean saturated conductivities of the 10-40 and 60-70-cm layers are 

plotted at zero suction in Figs. 20 and 21, respectivelY. 


Both suction-Hater content, and sLlction-hydraulic conductivity re

lationships are krlOHn to be hysteretic. This effect not con,;idered 

because this studv wa~'; I imited~ to IVatE'T depletion patterns for a series 

of drying cvcles onlv. 

WATER DEPLETION FROM BARE SOIL 

Suction datil oL~taint·cl in the field study f hydraulic conclurtivi ty 

were used to determL,e \vater depletion patterns in loam in 

absence of plants. These data for t",o locations are reported in Appen
dix tah 5 and 6. After the initiell irrigation all depths 


h time IIIltil a rainstorm suppressed the 
hough each plot was covered "ith a ic suctions 

affected. The c:hRnninu soil water suctions at 20, 
The substantial effect of 

the in atmospheric evaporativity at about 170 hours after irriE,a
lion Other depths showc>d a similar pattern. 

rpos(· of studving w8ter depletion p8tterns under a barp 

cnmpnre them ~'ith t~he pattern;.; under a soybean crop. It 


j that sol [ Welter ~Iosses under it soybean crop '''Q(!l~d need 

to be studied at varions stnges of growth. Hecause atmospheric con-


throughout the gro,clng season, it may have been desir
series of hare soil experiments timed to coincide "ith 
1 tile' cropped soil exreriments. But owing to mal

of tensiometers surtlons under a hare soil were measured 
f plnnt r,roHth onlv. HOHever, this lack of experimental 

n'petltion is not miljor concern berause water loss from bare soil 
is very often rontrol1ed by soil properties onlv. Meteorological con-
di tions affect water loss only ,,,11('n the soi I snrface remains during 
pE'riod~s of IOH potential evaporation. In the prE'sent study bare soil 
data obtained for one staE,e only should be suitable for comparison '''ith 
data for an stage's of soybean grO\vth. 

Prom the data it was possible to obtain good 
of water loss for 11 ri of 17fJ hours during ",hich suctions in the 
"ere not affected bv meteorological conditions. Unfortunately 
this period is substantially shorter thelD the drying periods oYer which 
suctions in the of sovbeans were recorded. Suction data for 
th" bare soil ",ere therefore extrapolated using typical suctIon vs. 
time curves for drving soils. Examples of this extrapolation 
bet",een 170 and hours are shmm in Fig. 22 by the dotted portion of 
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the curves. The extrapolated portions of the suction vs. time curves 
may be in error by up to 10 cm but these errors in suction should not 
make an appreciable difference to the estimated water contents. This 
can be verified from the suction-water content relationships for the 
various soil layers presented in Appendix table 3 and the three examples 
shown in Figs. 6, 7, and 8. A predictive technique might be no more 
reliable because the soil is not uniform, and the diffusivity measure
ments are not without error. 

Suction data at each depth were converted into vol
water contents for various times after the irrigation. The 

resulting water content profiles are shown in Fig. 23. Since the suction 
at zero depth was not measured, the water content vs. depth curves had 
to be extrapolated to the surface. Similarly, the water content profile 
at zero time was obtained by extrapolating suctions to zero time. In
tegration of the area under a water content-depth curve between two 
depths yielded the total water content for that depth interval. The 
water contents of each 10-cm depth intervals and that of 0-70 em soil 
laver at various times after the irrigation were found by integrating
th~ appropriate water content-depth curves. Water losses since the 
start of the drying cycle were obtained by difference with losses from 
the 0-70 cm layer being obrained for both actual and extrapolated data. 

Fig. 24 shows the total water losses from the 0-10, 10-20, 30-40, 
and 60-70-cm soil layers. As expected water losses decrease wtth depth. 
For all soil layers the rate of water loss is high immediately following 
the irrigation but drops off rather rapidly soon after, and then continues 
as a slowly decreasing rate. The high initial rate of loss of water is 
the result of the high hydraulic conductivity of the near saturated soil. 
As the water is lost by drainage and evaporation hydraulic conduct 

decreases at all depths but the decrease is much more pronounced at 

surface. 

Total water loss from the 0-70-cm layer is shown in Fig. 25. It 
includes water lost by evaporation to the atmosphere and to the deeper 
soil by downward drainage. The pattern of water loss is the same as that 
shown for the individual soi.l layers in Fig. 24. The rate of loss is 
rapid at the start and decreases with time. The data show that if the 
drying process is soH controlled and is not affected by periods of low 
potential evaporation, nearly 6.5 cm of water are lost from the 0-70 
cm layer in 300 hours. This estimate of water loss is based on the 
extrapolated suction data. With actual suction data the total loss in 
300 hours is only 5,8 cm. The difference is due to a rainfall of 2.13 cm 
spread over a two day period from 170 to 218 hours after the irrigation. 

Water that leaves the soil surface as water vapor does not return 
but the cumulative loss by downward flow across the selected boundary 
is reduced When the direction of this flow is reversed. In the present 
case after the "zero flux" boundary reaches a depth of 70-cm the cirection 
of water flow at this depth is reversed and water previously lost to 
deeper soil layers contributes to evaporation. 
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Evaporation Rate The rate of evaporation at the soil surface was es
timated by z=o 

E dzJ 
where E is the evaporation rate, z is the soil depth, z Is the position 
of the "zero flux" boundary, 8 is the volumetric water gontent, and t 
is the time. 3fl/8t vs. depth curves are shown in Fig. 15. Integrating 
the rate of change of water content with time over the soil depth bounded 
by the surface a~d the depth of "zero fl ux" yields the flux at the surface, 
which should equal the evaporation rate. This technique for estimating 
evaporation rate is valid only until "zero flux" boundary reaches some 
maximum depth, in this instance a depth of 70-cm. At greater times the 
depth integral of dB/3t for the 0-70 cm layer is simply the slope of the 
total water loss vs. time curve for the layer (Fig. 25). Consequently, 
the evaporation rate may be obtained by adding to this rate of water 
loss the upward flux at the 70-cm depth. This gives 

fO rllP]E de dz _ K{~) 
70 

70 
~z 

where the hydraulic conductivity, K(lji) Is a function of the soj] water 
suction at 70 cm depth and ¢ is the soil water potentia1. 

1n Fig. 26 the computed evaporation rate for a bare soil is shown 
as a function of time. Satisfactory estimates of evaporation rate could 
not be obtained until 48 hours after irrigation. At earlier tImes the 
estimates are markedly affected hy errors in extrapolation of the /dt vs. 
depth curve to zero depth (see Fig. 15). These errors are of acceptahle 
magnitude after 48 hours. 

The estimated evaporation rate at 48 hours was found to be very close 
to the pan evaporati.on rate at Waseca, Minnesota. Provided meteorological 
conditions at St. Paul and \~aseca were not significantly different during 
the period of the experiment, the maximum evaporation rate from the bare 
soil should not exceed this pan evaporation rate. On this basis the 
evaporation rate for the first 48 hours after irrigation was taken equal 
to that at 48 hours. Fig. 26 shows two stages of drying: (0 constant 
rate stage, and (ii) falling rate stage. During the 48 hour first stage 
drying the rate of evaporation is assumed to depend on the ambient meteor
ological conditions. The sharp decrease in evaporation rate is charact
eristic of the rather abrupt transfer from meteorological to soil control 
caused by the steady decrease in the hydraulic conductivity of the surface 
soil 0 
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Fig. Total evaporative loss of soil water is shown in . 25. Also 
shown in Fie. 25 is the eumulative loss due to downward drainage. This 
was obtained by subtracting the evaporative loss of ',later from the ota1 
loss. An examinat ion Gf the curves o[ total evaporati on and total dO\>/l1

ward drai.nage reveals that downward flow across the 70-cm depth was the 
major factor in water depletion for the first 60 hours after irrigation. 
At 60 hours both losses were equa'l. Beyond 60 hours evaporation accounted 
for the major part of the total loss. The cumulative loss due to down---~----------r------~-------~---------1~ ~'O ward [low reached a maximum at about 130 hours ,md then decreased. 

o oJ 
,,., U1 decrease is the result of upward flow at the 70-em depth. relative 
4J ;:l'.I t1) contributions of evaporation and downward drainage to total water loss 

I bll ~ 

j 
 o from the 0-70-cm depth are sho'W'Tl in Fig. 27. The data suggest that~rl (1) 

aJ 
" (1) water loss by dm.rnward d rai nage is only Cl temporary one. Tn time much

N >-<.£1 -,..,
t1) il! of the water that has moved below some preselected lower houndarv willj 
u till:>Ul I return.~ tilCJ 
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 ,..; " 0'0 

'h 
;:: Spatial patterns of Hater depIct ion in the root zone changes in~ 

,..; 0CJ 
.,..-\ "ri total water depletion from given sections of the soil profile with growth 

t1) o '-' '" +-' stages of the crop were determinpd by measuring soil water suction :ll 63Ul Cl 
'-' ;:l 

ill Ul grid points, betvJeen soybean rows. Measurements were mClde in cvcles 
oJ >-<4J Ol consisted of an initIal irrigation and subsequent drying of the soil. 
c) .n Irrigation and drying cycles vvere repL~ated durIng the grov/th peri.od of
" 

Ol the crop in order to obtain measurements ilt various stages of develop
,,.., 4-<o 
~ 

o ment of the root system. Table') sho,,,s the irrigation dnd drying cvcles. 
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Suction data were obtained during the drying period of the cycle only. 
Tn the event of a rainstorm or an overnight forecast of rain the plots were 
protected with plastic covers to prevent wetting of the 80il. 

The mercury manometers were 
the calculation of suction and 

potential were recorded. A typical example of such data is shown in Appen
dix table 18. Suctions and potentials calculated from the data in Appendix 
table 18 are shown in Appendix table 19.11) 


.jJ 

11) 


'-;'0
.... Suctions at the upper and lower boundaries of a 10-cm depth interval 
o (:: 

CJ <f) 0 were converted into water contents from the suction-water content relatton
0(, .... 
11) CJ .jJ Ship. These were averaged to represent the water content of the depth 
(:: I-< U 

.r< 11) ~ intervaL On the two boundaries, each pOint of measurement in the lateral 
11) .D trJ 
H direction between plant rows represented 1/16 of the total area of an 80 em 
'O<1l'O 

CJ x 10 cm vertical plane, except those on the plant rows whieh represented 
'0 (:: .jJ 

(::'r< 11) only 1/32 of the total area. A weighted mean water content for the 10-cm 
<1l .-; 

.D 0 depth interval was computer calculated by accumulating 1/16 of the water 
CJ .jJ p 

U P <1l 
 content from each value in the interrow space and 1/32 of those on the 
11) CJ H 
4-l'O.w plant rows. An example of water contents at various points in the root 
H X 
::0 S CJ zone space and for various 10-cm depth intervals is shown in Appendix table 
<f) U 

.jJ 20. Wnter contents in this table correspond to suctions in Appendix table 
.-I c- <1l 
'rl r- .D 19. Water content for the 0 to 10-cm depth could not be computed because 

r-, o , .w 
CIl IDe suctions nt the soil surface could not be measured in any meaningful way. 
I-< CJ 

~ oJ S .w 
 In each irrigation-drying cycle records of the type shown in Appendix 
o .D 0 <1l 

.... H U tahles 18, 19, and 20 were obtained from daily measurements. It is im6 
"" 'rl practical to include all records in this thesis •.jJ '0 


(:: 11) trJ (:: 

o <f) 'rl 

'rl (:: 0 

.jJ 0.-1 <f) 
 to isolate the effect of 
I'j '14 Ql 
<>0 .jJ H (:: to keep all other factors .... t1j Q) 'r< 
H H.w.-l constant or make a correction for them. Total water Joss from a given 
H o <1l .... 0.0<'0 section of the soil profile includes losses due to downward flow across 

11) oJ 
;> .-I .jJ the lower boundary of the section, direct evaporation from the soil sur

CJ CJ <1l w " .., .jJ 0 face, and transpiration. During the later stages of crop growth transpir

"" "-'00 

<1l o w ation accounts for a major portion of the total water loss. 

<ll (:: 0 • 

o .w (:: 
'M 'rl 0 Drainage losses are sm.'!ll, and the evaporative losses arc not sen

,jJ,..c: 'rlt-<" 
~ .jJ .jJ sitive to variations in external environment, unless the soil is excess

.D P <1l 
'rl CJ <>0 ively wet. Transpiration on the other hand is markedly affected hy the 
~ "1j 'rl "'Cl 
.jJ H III external environment and this must be taken into account in assessing
(:: S I-< <f) 
o (J -M ::::: water losses due to crop age. 

U 
 c <>0 (::
CJ r- (:: CJ avnilab1e records of pan evaporation were those at Waseca,;> ·rl III 

.... trJ 0<,.0 
.jJ CIl 0 about 75 miles south of St. Paul. It is not unreasonable to 
<1l O.-l III 

...... H.-l ;> assume that, ignoring day to day and diurnal fluctuations, average pan 
CJ U 0 11) evaporation rates over a period of 8 to 10 days at St. Paul and Waseca 

would be similar. Figs. 28, 29, and 30 show cumulative pan evaporation 
r for short periods plotted against time. Average rates of change of cumu
N lative pan evaporation with respect to time for 4 of the 5 irrigation 
b() cycles were obtained from these Figs. and are shown in Table 6. Pan 

o 

~<1l4-<.D 

c 'M evaporation reocrds on several days during the last cycle were missing •I"< 

llu.s. Natl. Oceanic and Atmos. Adm. Climatological Data, Hinn., 1971. 
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Table 6. Pan evaporation rates duri ng various irr igation-d rvi ng cvcles. 


l"I ..... 
4: 

cycle Dates Pan 
N ...... No • 
4: 

Julv 2 - .Jul (, 0.645 
,...j 

..:;( 2 July 7 Julv 14 0.649 

3 Julv 15 Julv 24 0.660 

:( 
o 

II Julv JO - Aug. 0.667 - 0.750 

5 Aug. 18 - Aug. 28 

.~ 

.00 
<1: These dat a shm~ an increase in pall evaporat i on as the summer pro

gressed. But the difference he tween th~ lowest and highest evaporation 
rate is not excessive. Considering the errors that mav he involved in 

.-< 

,.... "'" <1l 
.-<< 
~ 

0 measurement of pan evaporation and dav to day fluctuations, at least as'"' 
U <IJ a first approximatLon, the evaporativitv of the external environment mav
<fJ OJ 
::l r:: be assumed constant over the period of the experiment.bL r::

.-CJ ::l 'M...: <>: ;8 
Soil water suction pat

"0 
r:: <1l tv were compared for the two sovhean
<1l u 


trl 
« :> <IJ varieties at three stages of grow~t. For each of the last two stages
OJ 

H <1l 
::l of growth comparisons were made at two times within the irrigation cycles. 
.-, '"u 

...: r:: <1l In Fig. 31 lateral variations in suction at depths of 10, 20, 3D, 50,« 'M 
r:: and 70-em are shm"n for 28-dav old plants, 70 hOLlrs after irrigation.(fJ 0 

:>. 'M Figs. 32 and 33 show the suction patterns at 7~ and J hours after irriga<1l u 

l't\ A <1l 

« ).< tion, respectivelv, ,,!ten the plants were 41 and 43 days old. Suction pat

0 
<.L tents at 87 and 158 hours after irrigation, respectively, when the plants 
<1l were 76 and 79 davs old arc show in Figs. 34 and 3~.:> 

N <ll 
<1: r:: 

<Il Suction patterns 28 da,'s after germination, 70 hours after irrigation 
<.L (Fig. 31), show strong lateral gradients in th~ surface 30 cm of th~ soil. 

rl <ll Below 50 em the 1 ateral gradi.ents are quite small. Fortv-one days after:><1: 
'M germination, 75 hours after irrigation (Fi . 32), small lateral gradientsu 

H 
<1l exist in the ton 20 cm only. Seventy-six davs after germination, 87 hours 

.-I 
m 

" u 

S 
::J after irrigation (Fig. 34), lateral differences in suction decrease fur
::l ther and are more irregular. These Figs. also show that suction differences 

in the vertical direction (for example hetween 10 and 70-cm depths) decrease 
m 
o 

0 as the plants mature. Generallv, the suctions at all measurement paints 
<0'"") 

decrease with deptll, although some denarture from this general pattern may 

on he found in Figs. '34 and 35. An examination of Figs. 32 and 33, and 34 
'M 

Q'\ I>-< and 35 shows that within a given irrigation-drving cvcle suctions and 
o 

('oj 
suction gradients increase Hilh time after irrigation. 

~, 

::I Strong laleral and vertical gradients in suction develop in the earlv 
groHth stage because roots are concentrated near the surface and within a 
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short distance of the plant axis. Tou,1 root length at tlds stage is small 
as is also the soil volume within which water can readily move towards the 
roots. In order to satisfv the transpiration demands each unit length of 
root must extracL wilter at a higher rate than when the root system is 
more fully developed and the tota1 root 1ength is large. Hhen the root 
system is small, a large extraction rate per unit root length leads to 
rapid of the soil in the immediate vicinity of the roots. \\fater 
must then flow from larger distances towards root in order to maintain 
a fixed rate of water extraction. A longer flow path and a drier soil 
near the roots requires a large deiving force, 1. '. arr;e suction gradient 
to maintain adefJuate flow rate. "ith continued increase in total root 
length, transpiration demand remaining unchanged, the extraction rate per 
unit root length decreases. As this occurs gradients decrease 
firstly hecause of the reduced flow rate, and secondlv hecause of the 
shortened flow paths. The observed decrease in suction gradient in 
1ateral and vertieal direction for older plants is clearly the result of 
a progressive expansion of tlle root zone. practical consequence of these 
resu1ts i that il p1ant \.Jith il smaller root system is 1ikely to experience 
water stress earlier than a plant \'lith a larger root system, other condi
tions being equa1. 

Suction dilta for Chippewa
wi of the l'Lmt rOH, and (ii) 

midpoint of the interrm.] space. Tn both tllesC' 
zones suctions at various depths wC're averaged. For growth periods 38 
to t17, and 71 to 82-days after germination, these suctions are shown in 
Figs. through 39. In both zones sliet patterns with drving of thf> 

are essentially the same. principal difference is in the ml1?,
nitude of the suet ions. During both to ,and 73 to 82 davs after 
germination suctions ,,,j thin 10 em of thC' midpoint of interroH space are 
smaller than those withi" 10 cm of the plant rOhrs. These differences 
are more distinct in the surface 30 cm the soil. At lower depths suc
tions in both zones are similar. From the data it appears that plant 
roots in the surface soil are more ('ffeelive near the plant axis than 
thone in the interroH space. Re.lS0ns for this are notimmediatelv ap
parent. Root densitv data (to be reported later) show that maximum den
sities OCCllr between 25 and 4') em depths about the middle of the interroH 
space, though maximum sllctions deve10p ncar the plant axis. 

Data in Figs. 36 through 39 shoH that suctions at a11 depths increase 
Hith time after irrigation. Except for short tiTTle after irrigation 
suctions decrease with depth. Rate of rise of suctions with time a1so 
shows a dec_rease with depth. The difference in suctions bet\.Jeen the 
depths keeps on increasing with timC'. both zones suctions at various 
depths and suction differences between depths arc smaller during 73 to 
83 than during 38 to 47 davs after germination. 

root activity remains 
patterns at various depths under identical irrigation and environ

mental conditions \.Jould be repreducible. But with continued root exten
sion into deeper soi1 layers, increased extraction [rom these lower avers 
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decreases the contribution of surface layers to plant water uptake. To 
illustrate this point average suctions in the row zone of Chippewa-64 
were compared over four irrigation-drving cycles. 

In Fig. 40 suctions at 10 and 70-cm depths for four irrigation-drying 
cycles corresponding to four growth periods are shown. Suctions at 30' . 
and SO-cm depths over the same growth periods are shmm in Fig. 41. At 
the 10-cm depth, suctions continuous Iv decrease with the growth stage, 
suggesting that '4ith continued root growtb tbe rate of water depletion 
at this depth decreased. Suctions at the 30 and SO-cm depths during the 
second growth period are higher than those during the first grmvth period. 
During the third and fourth growth periods the sllctions fall belm" those 
of the second growth period sllggesting an increased extraction at other 
depths. At 70-cm depth suctions remai n about the same at different growth 
stages. Sucti ons be low 70-cm depth were not measured. 

The shifting nature of water estracting activity of roots was ex
amined in terms of water losses from the various soil layers. Propor
tional contribution of the 10 to 20, 10 to 40, and 50 to 60-cm soil layers 
to the total water loss from the 10 to 70-cm profile under Chippewa-61! 
was computed at various times after irrigation during four stages of 
growth. Since evaporativity of the external environment showed a slight 
increase during the growing season, proportional water losses were com
puted in order to normalize the data. 

In Figs. 42, 43, and 4~ proportional contributions from the 10 to 
20, 30 to t.(l, and 50 to 60-cm layers are sh0\4n. Contribut ion from the 
10 to 20-cm layer decreased wi th growth stage of the crop '4hile that 
from the 30 to 40 and 50 to 60-cm layers increased. These patterns sug
gest that root density at lower depths continuously increased. Under a 
constant potential evapotranspiration demand an increasing loss at lower 
depths would cause a decreasing loss at shallower depths. 

At all stages of growth '4ithin a given irrigation-drying cycle con
trihutions from the 10 to 20-cm layer rapidly increase to a certain time 
fo11m"ing inigation and then begin to drop at a slow rate. Contrihutions 
from 30 to 40 and 50 to GO-cm layers show a reversed picture in that con
trihutions from these two layers rapidly drop up to a certain time follow
ing irrigat ion and then begin to r-i se at a fai rl y rapid rate. The reversed 
picture of contributions between surface and lower layers shows the bal
ance that plant roots in association with soil conditions tend to maintain. 

From the data it appears that the effect of continuouslv extending 
root system is much more pronounced in the wet range than in the dry range. 
Data show that differences in contributions between early and late growth 
periods are much greater during the first hal f of the irrigation-drying 
cycle. During the second half of the cycles contributions at various 
stages of grm4th show only small differences. Though this pattern is 
true for all soi 1 layers, the effect of growth seems to be more pronounced 
in the surface layer. 
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In Fig. ~5 cululative water losses from 

soyhean variety 79.648 are shmm with 
time after irrigation during five irrigation-drying cvcles. Similar 
data for Chippewa-64 are shown in Fig. 46. Water content data from which 
Figs. 45 and 46 were calculated are given in Appendix tables 21 and 22. 
Initially rapid downward drainage and surface evaporation added to trans
piration give a fairly high rate of loss. After about 60 hours losses 
dlle to evaporation and drainage greatly decreased and a constant rate 
of loss due essentially to transpiration continued. This pattern is unique 
for both the varieties and during all the growth periods. The second 
growth period (30 to 37-days after germination) may be validly ignored. 
The experimental plots were covered with plastic for several hours during 
this period because of rain. The covers suppressed the transpiration 
rate sufficiently to distort the normal drying pattern. 

Data show that total water loss during the later stage of growth 
(73 to 82-days after germination) is less than that during the earlier 
stage (38 to 47-days after germination) of growth. This is an indication 
of roots withdrawing a portion of the total water requirement from below 
the 70-cm depth at later stages of growth. 

In Figs. 47 
water Chippewa-64, 

and bare soil are compared at various stages of growth. As expected 
total water loss from the soybean plots exceeded the loss from the hare 
soil for all growth periods. 

Except for the last growth stage (Fig. 50), water losses for soy
bean variety 79.648 tended to be slightly smaller than those for Chip
pewa-6!,. Suction pat terns presented in Fi gs. 31 through 35 show that 
suction distrihutions under 79.648 are more uniform than those under 
Ch1.ppewa-64. At all stages of growth lateral and vertical suction grad
lents under 79.648 are also smaller. These differences are more pro
nounced during the early stages of growth. The observed differene'~s in 
suction patterns and water losses indicate that the root system of variety 
79.648 is more unlform, and possibly more extensive, particularly during 
the early stages of growth. Soil heterogeneity is not believed to be suf
ficient to account for the differences that were observed. 

--\---As described .. 

the plane 
of "zero flux" may to estimate the evaporation rate from a bare 
soil. This same approach can also be used to estimate the evapotrans
piration rate for cropped solIs. In cropped soil s where lateral gradients 
1.n suction are significant, spatial integratLon of the rate of change 
of water content of the soil above the "zero flux" boundary is sometimes 
difficult. Furthermore, "zero flux" boundary often has a complex 

However, at depths sufficiently below the root zone, the ..., 
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Suction measurements for an early cycle (38 to 47-days after germin
ation) were selected for analysis because the shallow root zone at this 
stage of root development was not expected to complicate the geometry 
of a "zero flux" boundary at a depth of 70 crn. Potential gradients at 
the 70-cm depth were determined for various times following irrigation. 
The data showed that a zero grad lent occurred at the 70-em depth about 
60 hours after irrigation. This meant that 60 hours after irrigation 
the rate of change of water content in the 0-70-cm layer could be assumed 
equal to the rate of evapotranspiration. 

Total water losses from the 10 to 70-cm layer under 
were plotted with time after irrigation (Fig. 51). The slope of the 
total water loss vs. time curve 60 hours after irrigation was taken as 
an estimate of the rate of evapotranspiration. 

-2 The rate obtained by this technique was 2.68 x 
10 cm/hour (0.64 cm/day). The actual rate of evapotranspiration should 
be slightly higher because the contribution of O-lO-cm solI was not in
cluded in this estimate. Loss of water from the surface soil is usually 
rapid, and 60 hours after irrigation the surface layer is often drying 
at a rate which would not significantly affect the estimate of evapo
transpiration. For the same period the pan evaporation rate at Waseca 
(Fig. 29) was found to be 0.66 cm/day. These two rates are in good agree
ment suggesting that the estimated rate of evapotranspiration is not un
realistIc. 

Assuming that transpiration demands were constant and soil conditions 
did not limit water uptake by the root system, cumulative evapotranspira
tion may be represented the straight line in Fig. 51. The difference 
between the total loss water and the cumulative evapot ranspiration at 
60 hours represents the maximum amount of water that moved below the 70-cm 
depth. After 60 hours water from below the 70-cm depth moved upward re
dUCing the differenee between the two quantities. 

Siml1ar analyses at later stagf's of crop growth were not made because 
they require suction and water content mf'asurements at depths greater than 
the maximum depth of 70-cm monitored in this study. These additional data 
are needed because the analytical approach is meaningful only when the 
"zero flux" boundary lies below the root zone. 

ROOT DENSITY DI STRIBUT ION IN THE SOIL 

The spatial distribution of roots was determined for each of 4 repli 
cate soil sections taken from the soybean variety 79.648. East soil sec
tion reached from one soybean rot to another, extended to a depth of 80-cm 
and was 10-cm thick. One such section included the grid of tensiometers. 
The procedure for takIng and washing roots has been described earlier. 
Root densities for each 10 x 10 x 10-cm sample of soil are shown in Appen
dix tables 23 to 25. Figs. 52 through 54 show root desnity isolines 
plotted for each solI section • 
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Though pockets of high and low densities seem to occur tn a random 
manner, root density Is well above average near the plant rows and at 
depths 20 to 45 em below the surface. The zone of high root concentra
tion located near the center of the interrow space between depths of 25 
to 45-cm is very likely due to contributions from the two adjacent plant 
rows. 

Even though densit1iJs as high as 5.24 cm/cm3 (Sect ion n, Fig. 53) 

and as low as 0.07 cm/cm (Section C, Fig. 54) were found, the major 

portion of each root zone 3appears to be occupied with root densities in 

the range 1.0 - 2.0 cm/cm. Table 7 shows the percent distribution of 

root densities in selected ranges for tbe two dimensional areas shown 

in Figs. 52 througb 54. 

A depth distribution of total root length is shown in Fig. 55 
and in Appendix table 26. from all soil samples for eacb 
depth interval (5 or 10 x were summed and divided by the 
volume of 	the depth interval, giving an average root density for each
depth increment. 

Fig. 55 shows that tbe nlaximum density occurred between 25 and 45 
em depths. Below the 50-cm deptb root densities tend to decrease witb 
deptb. Even so root densities at a depth of 30-cm are still appreeiable 
giving reason to believe that roots extended deeper. 

Root densities presented are probably unique to the stage of maturity 
and to the 30-em interrow spacing. For a different planting confIguration 
one might expect a different rooting pattern. Crops normally planted 
in closely spaced rows, such as wheat, or soybeans broadcast-planted may 
not show much lateral variation. At an early stage of growth when both 
lateral and vertical explansion of the root system is more limited, 
very different pat terns could be expected. 

Table 7. 	 Proportion of soil volume with various root densities in the 
root zone of soybean Variety 79.648 

Root den] i ty 
(em/cm ) --- 

C 
<0.5 1.53 0.09 0.37

0.5-0.7 7.38 2.45 2.95
0.7-1.0 17.03 7.67 15.10
1.0-1 .5 23.43 33.04 24.65
1. 5-2.0 31.97 25.69 25.33
2.0-2.5 14.35 15.32 16.69;J.5-3.0 3.47 7.33 7.733.0-3.5 0.35 4.53 4.58 

> 3..5 3.38 2.55 
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~ 
WATER UPTAKE BY PLANT ROOTS 

An important aspect of soil water management in relation to plant 
growth is the rate at which plant roots absorb water from the soil. In 
a soil where water moves in a vertical direction and where plant roots 
withdraw water from various depths, the continuity or water conservation 
equation may be written as fo11m,s: 

(lA 
+ r(z,t)at 

where e is the volumetric water content, t is the time, q is the flux, 
z is the vertical coordinate, and r (", t) is the water uptake by plant 
roots (the "sink" term), expressed as a function of depth and time. 

Consider a soil layer bounded by depths 21 and 2 2 , If the flow is 
vertically upward, then in this layer the rate of water uptake by roots 
at a given time is, 

dz + qf r(z,t)dz 

zl 

where q (z ) upward flux at depth
2 


()<!Jl
-k (2 )
2 [ dZ 22 

q (z 1) upward flux at depth zl 

-k(z) [~q,J
1 h "1 

k(Z2) and k 	 hydraulic conductivity of the soil at 
depths 22 and 2 , respectively.

1 

and potential gradients at depths 2? and 21 
2 

1 respectively. 

rate of change of volumetric water contentI a~ dz 
in the soil layer bounded by depths 2, and 2 

Zl 

J
z2 

r(z,t)dz 	 rate of water uptake by plant roots in the 
soil layer bounded by depths 21 and z2' z

1 

The same analysis could apply to the case when flow is vertically downwards. 
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The procedure outlined here can be used to calculate the rate of water 
uptake by roots from the various soil layers at a given time or as a 
function of time. 

An analysis of water uptake by plant roots was carried out for soy
bean variety 79.648, during the growth period 72-82-days after germina
tion. For each depth in the root zone suctions were recorded at 9 points 
between the plant rows. Because lateral differences in suctions were small 
all values at each depth were averaged. Tensiometer depths were also 
averaged since discrete depths cited in most of the text are only monimal 
values. Average suctions at each depth were obtained at various times 
after irrigation and soil water potentials were calculated. Average 
suctions and potentials for various times are reported in Appendix table 
27, and profiles of soil water potential are shown in Figs. 56 and 57. 
The potential gradient, dep/dZ was determined g-raphically at each 10 cm 
depth, exact depths being chosen for convenience. Suctions at each new 
depth were obtained by interpolation. Hydraulic conductivites were ob
tained from the appropriate suction vs. hydrauli.c conductivity curv:=. 
Soil water fluxes (qz) were calculated by multiplying the potential grad
ient, dep/'JZ by the hydraulic conductivity. 

For each 10-cm depth total water losses as a function of time were 
obtained from Appendix table 21. These losses were plotted against time 
and are given in Figs. 58 and 59. At each time the slope of these curves 
was measured to obtain ae/at for each soil layer. 

Water uptake by plant roots in each layer was calculated as a function 
of time after irrigation, An example of these calculations is shown in 
Table 8. 

In Figs. 60 and 61 the rates of water uptake by soybean roots from 
various 10-cm soil layers are shown as functions of time after irrigation. 
The initial rate of uptake was high for all layers. For the 10 to 30-cm 
and 60 to 70-cm layers water uptake decreased throughout the drying cycle 
while in the 30 to 60-cm layers an early decrease in the rate of uptake 
was followed by a substantial increase later in the cvcle. Changes in the 
total uptake rate from the l() to 70-cm soil profile with time are shown 
in Fig. 62. The rate of water uptake in this Fig. represents the contri 
bution of the l() to 7()-cm layer to the transpiration rate of the crop. 
The contri.butions of the 0 to lO-cm laver and the soil below 70-cm depth 
are not known. That from the 0 to IO-em layer would be expected to be 
negligibly small towards the end of the cycle because the surface layer 
dries out rapidly. The contribution from the soil below 70-cm depth 

2
, 

should be small at the start of the cycle, but would be expected to in
crease wIth time. The data presented in Fig. 62 suggest a very high 
i~itial rate of extraction from the 10 to 70-cm solI profile. Forty 
hours after irrigation the rate is nearly 0.9 cm/day neglecting the con
tribution from roots in soil outside the 10 to 70-cm zone. Pan evap
oration rates during the same time average about 0.75 cm/day (Fig. 30). 
Even if we assume that the contribution of direct evaporation to evapo
transpiration rate seems too high, Water uptake calculations for a wet, 
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Soil water potential profiles in the root zone of soybean 79.648 at various times 
follmving irrigation during the grmvth period 72-82 days after germination. 
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Table 8. An example of calculation of \Vater uptake by sovbean (79.648) roots in the 20-30-ern layer. 

Time after Flux at 20 ern 38 Flux at 30 ern 

irrigation depth, Q20 3t (20-30) depth, Q30 -3 Water uptake_


3hours 	 ern/hour x 10 ern/hour x 10ern/hour x 10-3 ern/hour x 10-3 

16.38 +31.18 10.40 +49.82 -8.24 

64.03 + 3.00 6.67 + 1.40 8.27 

ll7.55 - 3.40 4.41 - 2.60 3.61 

158.45 4.20 3.44 - 2.75 1.00 

f-' 
:::> 
0' 

230.97 - 2.10 2.26 - 1.00 1.16 

3
Water uptake rate (ern/hour) x 10
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rapidly draining soil are dominated by soil water fluxes, These fluxes 
cannot be estimated to a high degree of accuracy. Later in the drying 
cycle, s01.1 water fluxes decrease substantially and rate of change of 
water content becomes the dominant factor in uptake calculations. As 
this factor can be determined more accurately, later estimates of water 
uptake should be more reliable, 

Results in Fig. 62 show that at 120 hours after irrigation the rate 
of uptake becomes constant at about 0.4 ern/day. This is appreciably less 
than the expected transpiration rate and suggests that roots below the 
70-cm depth are making a significant contribution to crop transpiration. 
The presence of a large number of roots below the 70-cm depth (Fig. 55) 
confirms this possibli ty, 

water 
to the product of hydraulic conductivi ty, k ('V ), root 

R(z), and difference between the root and soil water f,otentials, 
our data can be scanned to see if such a relationship existed. 
water uptake, hydraulic conductivity, root density from the soi 1 plane 
of suction measurements, and the product of hydraulic conductivity and 
root density are shown in Figs. 63 and 64. 

The comparative data were taken at times in the drying cycle when 
the computed rates of uptake for the 10 to 70-em layer were almost constant. 
If the soil water potential, ¢ is small compared to ¢R' and the resistance 
to water flow in the root is n~gligible, water uptake s110uld be propor
tional to k ('Y )R(z). The results in Fi gs. 63 and 64 clearly do not sup
port such a dhationship agreement hetween the results obtained in this 
study and Whisler's model of water uptake deteriorates further if the soil 
water and root water potentials are comparable in magnitude, This sur
prisingly poor agreement suggests either gross errors in the experimental 
data or serious shortcomings in Whisler's mode 1. In vi ew of the exper
imental difficulties inherent in field studies significant errors in the 
computed uptakes cannot be avoided. However, errors exceeding an order 
of magnitude must be considered highly improbable. Shortcomings in the 
uptake model provide a more plausible explanation for the poor agreement 
since the assumptions implicit in the model have not been experimentally 
verified, and several factors such as resistance to water flow across the 
soi I-root interface are ignored. One may conclude that improved mode Is 
of water uptake a!:"e needed and that predictions based on current models 
should be used with caution. 
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SUMMARY 

Water depletion patterns in the 10 to 70·-cm soil depth in the root 
zones of two soybean varieties 79.648 and Chippewa-64, and in a bare 
soil were established on Waukegan loam. 

Soil hydraulic properties of the soil profile, suction-water con
tent and hydraulic conductivity-suction relationships were determined 
in the laboratory and supported by field measurements. In the course 
of these measurements rapid field and laboratory methods for deter
mining unsaturated hydraulic conductivity of the soil were developed. 
In the field the method proposed by Rose et at. (196_'5), which considers 
only the downward flow of water, was modified by allowing downward f1 ow 
and evaporation to occur simultaneously. Knowledge of the position of 
the downward moving "zero ftux" plane provided the necessary boundary 
condition for the calculation of fluxes needed in the calculation of 
hydraulic conductivity. In the laboratorv an evanoration techniaue was 
developed to provide necessary data for 

In the bare soil cumulative water losses from various 10-cm layers 
were obtained with time following an irrigation. Evaporation rate, 
cumulative evaporation, and cumulative water flow across the 70-cm 
depth boundary were also calculated. Data showed that the rate of water 
loss from the various 10-cm layers and from the 0 to 70-cm layer increased 
with time at a decreaRing rate. Over the time that meaRurements were 
made total water lost from various soil layers decreased with depth. 
The evaporation rate from the soit surface tended to remain constant 
at about 0.68 cm/day for about 48 hours after irrigation and agreed well 
wi th an average pan evaporat ion rate. Beyond 48 hours, evaporat ion rate 
decreased, sharply at firRt, and then more slowly. Flux at all depths 
was downward in the beginning, becoming zero, and then upward as the 
zone of evaporation extended downward. The time taken for reversa1 
of flow directlon increased with depth. The contribution of downward 
drainage to total water loss from the 0 to 70-cm profile decreased with 
time while that of evaporation increased. However, downward flow dominated 
the total water loss for about 60 hours after irrigation. Twenty hours 
after irrigation evaporation and downward drainage accounted for 42 and 
58 percent of the total water loss, respectively; 300 hours after irriga
tion these percentages were 71 and 31 . 

In the root zone of soybean plants suctions were measured on a 
]0 x 10 cm grid between plant rows of 80-cm spacing, and to a depth of 
70-em. During the early stages of growth strong lateral and vertical 
suction gradients existed in the root zone. Both suctions and suction 
gradients decreased as root growth continued. Total water loss from the 
10 to 70-cm profile also decreased as the growth period advanced • 

At a given stage of growth suctions near the plant row tended to 
be higher than those in the interrow space. This tendency was more 
pronounced in the surface 30 cm of the soil. Under similar conditions 
of irrigation and external environment, suctions in the surface soil 
decreased with growth stage, while those at lower depths increased. 
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Proportional contribution of various soil layers to the total water loss 
showed a simD ar downward shift with the growth stage. In genera 1 10-cm 
layers in the upper horizons contributed a major portion to the total 
water losses. For example, contribution of the 10 to 20-cm layer re
mained above 20 percent while that of the 50 to 60-cm layer accounted 
for less than 10 percent of the total water loss from the 10 to 70-cm 
profile. 

Suctions in the bare soil increased with time but at a decreasing 
rate while those 1n the root zone of soybean plants increased at an 
increasing rate. Dur1ng a large part of each irr1gation-drying cycle 
water loss from the cropped soil tended to remain constant while that 
from bare soil showed a continuously decreas1ng rate. Over a period 
of about 300 hours following irrigation, water loss from the cropped 
soil exceeded that from the bare soil by about 30 percent. 

During the early stages of growth it was possible to estimated 
evapotranspiration rate from total water loss data. An estimated rate 
of 0.6 t, cm/day agreed well with the pan evaporation rate of 0.66 

Suct10n patterns and total water losses for the two soybean varieties, 
79.648 ami Chippewa-6 f, were compared. There was some indication that 
variety 79.648 had a more uniform and a deeper root system the Chippewa
6 fl, particularly during the early stages of growth. 

Root density distribution of mature 79.648 plants was heterogeneous 
and random. Very high and very low densities occupied onlv a small por
tion of the soil. About 53 percent of the soil volume showed root den
sities of 1.0 to 2.0 cm/cm. Generally root density tended to be higher 
near the plant rows and between the 25 and IIS-cm depths below the surface. 

Rate of water uptake by plant roots in the various lO-cm soil layers 
was calculated with time over an irrigation-drying cycle. Uptake rate 
in the surface 30-cm of the soil remained high, but continuous decreased 
with time. In the lower part of the soil profi1e, water uptake rate 
decreased with time initially, but later increased substantially. Up
take rate from the 10 to 70-cm depth was initially almost 0.9 
but dropped sharply to a constant rate of about O. /, cm/day. Pan evap
oration rate was about 0.75 cm/day. Assuming evapotranspiration in the 
field was 80 percent of the pan evaporation, data suggest that soil 
outside the 10 to 70-cm zone contributed near1v 0.2 cm/day towards evapo
transpiration. 

Using a model proposed by Whisler et al. (1968) the relationship 
of water uptake to root density and hydraulic conductivity of the soU 
was examined. A gross disagreement between the model and the experimen
tal results was found, thus suggesting the inadequacy of t.he model. 
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Table l. 
Intended and actual depth of tensiometers in the soil under soybean 79.648. 

Intended 

depth 

(em) 
 0 10 20 30 40 30 20 10 0 

Soil surface ~ 0 
0 0 0 0 0 010 10.03 11.03 9.93 10.08 8.83 8.58 11. 43 8.63 8.2320 20.23 20.98 19.53 20.83 19.38 19.83 19.13 16.83 17.9830 29.83 29.88 28.73 29.38 28.43 29.53 29.13 28.83 28.6340 39.93 39.03 38.13 38.93 37.03 38.43 37.93 3ll. 03 39.6350 47.53 47.43 45.63 47.38 46.23 47.13 45.93 47.78 47.33 

f-' 60 57.58 57.08 57.68N 55.33 
.;::- 55.53 56,(;3 54.88 55.03 56.88

70 1i6.83 67.13 1i7.83 67.23 1i7.1861i.78 1i7.23 67.23 66.83 

..• 

Table 2. Intended and actual depth of tensiometers in the soil under soybean Chippewa-64 

Actual depth (em) 

Intended 
depth Distance to nearest plant row (em) 

(em) 
0 10 20 30 40 30 20 10 0 

Soil surface 0 0 0 0 0 0 0 0 0 0 

10 9.81 8.46 7.86 9.11 8.76 8.51 10.31 8.31 8.36 

20 18.71 16.41 18.36 19.01 19.01 18.61 19.71 18.21 17.61 

30 28.81 27.31 28.46 29.31 30.21 29.31i 29.41 26.01i 27.71 

40 39.01 35.61 37.51 38.11 39.06 38.76 37.36 36.31 31i.21 
f-' 

N 50 48.21 45.81

V> 

46 .01 46.26 48.51 47.01 48.06 45.86 43.81 

60 56.31 57.01 55.11 58.81 56.21 56.51 58.01 53.61 54.91 

70 67.91 67.51 66.71 68.76 67.01 65.91 67.81 66.41 64.81 

http:1i7.1861i.78


Table 3. Suction-,vater content relationship determined on natural clods in the laboratorv 

Fractional volumetric water content 

o - 10 cm deEth 
Suction 
(cm water) clods on bare determination on clods on hare determination on 

ceramic pI ate a single clod ceramic plate a single clod 

10 0.472,0.427, 0.447 0.453, 0.457, 0.421 0.433 
0.397, 0.478 

20 0.440, 0.460, 0.411 0.447 0.408 0.378, 0.388 0.431 

30 0.434, 0.430 0.448 0.408 0.387 0.390 0.429 

50 0.383, 0,388 0.442 o . 365, O. 36 7 0.418 

75 0.372, 0.31l7 0.356, 0.351, 0,354 

I-' 
100 0.344, 0.364 0.393 0.326, 0.339 0.386 

N 

'" 200 0.341, 0.334, 0.325 0.375 0.333, 0.321, 0.317 0.375 

400 0.306 0.354 0.312 0.358 

700 0.297 0.338 0.278 0.343 

1000 0.273 0.254 

2000 0.265 0.261l 

5000 0.213 0.204 

10000 0.225 0.209 

15000 0.204 0.197 

Table 3. continued •••. 

Suction clods on bare determination on clods on Dare aetermlnation on 
(cm water) ceramic plate a single clod ceramic plate a single clod 

10 0.463, 0.452, 0.446, 0.442 0.429, 0.428, 0.449 0.472 
0.447 


20 0.426, 0.449, 0.439 0.427 0.375,0.390 
 0.449 
30 0.413, 0.413 0,416 0.388, 0.396, 0.392 0.423 
50 0.348, 0.363 0,397 0.361, 0.374, 0.366 0.397 
75 0.370, 0.377 0.354,0.341, 0.360 0.379 

100 0.3d, 0.310 0.369 0.350, 0.350 0.367 
200 0.330, 0.333, 0.336 0.356 0.328, 0.307 0.325 0.342 

I-' 400N 0.307 0.335 0.290 0.325-..j 

700 0.282 0.317 0.264 0.316 
1000 0.269 0.237 0.303 
2000 0.230 0.199 

5000 0.195 
 0.191 


10000 0.187 
 0.167 

15000 0.184 
 0.153 



Table 3. continued •...• 

Suction 	 50 - 60 cm depth 

(cm wilter) 	 clods on bare determination on clods on bare determination on 
ceramic plate a single clod ceramic plate a single clod 

10 0.468, 0.393, 0.411 0.424 0.401, 0.400, 0.392 0.423 

20 0.384, 0.379 0.415 0.356,0.363 0.411 

30 0.386, 0.369 0.390 0.345, 0.366 0.389 

50 0.349, 0.355, 0.381 0.371 0.348, 0.349, 0.353 0.371 

75 0.317, 0.353 0.360 0.337, 0.344 0.359 

100 0.308, 0.309 0.351 0.323, 0.325 0.352 

200 0.291, 0.324, 0.319 0.332 0.314, 0.313, 0.334 0.332 
,..., 
N 400 0.292 0.323 0.295 	 0.312 
00 

700 0.264 0.317 0.255 0.305 

1000 0.232 0.306 0.215 0.295 

2000 0.209 0.206 

5000 0.181 0.176 

10000 0.165 	 0.154 

15000 0.156 	 0.157 

Table 3. continued 

Suction 70 -~_80 cm depth 

(cm water) clods on bare 
ceramic plate 

determination 
a single clod 

on clods on bare 
ceramic plate 

determination 
a single clod 

on 

10 0.375, 0.374, 0.384 0.416 0.416 
20 0.326, 0.318 0.399 0.334, 0.289 0.390 
30 0.280, 0.280 0.386 0.351, 0.354, 0.339 0.373 
50 0.304 0.285 0.371 0.309, 0.307 0.355 
75 0.320, 0.306 0.288, 0.277, 0.306 

100 0.289, 0.327 0.351 0.334 

,..., 
'" '" 

200 

400 

0.308, 0.285, 

0.292 

0.307 0.340 

0.324 

0.306 

0.231 

0.320 

0.300 
700 0.260 0.314 0.204 0.279 

1000 0.202 0.175 
2000 0.196 0.173 
5000 0.166 0.169 

10000 0.169 0.167 
15000 0.160 0.147 



Table 4. Suction - water content relationship determined in the field at various depth in cm. 

Date 0-10 10-20 20-30 30-40 40-50 50-60 60-70 70-80 

Y e 1j; e 1j; e 8 1j; e 1;J e y e 

July 16 
I 

II 

44 

57 

0.431 

0.365 

53 0.415 54 

57 

0.393 

0.403 

49 

52 

0.378 

0.367 

43 

46 

0.363 

0.363 

31 

42 

0.349 

0.342 

38 0.352 38 

38 

0.352 

0.350 

July 17 
I 

II 

64 

63 

0.351 

0.406 

68 0.395 66 

68 

0.404 

0.377 

60 

61 

0.351 

0.361 

53 

56 

0.334 

0.346 

48 

52 

0.343 

0.341 

47 0.330 47 

47 

0.346 

0.350 

f-' 
w 
0 

July 18 
I 

II 

66 

79 

0.465 

0.396 

75 0.387 75 

75 

0.385 

0.380 

70 

70 

0.360 

0.345 

64 

65 

0.359 

0.341 

58 

62 

0.347 

0.337 

56 0.329 54 

56 

0.336 

0.353 

July 19 
I 

II 

62 

71 

0.430 

0.403 

79 0.387 74 

80 

0.375 

0.393 

76 

77 

0.358 

0.354 

70 

70 

0.347 

0.342 

63 

65 

0.350 

0.340 

61 0.340 58 

58 

0.337 

0.311 

July 20 
I 

II 

77 

83 

0.415 

0.387 

85 0.401 

83 0.384 

80 

73 

0.357 

0.345 

75 

75 

0.341 

0.341 

69 

70 

0.344 

o.3::l6 

65 0.330 61 

61 

0.331 

0.355 

July 23 
I 

II 

84 

88 

0.370 97 

0.398 103 

0.396 

0.377 101 0.383 

91 0.365 89 

89 

0.349 

0.325 

77 

84 

0.336 

0.319 

68 0.336 68 

71 

0.331 

0.330 

Jj; = soil water suction ( - cm water), e fractional volumetric water content 

I, and II are two different locations 

Table 5. Soil water suctions in cm of water in a bare soil following irrigation, Location 2 

""---"-
Time after 
irrigation 
(hours) 10.00 19.90 30.90 39.45 49.50 59.85 69.70 79.35 89.00 

23.62 52.66 46.51 45.11 25.68 37.99 35.52 35.64 40.01
46.29 102.79 70.36 61.20 58.03 50.43 47.47 47.08 49.4469.84 169.22 94.75 73.95 70.66 58.56 55.46 54.70 53.18
92.17 205.71 120.62 84.15 77.11 58.74 59.30 59.92 56.28

118.59 271. 22 148.63 100.90 95.86 65.26 58.49
143.62 287.76 172.20 119.64 114.46 69.61 61.21
168.32 288.33 181.41 131.10 127.56 75.20 64.30
192.34 324.12 199.66 138.12 124.94 79.42 69.77 

f-' 212.81 310.96 195.82 135.55 125.62 78.48 68.83w 
f-' 236.31 326.96 190.53 123.00 114.08 76.84 68.06

259.93 351.86 201. 94 127.66 118.36 74.86 65.84
283.48 320.29 200.78 137.76 131. 60 81.20 67.17
313.48 360.82 216.72 139.48 125.67 80.52 69.87
336.48 313.09 211.57 150.34 140.91 84.15 72.00
354.40 386.02 237.87 155.97 143.29 88.35 74.81
381.48 368.72 243.44 166.07 148.00 92.06 79.27
403.63 416.40 256.42 178.51 164.83 100.59 83.79
428.06 444.58 270.56 183.56 167.00 99.91 88.50
453.18 432.45 279.50 192.30 170.61 106.31 92.90 

1 



Soil water suctions in cm of "later in a hare soil following irrigation, Location 1 
Table 6. 

_....-

Time after 
76.20 86.65irrigation 

rs) 10.00 
66.53 

38.51 43.71 
46.04 43.38 42.01 

60.27 56.56 51.34 48.48 50.9223.62 55.85 51. 9868.20 52.27 56.83100.29 77.17 57.2746.29 69.03 65.1687.01 78.83 
69.84 144.37 99.73 80.74 74.12 63.12 59.56 

118.72 102.85 91. 92 70.52 64.45171.5592.17 95.41 87.54110.47143.40 124.53 75.31 66.11118.59 110.59 98.21
162.80 146.07 81.90 70.20143.62 128.06 110.18158.78 74.06179.01 83.14168.32 113.06131.33196.51 173.49 86.83 75.87192.34 138.15 120.25 
197.05 173.91 87.69 77.73212.81 131.24 118.61166.38 79.94191.39 90.14 

l-" 
236.31 136.19 121.06177.34 81.47203.72 92.05w 259.93 139.24 123.60

N 202.01 179.26 92.26 79.80283.48 123.57140.72191.80 83.84219.21 101. 80313.48 135.97156.98234.83 202.00 102.84 85.24336.48 134.54156.58237.60 210.06 106.45 91.23354.40 143.41164.07248.84 218.16 1l0.20 94.48381.48 150.81173.11225.34 97.50259.67 112.96403.63 180.48 157.19234.56273.50 122 .81 102.72428.06 185.79 165.14243.34280.50453.18 

Table 7. Hydraulic conductivity of soil determined by the field method 

10 em de~ 20 em deEth 30 cm deEth 40 cm depth 

K K K K'f Y 'f IjJ 

115 
163 
205 
238 
260 
277 
300 

1.65 x -3 
1.09 x 10 
7.90 x 
6.00 x -4 
4.90 x 10_44.44 x 10_44.04 x 10 

50 
75 
98 
120 
135 
147 
155 
170 

1.38 

4.58 
3.69 
2.87 
2.34 
2.22 
2.03 

x 

x -3 
x 10_

3 x 10_3 
x 10_

3 
x 10_3 
x 10 

50 
70 
88 
103 
116 
125 
131 
143 

2.81 
1.86 

7.03 
5.32 
4.07 
3.73 
3.30 

x 
x 

x 
x 
x 
x 
x 

-3
10_3 
10_3
10_3 
10_3 
10 

45 
61 
77 
91 
105 
112 
118 
125 

4.06 x ~"-2 
2.29 x 10_21.85 x 10 

-38.55 x 10_3 
5.02 x 10 
4.62 x 
3.87 x 

l-" 
W 
w 

K .~ K ~ K 

50 em de 

45 
58 
69 
82 
90 
96 

100 
108 

4.66 
2.45 
1.71 
8.06 

4.17 
4.07 
3.11 

x 
x 
x 
x 

x 
x 
x 

-2 
10_210_310 

-3 
10 

41 
52 
62 
73 
80 
86 
90 
96 

4.71 x -2 
2.49 x 10_21. 71 x 10 
8.86 x 
4.68 x 

-35.33 x 10_33.55 x 10 

38 
48 
58 
66 
72 
76 
80 
84 

4.18 
2.27 
1.56 
8.70 
5.91 
5.10 

4.02 

x 
x 
x 
x 
x 
x 

x 

~"-2 
10_310_3 
10_3 
10 

-310 

'f soil water suction, em water 

K hydraulic conductivity, em/hour 



Table 8. Evaporation of sail cares for diffusity determination in g 

.----
0-10 em deEth 10-20 em deEth 30-40 em deEthSquare root 

of time (min) 1 2 3 1 2 3 1 2 3 1 2 3 

0.00 0.00 0.00 0.00 0.00 0.00 0,00 0,00 0.00 0,00 0.00 0,00 0.00 

1.00 0.20 0.22 0.18 0.29 0.17 0.18 0.25 O.2l 0.17 0.26 0.21 

2.00 0.71 0.75 0.62 0.87 0.53 0,60 0.78 0.60 0.69 0.78 0.95 

3.00 1. 43 1. 35 1.36 1.50 1.33 1.20 1. 38 1. 36 1.48 1. 51 1.99 

4.00 2.10 1. 75 1.98 2.05 2.03 1. 79 1. 98 2.02 2.46 2.37 3.20 

I-' 
w 
.p-. 

4.48 2.86 

Table 8. continued , •• 

Square root 40-50 em deEth 
of time (min) 1 2 3 

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

1.00 0.29 0.15 0.19 0.41 0.19 0.13 0.25 0.22 

2.00 0.77 0.ti4 0.68 0.19 1.12 0.69 0.72 0.9fl 0.93 

3.00 1. 29 1. 34 1.tifl 0.39 1.84 1.64 1.5£ 1.84 1. 94 

4.00 1.86 2.01 2.82 O.ti7 2.64 2.61 2.31 2.81 2.92 

I-' 
w 
V1 

4.36 

4.47 2.32 

3.29 

5.00 2. !,O 1.0;L 3.44 

6.00 1.42 4.30 

7.00 1.90 

8.00 2.42 



Table 9. Water content distribution in soil cores evaporated for diffusivity measurement 

3 1 2 
-XX 9 X e 9 

0.035 0.083 0.030 0.066 0.044 0.086 0.048 0.062 0.041 0.102 
0.119 0.168 0.104 0.146 0.129 0.173 0.153 0.157 0.116 0.186 
0.251 0.239 0.198 0.203 0.243 0.218 0.291 0.205 0.235 0.229 
0.433 0.274 0.297 0.239 0.382 0.259 0.449 0.273 0.385 0.267 
0.593 0.300 0.465 0.28L 0.515 0.280 0.614 0.295 0.558 0.279 
0.732 0.305 0.638 0.300 0.658 0.2t!8 0.797 0.321 0.776 0.302 
1.018 0.340 0.856 0.334 0.950 0.320 1.125 0.340 1.113 0.334 
1.428 0.352 1.130 0.350 1.462 0.333 1.582 0.348 1.623 0.347 

I-' 1. 794 0.341 1.431 0.354 L.191 0.358 2.104 0.359 2.267 0.359 
w 
0' 2.176 0.347 1. 943 0.353 3.139 0.366 2.658 0.372 2.963 0.367 

2.618 0.338 2.559 0.355 3.960 0.382 3.393 0.399 3.691 0.3t!0 
3.156 0.363 3.127 0.362 4.546 0.398 4.161 0.392 4.351 0.377 
3.660 0.365 3.762 0.372 5.184 0.412 4.908 0.389 5.050 0.377 
4.075 0.37t! 4.676 0.377 5.886 0.431 5.654 0.385 5.800 0.371 
4.514 0.374 5.553 0.376 6.524 0.392 6.379 0.381 6.530 0.366 
5.139 0.371 6.205 0.375 7.219 0.396 7.218 0.389 7.270 0.361 
5.855 0.375 6.813 0.387 7.620 0.391* 7.620 0.388* 7.620 0.378* 
6.592 0.362 7.346 0.384 
7.319 0.368 7.620 0.365* 
7.620 0.376* 

X - distance (em) from the evap0"3ati,ng surface taken at mid point of the sample for water content 
e = volumetric water content (em fcrn3) 
* = initial water content in the soil core 

Table 9. continued ••• 

20-30 em depth 30-40 em depth 

X e X e X Q X Q X e X e 
0.097 0.154 0.063 0.121 0.056 0.091 0.049 0.101 0.042 0.087 0.036 0.1220.285 0.319 0.208 0.227 0.181 0.230 0.148 0.208 0.156 0.226 0.157 0.2700.504 0.365 0.365 0.285 0.372 0.281 0.249 n.259 0.325 0.292 0.332 0.303:1.867 0.356 0.513 0.304 0.567 0.307 0.358 0.28Q 0.570 0.319 0.500 0.3241.352 0.375 0.664 0.313 0.710 0.317 0.474 0.291 0.796 0.326 0.628 0.331
1. 980 0.381 0.818 0.339 0.835 0.325 0.583 0.305 0.962 0.334 0.774 0.3402.749 0.386 1.059 0.347 1.214 0.351 0.7':17 0.325 1.270 0.352 1.065 0.3453.549 0.403 1.390 0.352 1.773 0.369 1.132 0.335 1. 726 0.356 0.459 0.356

I-' 0.37t! 1.504 0.349 2.311 0.3604.436 0.413 1.766 0.360 2.275w 1.890 0.3625.348 0.396 2.110 0.364 2.873 0.39l" 1. 957 0.351 2.896 0.364 2.452 0.3676.214 0.386 2.540 0.376 3.523 0.398 2.545 0.362 3.395 0.369 3.137 0.3767.132 0.377 3.145 0.3'.Jl 4.250 0.405 3.172 0.371 4.160 0.371 3.947 0.381
7.620 0.403* 3.770 0.406 4.915 0.401 3.822 0.373 5.085 0.374 4.739 0.381

4.584 0.412 5.544 0.397 4.566 0.386 6.001 0.378 5.487 0.377
5.379 0.418 6.257 0.401 5.415 0.397 6.833 0.378 6.406 0.378
6.011 0.412 7.108 0.400 6.155 0.411 7.396 0.3t!6 7.274 0.388
6.620 0.302 7.620 0.402* 6.710 0.405 7.620 0.388* 7.620 0.405*
7.255 0.401 7.303 0.398 
7.620 0.403* 7.620 0.400* 

t water content 
8 = VOlumetric water content (cm-/cm-) 
* = initial water content in the soil core 



Table 9. continued ••• 

-------' 

3 

X 9 X 9 X 9 X 9 X 9 X 9 

0.110 0.063 0.092 0.070 0.078 0.200 0.133 0.303 0.067 ().260 0.054 0.110 
0.317 0.144 0.243 0.180 0.225 0.284 0.330 0.310 0.208 0.272 0.141 0.187 
0.517 0.199 0.388 0.250 0.39l 0.306 0.489 0.321 0.368 0.285 0.243 0.248 
0.693 0.244 0.485 0.251 0.557 0.307 0.837 0.323 0.607 0.301 0.35() 0.262 
0.845 0.260 0.555 0.263 0.717 0.324 1. 274 0.330 0.916 0.308 0.435 0.272 
0.993 0.273 0.646 0.277 0.892 0.330 1.695 0.339 1.200 0.317 0.547 0.280 
1. 234 0.295 0.877 0.306 1.133 0.336 2.113 0.344 1.575 0.325 0.776 0.306 
1.500 0.293 1.179 0.313 1.428 0.336 2.585 0.348 2.013 0.331 1.085 0.307 

...... 
w 1. 734 0.298 1.487 0.319 1.913 0.348 2.786 0.353 2.385 0.339 1.5Hi 0.313 
(Xl 2.036 0.303 1.894 0.325 2.561 0.348 3.049 0.356 2.803 0.350 1. 975 0.318 

2.374 0.307 2.307 0.327 3.201 0.353 3.417 0.359 3.260 0.347 2.450 0.323 
2.810 0.313 2.683 0.329 3.856 0.363 3.869 0.369 3.738 0.351 2.983 0.327 
3.244 0.317 3.126 0.334 4.453 0.366 4.297 0.376 4.765 0.355 3.493 0.325 
3.678 0.326 3.718 0.339 5.040 0.367 4.599 0.381 5.063 0.360 4.085 0.328 
4.202 0.327 4.368 0.343 5.722 0.366 5.122 0.399 5.454 0.361 4.744 0.331 
4.660 0.321 5.101 0.342 6.424 0.372 5.450 0.392 5.804 0.362 5.383 0.334 
5.075 0.327 5.870 0.350 7.019 0.373 5.948 0.367 6.160 0.366 5.907 0.335 
5.431 0.323 6.630 0.359 7.451 0.375 6.515 0.390 6.557 0.367 6.438 0.337 
5.810 0.326 7.109 0.346 7.620 0.393* 7.079 0.401 6.893 0.366 7.181 0.390 
6.313 0.325 7.425 0.348 7.499 0.381 7.1815 0.375 7.620 0.358* 
7.100 0.327 7.620 0.354* 7.620 0.392* 7.788 0.387 
7.620 0.330* 7.620 0.398* 

X = distance (cm) from the evap03ati~g surface taken at mid point of the sample for water content 
9 = volumetric water content (cm fcm ) 
* = initial water content in the soil core 

Table 9. continued ••• 

X 9 X 9 X 9 

...... 
w 
\0 

0.056 0.121 0.048 0.110 0.047 0.122 
f).187 0.245 0.135 0.186 0.141 0.238 
0.333 0.283 0.248 0.282 0.257 0.278 
0.484 0.296 0.426 0.306 0.31:\0 0.286 
0.642 0.311 0.596 0.327 0.487 0.299 
0.803 0.309 0.728 0.349 0.602 0.320 
1.013 0.330 0.997 0.347 0.924 0.326 
1. 261 0.334 1.485 0.355 1.428 0.335 
1.645 0.339 2.110 0.361 2.063 0.334 
2.238 0.347 2.722 0.369 2.968 0.352 
2.873 0.355 3.525 0.370 3.828 0.359 
3.536 0.362 4.289 0.367 4.586 0.364 
4.230 0.364 4.915 0.371 5.345 0.369 
4.917 0.366 5.730 0.371 6.077 0.370 
5.610 0.372 6.549 0.376 6.758 0.369 
6.129 0.367 7.283 0.376 7.336 0.385 
6.739 0.367 7.620 0.3941' 7.620 0.387* 
7.398 0.367 
7.620 0.377* 

X distance (cm) from the evap03ati~g surface taken at mid point of the sample
9 volumetric water content (cm fcm )
* = initial water content in the soil core 

for water content 



Table 10. Diffusivity and conductivity of 0-10 cm soil layer 

(Qx) ('iJ )Qx 2t[~ ex 

~ D (ex) Kf: de ex 

ex 

'" ~ 0: 35 153 3000 0.1140 

I-' 0.33 218 5000 0.1440 

(D 0.31 330 7500 0.1632 

I-' 0.29 530 14000 0.1766 


0.27 940 30000 0.1864 
0.25 1770 60000 0.1937 
0.24 2650 750000 0.1066 

'" 0,38 105 1100 31. 5 0.0273 

.gp; 

0.36 133 2000 0.0838 

I-' 0.34 182 3556 0.1145 
 4 
(D 0 32 263 5714 0.1347 14.23 0,0608 6.39 x 10_~ 4 

0 N 0:30 410 10000 0.1490 0.35 0.0442 2.65 x 10 
0.28 700 20000 0.1594 5.79 0.0293 8.78 x 10_
0.26 1285 44000 0.1638 4.55 0.0237 3.22 x 10_

5 
5

0.24 2650 75000 0.1736 3.25 0.0179 1.43 x 10 

66.00 0.2508 5.02 x 
12.78 0.1093 1.31 x 
14.55 0.079L 6.33 x 
8.46 0.0498 2.13 x 
0.33 0.0393 7.86 x 
4.3/l 0.0283 2.83 x 
3.51 0.0:00 1.84 x 

300.00 0.2595 1.42 x 
55.00 0.1462 4.39 x ~"-3 
25.24 0.0917 1.55 x 10_

~ 0.39 85 ll20 30.0 0.0575 188.00 0.3603 1. 93 x ~~-2 
.g 0.37 118 1600 0.1275 69.00 0.2933 1.10 x 10_

3ro 0.35 153 3000 0.1688 30.00 0.1688 3.38 x 10_
3 

w 0.33 218 5000 0.1962 19.33 0.1264 1.52 x 10 
0.31 330 7500 0.2153 12.86 0.0923 7.38 x 
0.29 530 14000 0.2293 8.67 0.0663 2.84 x ~v_4 
0.27 940 30000 0.2398 6.79 0.0543 1.09 x 10_5
0.25 1770 60000 0.2478 5.00 0.0413 4.13 x 10 

Table II. Diffusivity and conductivity of 10-20 cm soil layer 

-""""~-------

e 

D(ex) K[~ ex j: de(ex) ('iJ) x 2tde [~ex 
83 31. 5 0.0285 300.00 0.2714 7.33 x0.39 2222'" ~ 0.37 124 2400 0.0923 67.00 0.1962 4.91 x 

-0 
I-' 0.35 177 3429 0.1268 25.45 0.1024 1. 79 x 
ro 0.1496 1:'1.50 0.0736 9.46 x 
H 

0.31 370 6667 0.1661 9.57 0.0505 4.54 x 10_
0.33 255 4667 

42.04 x 10_0.29 520 10000 0.1787 6.00 0.0340 5 
0.27 780 16667 0.181l8 4.00 0.0240 8,63 x 10_

3.42 0.0214 5.14 x 10_
5 
5 

0.2043 2.80 0.011l2 0.98 x 10 . 
0.25 1160 25000 0.1972 
0.23 1900 55000 

~ 
I-' 

211.00 0.3816 9.54 x 10_
-3 

3 
~ '" 0.35 177 3429 0.1090 45.00 0.1658 2.90 x 10_3
-0 23.50 0.ll08 1.42 x 10_

0.37 124 2400 29.6 0.0535 

I-' 0.33 255 4667 0.1396 4 
370 6667 0.1598 16.25 0.0878 7.90 x 10_4 

ro 
0.31 

N 
0.29 520 10000 0.1735 9.49 0.0557 3.34 x 10_4 

6.19 0.0384 1. 38 x 10_0.27 780 16667 0.1833 5 
0.25 1160 25000 0.1904 4.40 0.0283 6.79 x 10_5 
0.23 1900 55000 0.1958 3.13 0.0207 2.26 x 10 

~v_4 



Table 12. Diffusivity and conductivity of 20-30 cm soil layer 

'J I .IJIJ 0.0985 3.28 x ~v_3 

(Ox) (;p)ex 2t
de., ex D (ex)
[~ Jx de K@~ex 

en 
III 

..& 0.38 95 1800 0.0525 
ti;' 0.37 115 2667 0.0653 33.00 0.0709 1.60 x 10_
f-' 0.36 138 2667 0.0748 319.33 0.0480 1.07 x 10_0.35 166 3200 0.0822 414.76 0.0399 7.49 x 10_0.33 240 4286 0.0930 48.42 0.0258 3.61 x 10_0.31 365 8000 0.1005 45.00 0.0165 1.24 x 10_0.29 560 11667 0.1060 53.00 0.0105 5.38 x 10 

._---
~ 0.41 47 1600 31.0 0.0348 213.00 0.2386 8.95 x ~V_2.g 0.39 77 1750 0.1218 96.00 0.3768 1. 29 x 10_f-' :;- 0.37.p- 115 2667 0.1663 3 

I'-:> 
40.00 0.2144 4.82 x 10 

N 0.35 166 3200 0.1928 21.88 0.1360 2.55 x 10_0.33 240 34286 0.2101 12.00 0.0181 1.14 x 10_0.31 365 8000 0.2221 47.89 0.0565 4.24 x 10_0.29 560 411667 0.2310 4.62 0.0344 1. 77 x 10_0.27 857 17500 0.2380 53.00 0.0230 7.89 x 10_0.25 1335 30000 0.2438 52.50 0.0196 3.92 x 10 

'" 0.40 61 1600 30.00 0.0525 197.00 0.3448 1.29 x 10_i 0.38 95 1800 0.1180 360.00 0.2360 7.87 x 10_
f-' 0.36 138 2667 30.1548 31.54 0.1627 3.66 x 10_
Q 0.34 199 3556 0.1787 17.50 0.1042 31. 76 x 10_w 0.32 292 6667 40.1953 11.25 0.0732 6.59 x 10_0.30 450 10000 0.2073 7.57 40.0523 3.14 x 10_0.28 695 14167 0.2163 45.28 0.0381 1.61 x 10_0.26 106) 26667 0.2231 53.67 0.0273 6.14 x 100.24 1645 40000 0.22d4 2.90 0.0221 3.31 x 

Table 13. Diffusivity and conductivity of 30-40 cm soil layer 

(Ox) (ljJ)6x 2t ex D (Ox) K~ Ix
6. 

~O 0~ ee x 

~ 0.40 24 667 36.9 0.0360 200.00 0.1952 1.76x.,,_? 
.g 0.38 40 1000 0.1375 130.00 0.4847 2.91 x 10_3 
:;- 0.36 64 2000 0.1940 57.00 0.2998 9.00 x 10_3
,-,0.34 124 4000 0.2265 32.00 0.1965 2.95 x 10_3 

0.32 202 4000 0.2458 61.50 0.1100 1.65 x 10_4
0.30 300 6000 0.2581 8.70 0.0609 6.09 x 10_4
0.28 440 9333 0.2670 6.13 0.0444 3.19 x 10_4
0.26 630 13333 0.2733 3.71 0.0275 1.24 x 10_5 

f-' 0.24 937 18333 0.2781 2.29 0.0173 5.65 x 10_.p 5 w 0.22 1450 40000 0.2819 1.86 0.0142 2.13 x 10 

~ O. 38 40 1000 30.0 0.0313 180.00 0.1875 1.13 x 
.g 0.36 64 2000 0.1033 95.00 0.3270 9.81 x 
:;- 0.34 124 4000 0.1348 33.33 0.1497 2.25 x 
I'-:> 0.32 202 4000 0.1524 13.57 0.0698 1.03 x 

0.30 300 6000 0.1641 8.80 0.0481 4.81 x 10_
4

0.28 440 8333 0.1724 5.53 0.0318 2.29 x 10_4
0.26 630 13333 0.1784 3.78 0.0225 1. 01 x 10_5
0.24 937 18333 0.1829 2.68 0.0163 5.34 x 10_

5
0.21 1880 53333 0.1877 1.58 0.0099 1.11 x 10 

~ 0.39 31 750 29.4 0.0363 232.00 0.2864 2.29 x 
.g 0.37 50 1200 0.1258 122.00 0.5225 2.61 x ~v_3 
~ 0.35 90 3000 0.1678 37.22 0.2127 4.25 x 10_
:,,0 0.33 161 4000 0.1848 16.00 0.1007 1.51 x 10_4 

3 

0.31 247 5000 0.1950 8.15 0.0541 6.49 x 10_4
0.29 365 6667 0.2017 5.00 0.0344 3.09 x 10_4 
0.27 527 10000 0.2065 3.24 0.0228 1. 37 x 10 

-50.25 765 15000 0.2098 1. 54 0.0110 4.40 x 10_
50.23 1150 25000 0.2124 1.19 0.0086 2.06 x 10_
60.21 1880 53333 0.2147 1.05 0.0078 8.58 x 10 

~"-4 



Diffusivity and conductivity of 40-50 cm soil layerTable 14. 

(ex) (\I;) x 2t D (8) K 
ex Ix

e i 

de ~ ex 
8 x 

2.90 x360.00 0.2418 
128 5000 49.5 0.0333g' 0.33 65.00 0.1303 1.17 x

0.0753.g 0.31 244 6667 
22.00 0.0583 4.67 x 

392 7500 0.1313 ~ 0.29 12.86 0.0399 2.39 x
0.1536560 10000f-' 0.27 8.11 0.0280 1.34 x
0.17070.25 780 12500 

5.40 0.0201 6.04 x
0.18461100 200000.23 4.49 0.0178 3.05 x
0.19630.21 1640 35000 (),0155 6.60 x3.730.20620.19 2850 140000 

7.77 x250.00 0.222038.0 0.03381714en 0.35 63 0.2481 2.98 x90.00f-' III 0.10485000.;:.. 0.33 128 8.25 x0.0917.;:.. .g 6667 0.1340 26.00 
f-' 0.31 244 12.20 0.0491 3.93 x 
ro 0.15290.29 392 7500 0.0325 1.95 x7.430.1663 
tv 0.27 560 10000 1.02 x4.55 0.02120.1767125000.25 780 5.21 x3.57 0.01740.1851200000.23 1100 3.02 0.0153 2.61 x

0.1920350000.21 1640 

1.99 x208.00 0.39730.06251200 32.4 
(jJ 0.37 35 0.4356 1.52 x "'""_3105.000.1345III 0.35 63 1714 2.00 x 10_4s 33.00 0.16640.16355000r. 0.33 128 6.47 x 10 t13.16 0.0719ro 0.177266670.31 244 0.0420 3.34 x 10=~7.370.1846
W 0.29 392 7500 

3.00 0.0175 1.05 x 10
0.1890100000.27 560 

Table 15. Diffusivity and conductivity of 50-60 cm soil layer 

(ex) (¢) ex lciil 2t 

~ 

D (ex) KIx 
e. 

det:i~J ex ex 
e x 

g' 0.39 26 857 58.5 0.0350 230.00 0.0688 4.82 x "'""_3 
.g 0.37 47 1333 0.1370 100.00 0.1171 5.27 x 10_3 
~ 0.35 99 3000 0.1975 64.00 0.1080 2.16 x 10_3 
f-' 0.33 171 4500 0.2310 47.00 0.0928 1.24 x 10_40.31 271 5143 0.2457 36.00 0.0756 8.82 x 10_40.30 330 6667 0.2474 33.00 0.0698 6.28 x 10 

-_...... 

(jJ 0.36 73 2667 71. 7 0.0583 194.00 0.1578 3.55 x ~"-3 
~ 0.35 99 3000 0.0987 130.00 0.1790 3.58 x 10_3r. 0.34 131 3333 0.1271 85.00 0.1507 2.71 x 10_

f-' 3 
.;:.. '" 0.33 171 4500 0.1474 57.00 0.1172 1.56 x 10_
\.J1 4 

tv 0.30 330 6667 0.1845 21.00 0.0541 4.86 x 10_4
0.28 455 6667 0.1936 13.33 0.0360 3.24 x 10_40.26 600 7500 0.1972 9.33 0.0257 2.05 x 10 

(jJ 0.34 131 3333 28.6 0.0144 423.00 0.2128 3.83 x ~"-3 
~ 0.32 218 5333 0.0972 100.00 0.3395 3.82 x 10_3r. 0.30 330 6667 0.1262 27.00 0,1190 1.07 x 10_4ro 0.28 455 6667 0.1399 13.70 0.0670 6.03 x 10_4 
W 0.26 600 7500 0.1482 7.00 0.0363 2.90 x 10_40.24 780 10000 0.1536 3.81 0.0205 1.23 x 10_50.22 1045 23333 0.1575 2.11 0.0116 2.98 x 10_50.20 1630 40000 0.1605 1.71 0.0096 1.44 x 10_60.18 2900 100000 0.1628 1.43 0.0081 4.86 x 10 



Table 16. Diffusivity and conductivity of 60-70 cm soil layer 

D (8)J/d6r~ 2t [~ ex 
K 

(Elx) ('V)Elx @~j ex 

2.63 x0.2922295.000.0293 1.14 x667 29.6 0.2532~ 0.37 15 79.000.0948 2.73 x .1.\'_41333 0.1214~ 0.35 31 29.00 
68 

0.1238 6.19 x 10_42667 0.0619~ 0.33 0.1398 13.10 3.22 x 10_46000 0.0429 
I--' 0.31 150 8.46 x 10_40.1500 1.588000 0.02650.29 325 5.000.1568 1.09 x 10_10000 0.0182 50.27 500 3.330.1617 4.68 x 10_10000 0.0118 50.25 695 2.120.1651 1. 92 x 1015000 0.00810.23 940 1.43 

I--'.. 
til'" 

~ 

~ 
'd 

~ 
N 

til 
~ 
'd 0.35 31 0.1585 34.00 8.75 x 10_42667 0.087568 15.00~ 0.33 

150 
0.1749 3.85 x 10_46000 0.0513 

w 0.31 0.1849 8.33 1. 91 x 10_48000 0.03190.29 325 5.000.1914 1.25 x 10_510000 0.02080.27 500 3.180.1960 5.31 x 10 10000 0.0133 -)0.25 695 2.000.1993 2.19 x 1015000 0.00910.23 940 1. 360.2016250000.21 1300 

0.21 

0.35 
0.33 
0.31 
0.28 
0.25 
0.22 
0.19 

0.37 

1300 

31 
68 

150 
410 
695 

1095 
1990 

15 

25000 

1333 
2667 
6000 

10000 
10000 
20000 
50000 

667 
1333 

0.1677 

0.0770 
0.0938 
0.1046 
0.1156 
0.1231 
0.1284 
0.1323 

0.0495 
0.1255 

190.00 
90.00 

0.3135 
0.3765 
0.1796 

2.82 x 
1.69 x 
4.04 J.v_4x 

Table 17. Saturated conductivity of various soil layers, em/hour 

Sample No. 

1 0.876 2.592 3.324 1.470 0.972 0.184 0.060 0.540 
2 2.B60 2.640 0.B34 0.252 0.048 0.089 0.071 0.170 
3 1. 038 0.906 1.644 0.096 0.120 0.768 0.079 0.10B 
4 2.B02 1,116 0.263 1.050 0.852 0.960 0.201 0.169 
5 1. 374 0.552 0.684 1. 470 0.103 0.251 0.416 0.086 
6 3.084 0.684 0.074 0.224 0.846 0.279 0.281 0.105 
7 3.054 1.128 0.590 0.454 0.048 0.186 0.130 0.285 
8 1. 836 0.558 0.593 1, 344 0.238 0.660 0.094 
9 1, 032 0.858 0.250 1,074 1.602 0.253 

10 2.454 0.990 0.518 1. 530 0.076 
I--' 

"" " 
11 
12 

1.638 
1.638 

0.804 
0.804 

0.419 
0.419 

0.261 
0.261 

Mean 2.041 1.176 0.871 0.826 0.616 0.361 0.167 0.209 



An example of manometric heights recorded for calculation of soil water suctions in 
Table 18. Tabulated values are in cm Hg.

the root zone of a soybean crop. 
_ July 15, 10:30 hrs. 

- 79.648;- 13: 42 hrs.:
Date July 18, 1971; 3 

~_density - 13.5217 g/cm
HeiBht of zero of manometer scale above the soil surface - 34.45 cm; 

CaEillary correction - 10.5 cm
Hercury level in the trouBh - 1.68 cm; 

Plant 
Plant row 

row to nearest plant row 

Soil depth 
(cm) 0 10 20 30 40 30 20 10 0 

;.-< 

+>
co 10 

20 

19.25 

18.45 

19.30 

18.30 

21.10 

19.80 

19.50 

18.60 

17.60 

18.40 

19.00 

18.15 

20.95 

18.50 

19.95 

20.20 

19.30 

]0 17.10 17.20 18.45 16.95 16.80 16.70 16.55 17.20 16.95 

40 15.75 16.80 16.60 17.10 16.35 16.25 16 0 25 

50 16.55 16.40 16.20 16.10 15.70 15.75 16.07 15.90 15.65 

60 16.35 15.90 15.65 15.70 15.60 15.50 15.40 15.45 

70 15.90 15.60 15.50 15.45 15.40 15.40 15.30 15.30 14.80 

Table 19. Soil water suctions and potentials corresponding to manometer heights given in table 18. 

T'l4' ..... t- ........... ,...'" +-.-. ~,....""' .... "" .... +- ..... 1"..-.+- .... ""T ..., (,..., ....... \ 

Soil depth 

cm 

Suctions (cm water) 

10 183.3 183.0 206.8 186.8 164.0 182.0 204.0 194.4 186.8 
20 163.2 160.7 181.1 164.9 164.0 160.5 165.7 189.4 
30 136.8 138.2 155.1 135.8 135.1 132.9 131.5 140.1 137.4 
40 110.1 124.3 122.8 128.4 121.0 119.2 119.2 
50 112.6 111.0 110.4 107.6 103.8 103.7 109.0 106.2 102.6 
60 100.2 95.2 91.6 94.7 93.4 91.2 91.8 92.4 
70 85.5 81.6 79.8 79.9 79.5 80.0 78.5 78.6 72.9 

f-' 
+> Potentials (cm t,ater) 
'" 

10 193.3 194.1 216.7 196.8 173.2 190.8 215.4 203.0 195.0 
20 183.4 181.7 200.6 185.7 183.3 180.3 184.9 206.3 
30 166.6 168.1 183.9 165.2 163.5 162.4 160.7 169.0 166.0 
40 150.0 163.3 160.9 l1i7.3 158.1 157.1 157.2 
50 160.2 158.4 156.1 154.9 150.1 150.8 155.0 153.0 150.0 
60 157.8 152.3 149.3 150.1 148.9 147.8 141i.7 147.5 
70 152.3 148.7 147.6 147.1 146.6 146.8 145.7 145.9 139.7 



3 3Table 20. Water contents corresponding to suctions in table 19, em tem

Soil depth 

10 0.3397 0.3398 0.3322 0.3389 0.3452 0.3399 0.3333 0.3368 0.3389 
10 0.3481 0.3482 0.3420 0.3469 0.3539 0.3484 0.3427 0.3447 0.3469 

20 0.3542 0.3548 0.3489 0.3538 0.3540 0.3549 0.3536 0.3461 
20 0.3513 0.3521 0.3450 0.3507 0.3510 0.3521 0.3504 0.3427 

30 0.3613 0.3608 0.3538 0.3617 0.3620 0.3629 0.3634 0.3599 0.3611 
30 0.3362 0.3358 0.3320 0.3365 0.3367 0.3374 0.3378 0.3352 0.3360 

I-' 40 0.3444 0.3402 0.3407 0.3388 0.3412 0.3418 0.3418 
V> 
0 40 0.3337 0.3311 0.3314 0.3303 0.3317 0.3320 0.3320 

50 0.3332 0.3335 0.3336 0.334 ] 0.3347 0.3347 0.3338 0.3343 0.3349 
50 0.3348 0.3350 0.3351 0.3354 0.3359 0.3359 0.3352 0.3356 0.3361 

60 0.3364 0.3370 0.3375 0.3371 0.3373 0.3376 0.3375 0.3374 
60 0.3202 0.3215 0.3225 0.3217 0.3220 0.3226 0.3224 0.3223 

70 0.3241 0.3252 0.3258 0.3258 0.3259 0.3257 0.3263 0.3262 0.3286 

Depth interval (cm) (10-20) (20-30) (30-40) (40-50) (50-60) (60-70) 

~lean water content 0.3495 0.3552 0.3382 0.3330 0.3363 0.3240 

Table 21. Total water content of various soil layers following irrigation, in em. at various depths
shown for soybean variety 79.648 

Time after Growth Eeriod: 25-29 days after germination 
irrigation 

(hours) 10-20 em 20-30 em 30-40 cm 40-50 em 50-60 em 60-70 10-70 em 

00.0 4.380 4.289 4.035 3.780 3.58528.0 3.862 3.907 3.690 23.7593.605 3.540 3.44646.2 3.755 3.807 3.406 21.7663.532 3.449 3.41470.1 3.475 3.336 21. 2933.600 3.445
94.7 3.364 3.383 3.2783.194 20.5453.399 3.335 3.305 3.355 3.231 19.819 

I-' 30-37 days after germination
V1 
I-' 

3.406 3.328 21.126
3.386 3.286 20.763 

.J.Jt.f.) 3.370143.55 3.408 3.248 20.5523.507 3.357 3.304 3.349167.65 3.105 3.211 20.1363.291 3.216 3.227 3.320175.45 ,_ n1 () 'l , nt:: 3.176 19.335 
3.320 3.177 19.069 



Table 21. Continued .•• 

Time 
irrigation 

(hours) 10-20 em 20-30 em 30-40 ern 

Growth Period: 

40-50 em 50-60 

38-47 days after germination 

ern 60-70 em 10-70 em 

f-' 
V1 
N 

00.00 
06.50 
26.00 
51. 70 
75.20 

100.20 
123.60 
149.30 
173.30 
193.10 
196.00 
220.00 

4.380 
4.222 
3.991 
3.642 
3.495 
3.341 
3.177 
2.979 
2.893 
2.710 
2.685 
2.662 

4.289 
4.289 
3.939 
3.681 
3.552 
3.426 
3.307 
3.123 
3.115 
3.001 
2.971 
2.870 

4.035 
3.916 
3.583 
3.480 
3.382 
3.309 
3.217 
3.041 
3.095 
2.903 
2.854 
2.655 

3.780 
3.769 
3.517 
3.411 
3.330 
3.290 
3.237 
3.136 
3.181 
3.033 
3.001 
2.940 

3.585 
3.585 
3.442 
3.403 
3.363 
3.345 
3.320 
3.266 
3.299 
3.176 
3.148 
3.073 

3.690 
3.595 
3.401 
3.401 
3.240 
3.207 
3.174 
3.124 
3.144 
3.069 
3.057 
3.014 

23.759 
23.376 
21.873 
20.931 
20.362 
19.918 
19.432 
18.669 
18.727 
17.892 
17.716 
17.214 

Growth period: 53-65 days after germination 

00.00 4.380 4.289 4.035 3.780 
24.35 4.039 3.989 3.610 3.647 3.544 3.448 22.277 
48.75 3.868 3.822 3.518 3.500 3.435 3.325 21.468 
74.05 3.679 3.681 3.452 3.425 3.405 3.274 20.916 
99.35 3.521 3.557 3.375 3.373 3.380 3.232 20.438 

120.25 3.431 3.474 3.322 3.332 3.363 3.203 20.125 
145.15 3.273 3.344 3.215 3.215 3.299 3.150 19.496 
166.75 3.173 3.258 3.147 3.173 3.280 3.118 19.149 
175.85 3.081 3.158 3.039 3.124 3.246 3.090 18.738 
193.75 3.058 3.137 3.008 3.097 3.216 3.073 18.589 
219.05 3.133 3.081 2.932 3.040 3.146 3.029 18.360 
288.45 2.898 2.921 2.721 2.844 2.936 2.899 17.219 

Table 21. Continued ••• 

73-82 days after germination 

Time after 
irrigation 
(hours) 10-20 em 20-30 em 30-40 em 40-50 em 50-60 em 60-70 ern 10-70 em 

00.00 4.380 4.289 4.035 3.780 3.585 3.690 23.759 
16.38 4.134 4.105 3.692 3.572 3.433 3.324 22.260 
40.40 3.944 3.868 3.534 3.436 3.400 3.295 21.477 
64.03 3.744 3.698 3.448 3.354 3.368 3.226 20.838 
87.48 3.712 3.678 3.435 3.343 3.362 3.219 20.749 

117.55 3.375 3.423 3.289 3.263 3.323 3.154 19.827 
140.52 3.252 3.337 3.218 3.215 3.295 3.115 19.432 
158.45 3.187 3.290 3.181 3.190 3.281 3.102 19.233 

f-' 
V1 
w 

185.47 
206.59 

3.043 
2.984 

3.167 
3.116 

3.052 
2.9Q2 

3.116 
3.066 

3.222 
3.162 

3.054 
3.017 

18.654 
18.337 

230.97 3.048 3.068 2.924 3.017 3.103 2.979 18.138 



Total water content of vartous soil layers following irrigation, in em at various depths 
Table 22. 

shown for soybean variety Chippewa-64. 

Growth period: 25-29 days after germination 

Time 

irrigation 
 In-70 em 
(hours) 

23.827 
21.70900.00 3.4Hl3.539 3.451 
21. 30028.00 3.421 3.3483.459 

4fi.20 3.395 3.30fi 20.576
3.386 19.83470.10 3.365 3.2513.317 

94.70 

3.393 
3.316 
3.272 
3.231 
3.186 
3.210 

,0-17 daus after germinationGrowth l?eriod: 

3.794 3.642 
r-' 4.380 4.286 4.035 
V1 00.00 3.518 3.452 3.444 
1'- 3.73652.74 3.676 3.3943.682 3.482 3.393 

76.65 3.577 3.3823.630 3.452 3.367
3.54398.75 3.3613.3263.3853.5373.423143.55 3.3273.246
3.131 3.298 3.239

167.65 3.214 3.325 
2.992 3.189 3.163

175.45 

Table 22 continued •• , 

Grmnh Period: 38-47 days after germination 
Time after 
irrigation 

(hours) 10-20 em 20-30 ern 30-40 ern 40-50 ern 50-60 en 60-70 em lO-70 em 

Ofi.50 4.235 4.286 3.900 3.794 3.fi42 3.628 23.485 
26.00 3.958 3.90fi 3.575 3.523 3.449 3.411 21.822 
51. 70 3.5f12 3.652 3.480 3.U6 3.412 11334 20.876 
75.20 3.420 3.524 3.388 3.333 3.369 3.255 20.289 

100.20 3.237 3.360 3.290 3. 82 ). 3.21:< J9.733 
123.60 3.112 3.251 3.180 3.2l3 3.316 3.174 19.246 
149.30 2.999 3.090 2.984 3,r)99 3.249 3.1Hi 18.517 
173.30 2.845 3.007 2.944 3.074 3.223 3.n93 18.186 
193. 2.710 2.958 2.811 2.975 3.127 3.046 17.627 

r-' 196.00 2.685 2.950 2.783 2.938 3.095 3.032 17.487 
V1 
V1 220.00 2.662 2.870 2.655 2.876 3.008 2.983 17.054 

Grmolth period: 53-65 days after germination 

24.35 4.022 3.982 3.624 3.555 3.453 3.42fi 22.0fi2 
48.75 3.842 3.808 3.524 3.437 3.411 3.340 21. 362 
74.05 3.637 3.662 3.452 3.3fi5 3.383 3.282 20.781 
99.35 3.473 3.531 3.372 3.315 3.355 3.232 20.278 

120.25 3.390 3.458 3.32() 3.279 3.336 3.197 19.980 
145.15 3.239 3.301 3.182 3.202 3.301 3.139 19.364 
166.75 3.176 3,235 3.1()4 3.150 3.267 3.109 19.041 
175.85 3.111 3.159 2.997 3.088 3.218 3.()78 18.651 
193.75 3.050 3.120 2.968 3.057 3.180 3.056 18. 31 
219.05 2.893 3.071 7..914 2.997 3.101 3.002 17.980 
288.45 2.766 2. 9h 7 2.7(,5 2.839 2.8S!" 2.862 17.()83 



Table 22. continued •.• 

73-82 davs after germination 

Time after 
irrigation 

(hours) 10-20 em 20-30 em 30-40 em 40-50 em 50-60 em 60-70 em 10-70 em 

23.82700.00 4.380 4.286 4.035 3.794 3.642 3.690 
3.421 22.62016.38 4.175 4.148 3.745 3.649 3.482 

3.432 3.353 21. 72540.40 3.976 3.914 3.558 3.492 
3.398 3.2(17 21.12864.03 3.815 3.746 3.478 3.394 

3.379 3.388 3.278 21.03687.48 3.798 3.728 3.465 
19.9773.295 3.286 3.346 3.195117.55 3.419 3.436 

3.330 3.153 19.616140.52 3.315 3.342 3.222 3.254 
3.222 3.310 3.125 19.329158.45 3.220 3.279 3.173 

,.... 3.110 3.218 3.058 18.639185.47 3.064 3.149 3.040 
V> 3.022 18.3070\ 206.59 2.989 3.094 2.981 3.062 3.195 

3.097 2.976 17.9922.922 3.017230.97 2.925 3.055 

Table 23. Root density distribution of soybean 79.648 (Section A) 

Distance to nearest plant row (em) 

o 10 20 30 40 30 20 10 o 

C/l 
0 .... 
f-' 

c.. 
CD 

" n 
:::r 

1 

2 

3 

,... 
V> 

" 

'"0 

e" 4 

5 

6 

7 

8 

: ! 

1 
1.667 I 1.872 1.830 1. 354 1.036 0.678 0.683 1.174 

1. 359 1. 331 I 2.369 1. 905 1. 362 2.357 2.039 1. 

I 
2.009 0.421 I 2.619 2.583 2.850 1. 820 1.463 1. 905 

1 
2.143 0.950 1. 848 2.092 2.444 1.451 0.411 0.606 

1 
2.105 1.526 1.571 2.957 1.542 I. 1. 588 2.189 3.506 

I 

1 
1.290 0.955 I 1.299 1.530 1.781 1.181 1. 730 0.226 

! 
f 0.857 I 0.652 

1 
0.534 I 1.186 1.171 0.693 0.185 0.868 

I i i 

1 
1. 387 j 0.575 0.765 

I 
0.850 I 1. 073 0.586 1.073 0.544 l-" 

~umbers in each section represent root density (em/em3 soil) 
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Table 24. Root density distribution of sovbean 79.648 (Section B) 

Distance to nearest plant row (em) 

0 5 10 15 20 25 30 35 40 3> 30 25 20 15 10 5 0 
0 

5 
C/l
0 
",. 15

I-' 


P
ro 
"0 

25 
rt 
:T 

--. 35 

" E.- 45 
-' 
V1 
0;; 

55 

65 

75 

r 
1 I 

.....-~.. 
• 1 I 

\3.604 2.584 2.322 1. 612 0.832 ,4 
i .-... 

i1.520 i 1. 545 1.544 r 0.893 1 0.925 1.15[~! 
, 1.604 1.656 2.560 

k308 ! 0.913 1.665 
l i 

I 1.783 1 955 1.197 1.889 2.8921 
i 

1 2 . 324 
I 

I 
, 

! 1.195 3.330 2.292 2 1.480 5.097 
I 

3.324 
---
1. 244 i 1.179 1 1. 940 3.654 3.61812 1. 462 

i 

1. 666 1.070 1.602! 

I 0.709 1. 354 0.405 1.465 2.04l I 1.100 

0.778 2.470 0.656 1. 655 0.543 1.195 0.407 2.098 
1 

5.236 

1 
3• 196 2.116 1.275 I 1.107 1.145 1.011 0.997 1.711 2.4621 

I 
3

Numbers in each section represent root density (cm/cm soil) 

Table 25. Root denisty distribution of soybean 79.648 (Section G) 

Distance to nearest plant row (em) 

0 


5 


C/l
0 
",. 

I-' 15 

P
ro 
"0 

rt 

:T 25 
,-. 

" E.
35 

V1 
'-0 

45 


55 


65 


75 

3 

~ -~ -, 'V -" ~~ ~v .~ -v -, v 

! I I 
1. 952 2.320 0.812 2.568 1.038 1.356 1.448 2.054 3.780 

.._ .. 

1.006 1.648 2.233 2.198 

I 

I 
0.514 1.196 2.172 2.269 2.762 2.50611. 582 0.934 1.017 

1 

i2• 946 I 
I 

I1 2.696 1.854 0.662 4.395 ! 2.475 1.165 3.712 3.698 
I 1----

13 954 i 
i 

1.443 1. 966 
I 

2.834 2.234 1.216 2.033 3.589 2.06'+ 

I I12.824 
I 

1. 679 1.2121.427 0.072! 
I 1.011 1.212 1. 694 0.436I 

I 
13 50 : 1.581 0.996 1.946 1.428 

i i 

P ,6 I 0.986 1.237 2.038 I 0.596 
i 

Numbers in each section represent root density (cm/cm soil) 



Table 26. Average root density of various soil layers in the root zone of soybean 79.648 

-~----...-------~----------~----------------. 

---." 

Soil depth Root de3sity Soil depth Root den3ity Soil Depth Root de3sity 

(em) (em/em) (em) (cm/ em ) (cm) (cm/cm ) 

0 5 1.8080 10 1.287 0-5 1.927 

1.413 5 - 15 1. 77910 - 20 1. 759 5 - 15 


20 - 30 1. 959 
 15 - 25 1.639 15 - 25 1.614 

f-' 	 25 - 35 2.771 25 - 35 2.535 
Cl'> 30 - 40 1.493 
o 

40 50 2.123 35 - 45 2.091 35 - 45 2.291 

1.504 55 - 65 1.51050 - 60 0.768 55 - 65 


70 - 80 0.857 65 - 75 1.524 
 65 - 75 1.047 

Table 27. 	 Average depths, suctions and potentials in the root zone of soybean 79.648. Measure
ments "ere made during the growth period. 72-82 days after germination. 

16.38 Hrs. 	after 40.4 Hrs. after 64.03 Hrs. after 87.48 Hrs. after 

(e~ 	 Average Average Average Average Average Average Average Average 
Suction Potential Suction Potential Suction Potential Suction Potential 

Average 
Depth 

0.64 31. 97 41. 61 67.76 77.40 112.3 121. 95 120.84 130.48 

19.41 39.91 59.32 80.21 99.62 117.73 137.14 122.98 142.39 

29.15 51. 70 80.85 83.65 112.80 113.0 142.13 117.69 146.84 

f-' 
0' 
f-' 

38.56 

46.82 

49.75 

52.17 

88.31 

98.99 

77 .17 

74.63 

115.73 

121.45 

104.65 

99.57 

143.21 

146.39 

lf19.03 

105.52 

147.69 

152.34 

56.29 64.30 120.59 75.23 131.52 94.51 151).80 97.07 153.36 

67.14 67.09 123.23 68.30 135.44 88.64 155.78 90.56 157.70 



2 

Table 27. 
.1,)0."'+-' .lU", '-". -

AverageAverage Average Average
Average potentialAverage SuctionDepth Average potentialAverage SuctionAverage potential (rm) -(cm)

Suction -(cm)potential (em)Suction -(em)(em)-(em)(em) 475.704fi6.06362.83353.19316.75307.11247.49 366.60237.859.64 347.19291.55272.14267.95248.54228.96209.55 288.42 317.5719.41 254.21225.06235.94206.79206.16177.00 220.04 266.8629.15 230.16183.34216.03169.21189.41 253.65142.59 197.3638.56 219.18162.89209.94
r-' 153.65185.33 232.870' 129.00 165.7356.29 202.59135.45'" 195.97128.83177.76110.6267.14 

.--..--~ 

.it' ."->' 

Table 27. Continued ••• 

Depth 
(cm) Average Average Average Average Average Average Average Average 

Suction Potential Suction Potential Suction Potential Suction Potential 

Average 

9.64 514.10 523.71 

19.41 389.49 408.90 409.35 428.76 

29.15 321.15 350.3 372 .14 401.29 449.6 478.76 

38.56 287.28 325.84 326.46 365.02 354.1Q 392.75 398.8 437.36 

46.82 253.23 300.05 284.57 331. 30 316.15 362.97 338.96 385.78 

"" w 
56.29 

67.14 

226.70 

189.4 

282.99 

256.52 

258.28 

215.49 

314.57 

282.63 

285.55 

249.22 

341. 84 

315.36 

307.8 

277.54 

364.09 

344.68 
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