WAITE INSTITUTE
20-16-7)
LIBRARY

THE BROOT GCROWYH OF A WHEAT CROF IN BRELATION

TO ITS USE OF WATER AT VARYING SEEDING RATLS ARD

RATES OF APPLIED NITROGER

A thesis submitted

by

c. "Q mm' Kosct (U.w.l..). ytIlCth‘l
for tha degree of
DOCTOR OF PHILOSOPHY

in the Fasulty of Agricultural Soience
' of the
imiversity of Adslaide

Department o] Agronomy,
Waite Agrioultural Research Institute,

Adelaide, South Auatralia.

AUSTRALIA.

OCTOBER, 1971.



List of Abbraviations snd Symsbols Used

Semmary
Statenent

Acknowledgenants

1. INTRODDCTION

2. LITERATURE ARVIRV

2,1. The growth of the vheat crop with emphasis en
root growth

2.1.1.

2.1.2.

2.1.3,

Introductory comments on top growth

The growth and developmeant of the wheat
root systea

(1) The main morphological cemponents

{a) The seminal roets
(t) The nodal roots

(11) Development of the root systea

Root abundance, rooting deasity, and
root distridution im the fleld

(1) Mathods of imvestigation

(s) Direct mathods
(b) Indirect methods

(11) Experimental data

[

o S (%]

10

10
10

16



2.2. The uptake of water by cereal crops

2.2.1.

2.2.2.

2.2.3.

Soil water

(1) Storsge and retemtion
(11) Eaergy poteatial
(111) Tlow thrsugh the seil

{iv) The soil-plant-atmosphere
econtinuum

Seil-plant water relatioashipe

(1) Atmosphere and canopy factors
influencing evapotrauspiration -~
the hesat balamce equatien

{i1) The water balasmce aquatien

(114) Flow of watser to a single root

(iv) Fiew of water to a sst of roots

(v) PTlow of water through the reot
zone

The influence of watar deficits oa crop
growth, particularly root growth, snd
on water wptake

(1) Top growth

(1) Root grewth

(111) VWater uptake

(iv) Permeability of the plast

“.

22
22
22
22
a5

29
31

b ) |

33
3

¥

A2

43
45



2.3.

The influence of plant density oz crop growth
and water relations, with emphasis om reot
growth and water uptiake

2.3.1.

2.3.2,

2.3.3.

Top growth aad grain yfeld

(1) Ceneral aspects of plamt
competition

{(11) Total dry weight of tops
(111) Tiller growth

(iv) Leaf growth

(v) Grafa yleld

Root growth

(1) Dlumber of main roots

{a) The seminal roots
(b) The nodal roots

(41) Lusngth of the main seminsl and
nddal roots ,

(111) Boot dramchiag

(iv) Extent of the roet systenm
(v) Root growth rate

(vi) BRooting deneity

Water use

(1) General

(41) Seascnal patterns

(114) Uptake from diffareat depths

tid.

48
1]

48

30
52
52
32

\n
»

36
57
38
39

61
61

64



2.4,

2.50

The influence of aitrogen on crop growth and
water relations, with emphssis on toot growth
and water uptake

2.“ 1'

2.4.2.

.4.3.

2.4.4.

Influence oz top grewth
(1) Duratioa of zrowth phases

{11) Dry matter production and
nitrogea uptake

(a) Ury matter productica
(b) Hirrogen uptake

Iafluence on rools

(1) Physiological effects on Yoot
growth

{i1) Abundance
(111) Density and distributien

Availability ef anitrogen at different
soil dapths

Influencs of nitrogen om plant-vatsy
velatiouships

{1) ‘ater use aad grain yield

{14) Vater uptske profiles

Density x Nitrogen iatsraction

2.5.1.

2.5.2.
2.3.3.

Influenee of nitrogen on optiasm
densicy

Grain yleld

Zoot growth and water use

ip.

63
6S
63

66

66
68

69

70
7

13

74
74
76

77

17
78
M



3.

EXPRERIMENTAL PROCRAMME

3.1.

3.2,

3.,.

Intreduction
3.1.1, Site
(1) lLoeatien
(11) Climate
(111) Ceneral descriptiom of the seil

The Prelimiuary Experimsat on rate of nitrogea
3.2.1. Obdjectives
3.2.2. Materisls and matheds
(1) Experimental design and treatments
(11) Top growth
(111) Soil water comtent
(iv) Testing of equipment aad technigques
3.2.3. Rasults of the Preliminary Expsrimeat

(i) Plant growth

"(s) Top growth
(b) Depth of rooting

{11) Vater coatent of the seil profils
and plant vater relatiomships

The Main Experiment on seeding rats and rate
of nitrogea

3.3.i. Objectives

~
888 8 s 2 2 2 s 2 ¢ C 8B B B B & k

w
[ 3

93



Page
3.3.2. naterials and methods 94
(1) Experimental design and treatments 94
(11) Sampling schedule 95
(1i1) Characterization of the soil at the
site of the main expsriment 38
(a) Depths of the soil horisen 58
() Bulk density 98
(¢) Soil water characteristic 100
(4) Soil water diffusivity and
capillary conductivity 101
(iv) Effects of the treatmeuts on soil
properties and crop growth 105
(&) So0il water and mitrate 105
{(b) Top grovth 106
(¢) Kitrogeu and silicon conteat of
the plsat tops 108
(d) Root growth, reoting density,
and root distriburion 109
(e) Water withdrawal by roots and
vertical flux of water through
the soil 117
3.3.3. Results and Discussion of the Main
Experiment on seeding rate snd rate of
nitrogen 118
(1) Characterization of the soil at the
site of the wmain experiwent 118
(a) Depths of the soil horizon 118
(k) 2ulk density 118
{¢) Soil wvater characteriastic 119
(d) BHydraulic conductivity 120
(e) Seil BO3-u 122
{14) Top growth 123
(a) Establishment and weed control 123
(b) Total dry weight and aitrogen
conteat of tops 12%
{c) Tiller production 129
(d) Lamins ares 13

(e) Grain yield and grain nitrogen 132



vif.

(121) Crowth and development of ths
TOOt system 134

{a) Extemt (depth snd lateral
spread) of the reot systems

of individual plaste 135
(b) MNean root lemgth per tiller,
By 137
(¢) Mesn rate of vroot growth per
tillex, éAp/it 140
(d) Percemtags of tha total root
length with root hairs 142
{iv) BFHet effects of (111) en 143
(a) BRoeting density, X, 143
(b) Verticsl distribution and
$Ry/bt 145
(v) Vater uss 152
(a) ¥ater content of the soil
profiles at given times 152
(b) Changes in seil water conteat
with timas 153
(c) Evapotrasspiration, X 154

(d) WVater withirswsl by roots asd
wertical flux of water withia

the profile 156
(¢) The $ilicom contsat of the plant
tops as related to water uss 161
4, CENIRAL DISCUSSION AND CONCLUSIONS 164
APPREDICRE A.l

BIBLIOGRAPEY B.1



W ™ W W

.l!cﬂnﬁl L) T~ B > |

LT T~ T, |

3]
[~

e
»

‘N hﬂ‘l
s

]
z

"ta

LIST OF ABSREVIATIORS AND SYMBOLS USED

Unless otherwiss specified, the units of values gives fu

the text are as statad balow

Nitrogen
Seeding Tate
Plane srea (eaz)

Weight of soil at & epecified depth per wait arsa of
horizoatal plase

Flux of sensible hast inte the crop

Diffusivity of seoil water (cn® win t)

Evapotranspiration (cm), latent heat flux

Transpiratiean (cm)

Potantial evaporstion

Evaporation from the soil surface

Matching factor

Pasumatic poteatial

Total hydraulfe haad (em)

Hydraulic head of water at the upper end of the xylea (cm)
Nydrsulic head ef water in cell walls of the mesophyll (cw)
BLI = lu - lL
fydraulic bead of water at the root suxface (cm)
Eydraulic hesd of water st the start of the xylem (cw)

By "By =i,



hnbb"lhhh.h

Lo B | ‘Q,”Q “Q w =% h‘ﬁﬁ ,gm “:n

Hydraulic head of water {a a volume elesent of soil {cm)
Rainfall (cm)

Bydraulic conductivity of soil (cm ata™h)

Lamins ares index

Photosynthesis

Pressure potentisl

Ret radisat energy

Flux of semsible heat

Roet leagth (cm)

Root leagth p.t wnit area of ground surface (rooting
dcanity) (e-r' )

hot hutk psr phnt (ca, m)

A
Root length per wmit volume of soil (root m«) (em )
Flux of heat into the seil

Plew of water across the lower boundary of the root sone

 VYolume flow of water across unit cross section of soil

_ Gravimetric water content (3)

Root weight per wait ground ares (mg “-2’ ks pa
Root waight per plant (g)

Root weight per mait volumss of seil (g o)

Run off of water from the soil surface

Depth of root zeoma (cm)

Equivalent radius of & reot

Radisl distance from which wvater flows to a Teot



wn a a R N I

o

M

a & 4
w 2

Plant deusity, number of centyes of plauts psr unit area
of ground surface (w~?)

Jccaleration dua to gravity

Componant of ¥

Matriec head (cm)

Pressurs head (cem)

Cravitatiomal hesd (em)

Capillary conductivity of soil (cm m")
Length (cm)

Litre

Number

Eate of water uptake per wait lemgth of root (cnz -h-l)
Radius

Time

Gravisstric water ceateat of seil

Fusber of tillers per mit growmd area (‘-2)
Depth (em)

Resistance to watar flow through the soil pores and the
plant (A. + A’ = A)

lasistance to water flow into and alomg roots
Resistance to water flow ia the soil pores
Total poteatial of soil water

Chemical poteatial

Matric poteatial

Fressure poteatial

£e



Cravitational potsntial

o-ntie potential

Pore pressure coefficoient

A function of mumber and sise of rosts

¥low across wnit cross sactionsl avaa of pere
Viscosity of water

Volumstric soil water comtaat

Epm

Withdrawal of water by roots per unit volume of soil
barived value of ¥

Daneity (g u”)

Bulk density of soil (g cw )

Surface teasion of water

Radius of capillary pore



mii.
SUMMARY

The growth of the root systes, the water use, and the pattern of
vater uptake of a wheat crop (Tritiocwnm aestivum L. cv. Heron) grown in
the field on a sandy red-brown earth were exanined at intervals during
two growing seasons, Changes in the growth of the tops were neasured
also. In the main experiment conducted in the sacond season, treat-

1

ments consisted of three seeding rates - 10, 55, and 280 kg ha =~ of seed;

sl, 82. and 93 - 4{n factorial combination with three rates of nitrogen

fertilizer applied at seeding - 0, 35, and 170 kg hn”l

of nitrogens Ho,
Kl’ and FZ'

The total dry weight of tops increased at the higher levels of $
and N.  Sowing rate 3, produced the highest grain yield, but there was
no significant difference in yield between the N rates.

Variation in S rate affected root growth more than did variation in
N rate. During early growth, the root length per unit area of ground
surface Rﬁ (cn.l) was related positively to S, but differences were not
detected at maturity when R, reached its maximum values of 400 to 500
cm-l. At maturity root length per unit volume of soil Rb (cn-z) ranged
from 12 at 5 cm through 5 at 50 cm, 1 at 100 cm, to 0.1 at 150 cm,
Increasing rates of N increased total root length in the topsoil and
reduced the length in the lower horirons. These statistical differences

wvere not always appa;.nt in the qualitative photographs of unreplicated
root profiles. Radioisotope uptnkclltudial indicated that the extreme
depth of rooting was greater at 82 than at 81 and 83, and that lateral
spread of roots within the row was related negatively to 8. Root
growth in length continued to maturity, and the highest mean rates of

root elongation per tiller occurred during the pariod 18 to 20 wk.
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VWater withdrawal occurred mainly from the top metre of the soil.
The soil within the root zone dried more rapidly at the higher rates of
S and N; differences between the treatments were greatest at 10 to 100
cm depth and were most pronownced during the middle of the growing seasom.
The rate of water withdrawal by the roots, calculated as a function
of depth and time, was influenced mainly by Bb and the volumetric water
content of the soil 6. Baefore the root system was well developed and
when @ was high, the rate of water withdrawal from various depths
depended mainly on the distribution of R”. Later, with a well developed
root systea and a drying soil, the rate of withdrawal was deternmined

mainly by 0 and hence by k. At 13 wk the rate of water withdrawal by

the root network was highest at 83 - s1 = 1,0 < sz - 1.6 < 83 = 1.8 om
day-l ~; by 20 wk the upper part of the root zone had dried, and the
1

withdrawal was slowest at 8, - $;, 5,, = 1.5, 83 = 0.7 »m day .
The mean rates of water uptake per unit lemgth of root ranged from
1-10% to 1-107 cu? dny-l. The mean rates expressed per uvnit length of
hair bearing zone were one order of magnitude higher. The maximum rate
of water uptake for the hair bearing zone - 6.6-107% ca’ day.l -
occurred at 100 to 125 cm depth 20 wk after emexrgence. The time trend
analysis of @ for each sampled depth for the period 8 to 22 wk after
anergence showed significant negative trends to a depth of 75 - 100 cm
at §;, 125-150 cm at S, and 100 - 125 em at §4. On the H treatments
the treads were significant to s depth of 125 - 150 cm at Ny, 100 - 125
em at Ny, and 75 - 100 cm at N,. Cumulative evapotranspiration for the

whole season increased with S rate -~ 81 = 36 ¢m < Sz = 40 cm <

83 = 42 cm ~; there was no significant difference betwsen the K rates.
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1. IKTRODUCTION

Wager supply is the wmost important factor that influences the
veriation in wheat (Triticum aestivim 1..) ylelds in South Awstrslia
(Coranish 1950). Although the cultivars used commercially in
Australia are early maturing, water stored under fallow is ispertsst
in wost ssasons snd water shortage eftea occurs after anthesfs. In
erder to conserve water during the first half eof the growing season,

thcudtuntumlummfmmuﬁouh.l

of seed.
Although the soils of the whest belt tend to ba deficient im nitvegen,
the application of fertiliszer nitrogen temds to imcrease growth and
water use bafore aathesis, amd, in drier yesars, plaat water stress
may be severe later in ths season vith a resulting reductiom in graia

yisld (Barley aad Naidu 1964).

There is a growing fuand of information partaiming to the influence
of sesding rate and rate of uitrogen ou tha top growth and grain yield
of wheat cnpo. in South Australia. However no information has bean
published on the inflesacs of seading vate and rata of nitroges om
the growth snd develepment of the roet system of wheat crops iu the
field ia southern Australia.

The present study 1s designed to complement esrlier Adelaide
studles on the affects of seeding rate and rate of nitrogen om the
growth aad yield of wheat in the field., The fixst section of the
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thesis reviews the literature om the growth and development of

the wheat crop, the retention and movement of water in soils, water
aptake by plents, and the {afluence of seeding rate and rate of

. nitrogen on plant growth amd plant water relstiomships. The
expsrimental work axamines the growth and vater use of & vheat creop
(Y. asstivum L. cv. Haron) growa inm the field at varying seeding
rates and rates of aitrogen. [Emphasis has bean placed on the
grovth and development of the root system snd seasonal evapotrans-
piration. Measuremsnts have also been made te determine vhether
significsat amounts of water flov upward to the root zoue towerd
the end of the season, vhen the water comtent of the topsoil 1e
low, or if it {s necessary for the crop to root deeply im order to

utilize water stored in ths desper layers of ths swb-soil.
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2. LLITERATURE REVIEW

2.1. The growth of the wheat crop with emphasis oa

root ;tovth

The morphelogical development of cereal plants hss been
described by Percival (1921), Hector (1936) and Hayward (1948) .
More recently, the morphological and physiological develepment of
the temperate ceresls has bezen the subject of a symposium
(Milthorpe and Ivins 1966) and of reviews edited by Quisenberry
and Reitz (1967). Earlier investigations of the morphology and
distribution of cersal roots in the soil have been reviewed by
Weaver ot al. (1922), Weaver (1926), Kutschera (1960) and
Troughton (1962). Recent studies of the morphology snd physiology
of roots, and their relation to the growth of the plant as a whole,
have been discussed at a symposium (Vhittingtom 1969). Ouly those
aspects of plant growth and development that are relavant to the

present study will be discussed here.

2.1.1. Introductory comments oun top grovth

The above ground parts of careal plants show a well
defined sequence of development. After germination there is a

vegetative phase during whick tillers and leaves are initisted.
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Vegetative growth {s curtailed whez the apical meristems become
reproductive, and after this oo more leaves are initiasted. Ear
smergence occurs shortly after enlargement of the flag leaf and
subsequantly grain development beccames the dominant growth
process. Im wheat (Tritiouw spp.), small samounts of stored
carbohydrates ars traaslocated from the stems to the graia, but
most of the dry mstter in the graim is derived from pheto-
synthesis after ear emergance (Thorne and Watson 1955, Wateon

et al. 1958, 1963, Thorne 1965, 1966, WVelbank et al. 1966).

The vegetative phase has iasportant effects on grain yield

by deteraining the aumber of fertile tillers and the size of the
organs im which photosynthesis takes place after ear emsrgemce
(Bunting sand Drenncar 1966). A large photosynthetic area will
iacresase grain yield osly when there are effective 'sinks' for
storage of carbohydrate. The potential maximem number of graios,
which are the sinks, 1s determined during spikelet formation and
is controlled mainly by photoperiodism (Rawson 1970). Adverse
growisg conditions after spikelet formatiosm redwee the mumber of
ovules that develop and the final yield is determined by graim

setting aad by tha growth of the graine after amthesis.
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2.1.2. The growth and development of the whest

root azsteu

(1) The main worphological compoueats

Cereal plants produce fibrous root systems that counsimt
of two chief types of roots, the seninal roots that develoep frow
the embryo, and the nodal roots that develop adventitiously from

the basal uwodes of the atem.

(a) The semizal roots. The number of seminal root
primordis in the embryo is goverued by genetic factors (Pavlychenko
1937, 1942, Pope 1943, Derera ot al. 1969). Io wheat, the nuaber
that develop varies from thres to eight (Weaver 1926, Manner 1957),
and, within the genetic limitations, the number is related directly
to the carbohydrate and mineral reserves of the grain (¥cCall 1934,
Taylor asd HcCall 1936, Pope 1945). Cenerally five seminal roots
develop consisting of the radicle and two pairs of latersls (Robins
1931, Rayward 1948). Purther seminal reots can develop laterx
(Percival 1921, McCall 1934) but they are often less vigorous than

the sarlier roots (Pinthus and Eshel 1962).

Reduced development and survival of sexinsl roots oceur with

deep planting (Percival 1921, Taylor and ¥McCall 1936), germination
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on the soil surface (Pavlycheuke 1942), iatense competition fu
coumunities of one or more species (Pavlychezke 1937), low seil
water couteat (Weaver ot al. 1922, Paviychenko sad Harringten

1934), and low soil temperature (Taylor sad MeCall 1936).

(b) The nodal zoots. The nodal reots arise endogenocusly
im whorls st the basal modes of the stem (Hector 1936, Hayward 1948).
Esch tiller wsually preduces a uodal root systom and the nuwber
of maia nodal roots per plant is related positively teo ths mumber
of tillers (Weaver 1926, Menner 1937, Piathus 1969, Slack 1970).
In wheat, the main tiller usually producas two and the other
tillers one root at each of meveral nodes (McCall 1934). The
aumber of main nodal roots per tiller decreasas as the order of
tillering imcresses (Pintbus 1969). The wais tiller of vhest
(McCall 1934, Taylor snd McCall 1936) and barley (Hordews
dletiohum L.) (Backett 1968) sometimes produces ons to three sarly
nodsl roots which sre worphbologically similar to the saminal roots.
Iz barley, thess two typas of roote are easily distinguished by

the anatomy of the stele (Hackett 1968).

(11) Development of the root system

From germimatioan uatil the onset of tillering the

seminal roots grov downwards (Weaver et al. 1922). Krassoveky
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(1926) cites early opinion that the seminal roots graduslly cease
to fuanction ss the nedsl xoots develop, and that the seminal roots
sometinmes decay before the plauts mature, but Krassovsky's owa
investigations and other studies have shown that the seminal roots
may fumction throughout the life of the plant (Percival 1921,
Krassoveky 1926, MecCall 1934, Balazs 1954). Sometimas the seminal
roots are the only omes that survive in adverse conditions such as
{ntense plant competition and a dry topsoil (lecke and Clarke 1924,

Paviychenko and Harringtom 1933, Pavlychenko 1937).

The uain rodal roots begin to appear during the second oOF
third week after seedling emergence and their production is
correlated positively with tillering (Wesver 1926). 1In wheat, the
production of the main nodsl roots i» wost rapid during the period
from spike injtiation to eer smergeice (Piathus 1969, Black 1970)
but may continue at s slow rate to maturity (Piathus 1969). The
semdnal roots comtinue to elongate emd to branch as the nodal
roots are produced (Weaver ot al. 1922). Toward the end of tiller
ealargesent, the modal roots elomgate and brench iotemsively
(Paviychenko 1937); the semimal xoots continue growimg, but at
reduced rates, and mostly at the lower depthe (Derers ot al. 1969).
A9 the plast matuves, the growth rate of sll roets is reduced

considerably (Neaver o¢ al. 1922).



Pinthus and Eshel (1962) and Pinthus (1969) found sigaificsat
varietal diffarences in the productfon snd grewth of the main
nodal roots of wheat. Z. turgiduwm produced s larger aumber of
main nodal roots per tiller than T. aestivum, and late waturing
cultivars of both varieties produced larger numbers tham their
early maturing cultivars. At esar emergeace, the late cultivars
bad formed 90 per cent of their fical number of main nodal roots
but the early cultivars had formed oasly 60 per cent. Initiation
of main nodal roots was reduced during the perifod immediately
preceding ear emergence but was renswed thereafter. This
reneved growth, together with root infitiation by the young

tillers, continued to maturity.

The dry weight of the root system often increases to maximunm
values just before ear emergence and then declines to maturigy.
This has baen shown in sand cultures for wheat (Ballard ¢t al.
1936) aad corn (Turner 1922), in pots of soil for wheat
(Brenchley and Jackson 1921), and io the field for barley (Kamel
1959, Welbank and Williams 1963) and wheat (Harris 1914, Bobne
aud Grieffeaberg 1954, Schuurman 19359). 1a coatrast, in a field
expariment conducted by Stucker and Prey (1960), the root weight
of osts (dvena 2ativag L.), incressed to s maxinum at ear emergence

and thea rensined constant to.maturity.



There are relatively few data on changes in the total lemgth
of cereal root systems over the growing sessom. Pavlychenko and
Harringtoa (1934, 1935) and Pavlychenko (1937, 1942) neasured the
total root lemgth of wheat (7. assiivum L.), rys (Secale cereale
L.), snd wild oats (Avema fatuaz L.) at intervals during growth ia
the field in spring at Saskatchewan, Canada. Table 1 sbows the
mesn rates of root elongation for wheat., The data show the
importance of the seminal roots throughout the 80 day sesson, and

the rapid growth of the nodal roots during the latter half of the

9.

seaason.
Teble 1
The slongation rate of the wheat root system
at & stages of growth* (after Pavlychemko 1937)
Root elomgation per plamt (cm per day)
Days after

smergencs Seninal Nodel Total
1-35 35 0 35

5 - 22 340 20 360
22 - &0 960 as 985
40 - 80 520 120 640

* 400 plants per sq. m. at establishment in Tows 15 cm spart.
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The vector rate of root pemstrastionm, or downward extansion
of thas reoting frout, is often comfused with increase in the

length of individual roets. Rates of 1.3 em éuy-l

reported for
wheat during the first 70 days (Weaver et al. 1924), 5.1 c»

iny'l for corm (Zsa mays L.) durisg the peried 10 to 30 days
after planting (Limscott et al. 1962), sad 1.9 to 5.1 cn day!
for sorghum (Sovghien spp.) (Naksyass sad van Bavel 1963) refer to
rates of downward exteasion. Tailure to dietinguish between
dowoward extension and fmcrease in the total length of roots has
cansed confusion in the literature (Hurd 1964, 1968), aad may
have given the mistaken impressiom that the roots ceass to
elongats st asr emergence. It is now known that the length of

roots per plant of wheat cam continue to imcreane watil the plante

asture (Hurd 1964, Pinthus 1969).

2.1.3. Reot abuandance, rooting denaity and
root disttibutian in the field

(1) VMstbods of iavestigatioa

(a) Direct sethods. The tremch method is most
comnonly used te investigate the gress wmorpbology of root systems.
Vertical or horizentsl trench faces are prepared and the soil is

carefully removed to exposs the largsr roots. Many of the digher
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order laterals are loat, as it is seldom possibie to separate
them from the soil. This method was used by Weaver (1919, 1920,
1925, 1926) in extensive descriptive studies and has been
described by Weaver and Bruner (1927) and Weaver and Darland
(1949). A more complete picture of the root eystea may be
cbtained by excavating blocks of seil ("monoliths') and washing
away the soil to expose the roots (Pavlychenke 1937, Kmoch ¢¢ al.
1957, Fearenbacher e aql. 1969). Schourman and Coedewaagen
(1965) and Be;loa and Almaras (1969) give detailed descriptions
of the soil block tochniéne. The trench face and the soil block
methods are laborious amd require lerge samples; they provide
useful qualitative descriptions of the root systes rather than
quantitative, statistical data. Quantitative dats may be
obtained with careful work but the methods are so laborious that

replication is ususlly {madequate.

Soil cores or avger samples msy be taken for reot separation
to wemsure the rooting density amd the distribution of roots in
diffarent soil horizoms or at spscific depths and distances from
isolated plants (Fehrembacher and Alexsnder 1935, Sloodwerth
et al. 1958, ¥Kmoch 1961, Linscott et al. 1962, Welbank and Williams
1968). With adequate replication relisble quamtitative data can
be obtained. Methods for the separstien of roots from soil by

washing have been given by FPehrembscher and Alexander (1955),
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Willisms and Beker (1957) sand Mckell ot al. (1961). Barley
(1953) separated roots by elutristion after the soil bhad baen
frageented snd them dispersed in & aigh~speed disperser. After
separation, the total length of the rost in sach sample can then
be obtained by imtercept coumnting (Newmea 1966, Kvans 1970,
Reicosky et al. 1970). Torsell et al. (1968) have cosbined

root separation from soil cores and intercept counting to obtain
quantitative data of chauges in the rooting density (root lemgth
per uait velume of soil) ﬁv asd in the reot abundance (root leamgth
per unit ground ares) 3@! with time snd depth during the growth of
s crop in the field. The techniques of Barley (1955) aed lewman
(1966) havas been aéapt;d to measure Yoot lemgth in the preseat

study aud are described in Section 3.3.2.

REooting density can aslso be described by counting the number
of rects that intersect a plane of knowa area (riczpatrick and
Rose 1936, Barley and Sedgley 1961, Malhuish snd Lang 1968). 1f
the roots are distributed randomly, the nusber that intercept
thres mutually perpendicular planes csz be related to R, (Melhuish
and Lang 1968). If it 1is assumed that the segments of roots cana
be repressated by random straight limes, the mesn length of the

secants iatersecting wait cube 1s 3/3 (Kemdall and Morsm 1963).
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Rv (cl-z) is then given by

where ;'(cn.z) is the arithmetic mean number of rToot axas
intercepted per unit area for the three planes (Barley 1970).
For anon-raadom yoot distribution, as im the early seedling stage
or in enisotropic soils vhere the roots have preferred angular
directions, Rv can be found from the anisotropy and the sum

m, +m, + my for the three planes (Lang and Melhuish 1970) .

(b) Indirect methods. Tracer methods used in uptake

studies provide iandirect data on root distribution. The methods
cousist of locating a chemical or radicactive tracer in the soil
and detecting it in the foliage. In a pioneer study, Sayre and
Morris (1940) used lithium chloride to measure the extent of corn
root systems, More recently, Hall et al. (1953) demonstrated

the utility of 32P in root system investigations, and subsaquently,
radicactive isotopes, in particular 32?, have been used extensively
in sttempts to assess the distribution and the activity of roots

{n different parts of the soil profile (Murdoch and Englebert

1958, Nye and Foster 1960, 1961, McClure and Harvey 1962, Nakayama

and van Bavel 1963, Cooper and Ferguson 1964).



Whea using the tracer usthod, the rooting volume is divided
iato a sumber of imaginary compartmsents the sizes of which are
determined by the degree of resolution desired and by previoss
knowledge or preliminary exploxatioen of the soil properties and
the gross roeting charactaristics of the plemt. The usual
proceedure is to make a series of injections into each compsrt-
asnt at standard depths and distances from the base of randomly
chosen plante (Bye and Yoster 1961). V¥hen the roots are well
distributed, a more econemic alternative is to place the tracar
at randomly chosen lecations for each depth and then sawple
plants at varioms specified lateral distances from the point of
application. In exder to avoid imterferemce, the points of
application must be separated by more than twvice the lateral

spread of the roets.

Depending on the material used, the tracer may ba placed in
the soil at the beginning of the growing sessom (Nys and Foster
1960, 1961, Rakayams and van Bavel 19631) or several days bafore
sampling the tops (Bray et al. 1969, lLavy snd Rastin 1969).
Requirements are that tha traeer zesains at the location whers
placed for the duration of the study, be readily abseorded and
translocated to the tops, and easily ideatified is the plant

aatexial.

14.
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The availability of the isotope for plant uptake varies vith
the chemical azd physical properties of the seoil aad the size of
the iabile pool must be messured aad taken imto accousat (Bye and
Foster 1960). Plsnt uptake may also be iafluenced by soil
disturbance during spplication and by radicective damags to the
roets (Nye snd Foster 1960, Pemner 1954). Isetops sptake data
tend to be excessively variable (Burton et al. 1954, Ceoper and
Ferguson 1964), end the guantitacive distribution of root activity

has seldom baen obtained in the field by tracer methods.

An alternative to soil injection is to label the plant tep
with a suitsble radioisotope and, after aquilibration throughout
the plant (two te five days), soil samples from the rooting seone
are assayed without the roots being separated (Racs ot al. 1964,
Russell sod Ellis 1968, Subbiah ot al. 1968).  Althowgh the roet
tips usually contain higher levels of vadioactivity than other
sactions of the reot, compariscns of the radfeactivicy in different
soil sones asd Yoot weights obtained directly by voot separation

aﬁnh was used (Ellis and Barmes

have shown good agreement vhen
1968).  Variable results have been obtained vith *-P (Racs et al.
1964). The roots of individusl plants growiag in & community can
be identified by labelling the tops of selscted plants followed by
autoradiography of either the labelled roots ia separates (Nielsom

1964) or the labelled root intercapts oz soil sectioms.
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As uoted ia Section 2.1.2., esch species snd cultivar

of ceresl shows distinctive rooting charscteristics. The data ia

Table 2 illustrate the variatieus that may occur between the roetisg

densities of cersal spacies in one saviremmest.

Tadle 2

Rooting demsity (X,) for mature crops
in the fleld® (after Pavlychemko 1937)

B, (ea™))
Species Celtivar
Seninal TSodal Tetal
Barley Haunncher 460 170 630
Rye Prolific spring 370 160 530
Whast Marquis 3% 80 410
Wild Oats 250 370 620

% 400 plasts per sq. m. at establishaent in rows 15 ecm apart.

Reperted root weighte of different cereals are shown ias
Table 3. The differences in the root weight found by differaast

asthors for the ssms species may be attributed te varistal
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differences, variations in experinental conditions aad techaiques,
sad also in the leagth of the growing season; in genersl winter-
sown cereals produce s larger weight of roots than spriang-sown

cereals (Gericke 1946, Gosdewasgau and Schuurmsa 1930, 1951).

Table 3

The root weight of tewperate cereals at maturity

Dry waight (kg per ha)

Author
Barxley Oate Rye Wheat

Gericke (1946) 1170 2190 1930 197¢

Goedewaagen end
Schuurman 2100 2800 3100 2600
(1950, 1951)

Kmoch et al. (1957) - - - 1920
Haidu (1959) - - - 1350
Welbank end

Willisms (1968) 650 - < &
HeNeill and

Frey (1969) N 3040 - -

Variations in rooting density and root distributiocn have besn

chsarved between cultivars of wheat (Janssen 1929, Wabb and Stephens
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1936, Worsells 1932, Hurd 1964, 1968), barley (Hess 1949, Lee 1960,
Eackett 1968), cats (Derick and Bamiltom 1941) and corm
(Kiesselbach and Weibnig 1935). [Exteasive descriptive studles
(Veaver et al. 1922, WVeaver 1926, Kutschexra 1960) have showa that
gross genotypic variations in rooting tead to be preserved in
contrasting euvironments. HNevertheless, the depth aad lateral
spresd of roots are greatly modified by seil conditiems, plant
density, and mineral sutritios (Ruseel 1961, Black 1968, Schwurman

1965).

A dessely comselidated or chemically adverse state of sub-
soils restricts roots to the topseil (Bremchley and Jacksom 1921,
Viersma 1959, Schuurman 1965). IR near saturated soils
Coedevaagen and Schuurman (1956) found that lowering the water-
table promoted deeper reoting. Ia semi-arid areas Weaver and
Crist (1922) amd Kmoch ot al. (1957) bave cbserved a direct

relation of the wetting fromt and the reoting depth of cereals.

Haximum reoting deptus of 230 cm for rye, 210 cm for wheat,
200 cm for barley amd 150 em for cats undar field conditions have
been reported by Weaver (1926). Kmoech (1961) reported 160 cm for
both wheat and rys. Under favoursble conditions wheat roots have
been obsexved at 290 cm {(West 1934) and even at 400 cm depth
(kmoch et al. 19537).
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The lateral spread of roots has beem found to vary from
15 to 30 cm on all sides of the plants in ocats and barley,
15 to 25 cm in whaat, and 12 to 14 cm ia rye when grown at
crop densities (Weaver 1926). Linscott et al. (1962) found
that rectilinear planting produced sa cbleag rooting pattera
1a corn with roots spresding 50 cm betwesn the rows and 20 to
25 cm within the row. When the depth of rooting is rastricted,
latersl spread may be increased (Wesver and Crist 1922, Elliot

1924).

Vhen messured by weight, the larger part of cereal root
systema is found im the top 30 em of the soil profile and root
dry waight per unit volume of soil Uv decreases rapidly with
increasing depth (Emech et al. 1957, Poth 1962, Welbank and
Willisms 1968, McNeill and Frey 1969). Bloodworth st al.
(1958) messured the vertical distribution of cat roots in the

field. Their data are shown ia Table 4.
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Table 4

The dry weight of roots per ce of soil under oats®

12 wk after emergence (after Bloedworth et al. 1938)

Dapth Wy
(cm) (ng per cc)
g -7 0.95
7 =15 0.26
15 - 22 0,08
22 - 30 0.09
30 - 45 Dot
45 = 60 0.G5
60 - 90 0,03
90 = 120 0.03
120 - 150 £.01

cv, Vietor=Crain,

The number of root intercepts per unit plassr area is slso
highest 1in the topwoil. PYitspatrick and Rose (1936) found 0.5
visible wheat roets per sq. cm of horizontal section in the top
75 em of the seil profile; the numbsr fell to 0.3 at 90 cm, 0.6
st 120 cm, and 0.02 at 135 cm, the saximum depth at vhich roots

wora visible.
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The date in Table 5 show that in comtrast to reot weight, the
specific length (leagth per umit weight of dry root materisl, cm
per g) is higher for roots at deeper depths. The greater specific
length suggests that they msy be more importamt in uptake than
their weights {adicate. Burton et al. (1954) reported s lack of
correlation betveen root weight distribution and the uptake of N,

P, and K from different soil depths.

Table 5

Specific langth of wheat” roots at different depthe

(after Derers et al. 1969)

Dapth Specific length
(em) (cm per g)
G~ 15 420

15 - 30 510

3 - 60 590

60 - 90 700

90 - 120 630

* 7. asstivum (L.) Thell. cv, Mengavi, Single

plants {n cylinders of soil 6.5 cm in diemater,
122 cm deep snd housed in field growth cabimets.
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2.2, The uptake of water by cereal crops

2.2.1. Soll wataer

This section deals with the facters that especislly
affect the storage, flew, and availability of soil water, its

uptake by crops, and the effects of water deficits on crop growth.

(1) Storage sud retestios

Most of the water absorbed by plast roots has been
stored in the seil for some time, aither withim or bayond the
rooting xose, befere it moves to the veots. VWater is retained ia
the pore space by liquid-air interface forces imvolviag the surface
tension of water (capillarity) amd by liquid-solid iaterface foress
which result from the naturs of, and charge on, the psrticles that
fors the solid matrix. The mechanisms of water retentiea have
been discussesd in detail by Baver (1956), Childs (1957), Marshall
(1959), sud Day et al. (1967).

(11) Esergy potential

Bacause of the effacts mentioned sbove, water is

unsaturated soil 1s not 'fres' im the thersesdynamic sense, and the
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chemical potential, ¥, of water in the soil is less thas that of

pure water in bulk (2dlefsen and Andersonm 1943, Chailds 1957).

The total potesmtial, ¢, is defined as the amcunt of werk
that must be done per unit quantity of pure water in order to
transport reversibly and {sotbermally an infinitesimal quantity
of water from a pool of pure water at specified (datum) elsvation
and at specified (datum) pressure to the soil water at the point

under consideration (Iateruatiomsl Society of Soil Science 1963).

The total potential # » ¥ + !z + ’P’ wvherse ¥ is the chemical
potential, 'Iz is the gravitstiomal potential dse to slevatios, aad

Y. is ths poteatial dus to the pressure fsposed externslly ea the

P
soil vater.

Por our purposes ve define the cheaical potentisl ¥ by
L 2 'l. + ‘l" wvhere 'm is the matric potesatial and 7' is the osmotie
potential. The matric potential 'a - ‘l'o + !‘ + ¥, vhers ¥ o is
the capillery poteatial sssociated with the curved meniscus at the
sir-water interface and is given by !’ = -8/t in which ¢ is the
surface temsion of the water snd v is the radius of the capillary
(soil pore). The compenent ,a 19 the adsorption poteatisl due to
adsorptive forces acting on the firet few molecular lsyers adjaceat

to the particle serfaces. The composent ¥, 1s due to the attractiom
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between water molecules and ions in the alectrical double layer
at the charged surfaces of the clay particles. In relatively dry

soll ¥ <« ¥ + ¥,
a a w

Because work has to be done to move water agalanst gravitation-

al forces, VZ increasas vith height sbove the datua.

The pressure poteantial YP = ( + P where ¢ is the potential due
to the external gas pressure and I is the potential due to the
pressure the overburden or overlying soil exerts on the soil water.
P 1s related to the weight per unit area of overburden 3 through a
pore pressure coefficlent a which takes account of the fact that
the overburden is supported partly by the solid matrix of the moil
through iatergranular contact and partly by the pore wvater. B
changes with depth . 1If 5 = O at the soil surface and is positive

downwards, the value of B at depth 2 {cw) 1is given by

t ]
5w [ (o, +00g ds (dyne cu?) W
Q

where p;, is the profile bulk density (g per cc), p is the density of
water (uoity in c.g.s. units), 0 is the volumetric water content of the
soll, and g is the acceleration due to gravity (cm sec’z). Change

ia 'P affects & since work will have to be done in transferring
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water from a Tegion at ome pressure to & reglom at amy other
pressurs. This ters is positive 1f the pressure on the water is

greater tham the atmospheric datusm, and negative if less.

The relatiouship between ¢ and § is termed the soil water
characteristic and is obtained experimentslly by measuriag ¢
pravailing in az exterasl body of water in equilibrium with the
soil water at specified values of 8. As § decresses below
sateratiea, ¢ decreases rapidly (Moore 1939). The ¢, ¢ functien
depends on ths pore sise distribution, and any changs in pore sise
distrivution due to swallimg or shrinking, cempaction, or other
change of soil structurs alters the function. Also, ths functiom
is not uaique but depends om whether the soil is being drained or
wetted. The degree of hysteresis is greatest in coarse textured
soils at high 0 (Haines 1930, Cary 1967). FPloe textured soils,
particularly £{f they coatais expanding lattice clays, retaia more

water than coarse textured soils at a given ¢.

(114) Flow through the sail

The main processss of water flow through soils are
viscous flow in the liquid phase, which is dominant in woist soile,
and molacular flov im the gaseous phase, which becomes inereasingly

important as the moil dries. 1Im general, both processes coutribute
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to flow, but soil water flaw to plaant roots occurs largely in the

1iquid phase (Slatyer 1967).

Water teads to flow in the directiom of decrsasing ¢, and in
a closed system & will be unifors st equilibriua. Different
componsants of ¢ operate in diffarent flow part:?b. In the scil !'"
does not affect liquid flow, as dissolved salts tend to move with
vater, but it affects liquid flow across the osmotic mexbranes in
the root and mesophyll cells where gradients of !' often occur.

Y‘ does not affect flow through the xyles.

¥hen dealing with water flow, it is conveaient to express ¢
as emergy per uait weight of water; this quaatity has the dimen-
sion of langth sad is rvelated to the enginesrs’' concept of
'hydraulic head'. TFor sach component of potantial we may ia
principle define an analogows component k of the total head §.
However, as the sogineer is essentially cencarned with liquid flow

{n non~osmotic systema, ¥ is usually definad by

B & h’. + h. + .‘JF (cm) (2)

Yor 1iquid flov in ens dimension, it is knowa empirically
from Darcy's classical work ia 1836 that im satursted, uniform

porous beds, the voiume of water, ¥, that flows across unit crosse~
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section of the woil in time ¢ im the +x direction is proporticnal

to the gradient of the hydrsulic head, that is

¥ = - X AR/MAx {3)

where X, the water-transfer coefficient, characteristic of the

particuler porcus bed is known as the hydraulic coaductivity.

Kichards (1931) and Childs snd Collis-George (1948, 19350)
have shown that liquid flow through unssturated porcus medis is
also proportienal to the hydraulic gradient. Im uasaturated madis
however, the tramsfer coefficient is mot & coustant but is a

function of ¢ and is desigmated the capillary coaductivity, ke

The value of k decresses vapidly as @ decreases below
ssturation (Moore 1938). The comtributiom te flow per unit cross-
sectional area of pors is proportional to the square of ths pore

radivs as showa by the Poiseuille equation

¢ = ~(wv?/8a)dE/dx (4)

2 is the flow rate per unit cross sectiomal ares of pors, t is the
radius of the pore and n is the viscosity of the water. As ¢
decreases, the larger pores are emptied firet, the totsl cross-

ssctional sres of pores threugh which water csn flow for a gives
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¥ decreasss rapidly, amd flow occurs through more tortuous
chanwels. The k,9 function varies with the total ligquid filled
poresity and pore sise distribution, and, in the case of swelling

soile, with the swelling bebaviour of the clay.

The coatisuity guadttlcu equates the cha?ge in 0 with time,
t, st a givea position, to the difference between i{nflow and ocutflow
at that position. For one dimensicnal liquid flew in the +x
direction, with h’ - kP = (0, modifying the Darcy equation and

combining 1t with the contisuity condition gives

/it = ¥ (k dhn/aa) (5)

/3t = ¥z (D 38/%z) (6)

where D & k th/db may be termed the soil water diffusivity
(Xlute 1952). Kote that k, and dhmld‘. and hence [ sre functions

of ¥.

In spplying Eq. (6) the wetting snd drying processes kave to
be considered independently becsuse monotonic relations botween
km and 0, and between k and ¢ are implied. The diffusivity

decresses with decreasing @ but less rapidly than does k. |Dlost
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published date of k vary from 10 to 1 x 107> ca/dey sud of D from

8 cnzlday. The data are often odtained from experiments

1tel x 10
with di{sturbed soil and can be different from the values cbtained

from undisturbed samples of the same soil.

(1v) The ceil:glnnz-lggggggct. continuun

Transfer of water in the plant is predominantly in the
1iquid phass, either acroes permesble mesbranss or as viscous flow
in conducting vessels snd channels. The transfer from the sites
of evaporation ian the sub-stomstal cavities to the atoosphere is
chiefly by molecular diffusion of vapour. Because watsr csn
move freely across the soil-plant, soil-atwesphere, and plant~
atmosphere interfaces, it is necessary to consider the water
traasfer system im soil, plaat, and atuosphere as a contiawus,
van den Honert (1948) amd Cowam (1963) suggest that the water path-
ways be represented ss a number of resistances in series, though
this is au oversimplificatiem as flow occurs in series, in
parallel, and in series~parallsl combinatienms, and storags terms
are also nesded. The soil-plant-stmosphere continuum, aod the
paths along which the total bydraulic head A, and the osmotic

potential !' affect flow can be represeated diagramatically as:



SOIL PLANY ATMOSPHERR
Boot Vessels Leaf
(epidern,
eortex, (nylem) | (messophyll)
endodera)|
Y Yy
A 7 i o~
7 =7 > ~ 2
i, B Bog B L2
{bulk (root {otart (end of (aiv/water
sofl) serface) of zylem) weniscii im
xylem) eell walls of
wasephyll)

Mthmﬁmnmmﬂonmmm{ml”-lu,
and, 1f the radisl conductivity of tha roet is hm,‘rﬂ s l” -~ l’.
Simtlarly, if the condwctivity of the mesophyll is high,

.n L 'u L 'no
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2.2.2. Soil-plant water relatiomships

1) & sud facters

influencing evapotranspiration ~ the

heat balance equation

Water wsa by crops ie primarily saa energy-controlled
procese modified by seil, plant and atmospheric fecters. VPor a
given woil and crop, the evapotramspiration rate is deternined
ehiefly by the supply of radiant esergy aad tha availability of
water to the plant and at the soil surface (Tsmuer ot al. 1960).

Por vertical hest flux, the heat balance equstion may be

written as

rzé -rz[(i+é§¢é¢ﬂ)+.§ ), tg -t » 0 (D)
™ 4 R ’
vhere { ia the met radiation intensity st camopy height s°, £ is the
lateat haat flux, d,umuuof sensible heat, the smsxgy that heasts
the air, ¢ is the flux of heat imto the crop, N is the rate at which
Wuwummticmm.msjhthSMdhn
iate the soil (Pemman 1948, Peters 1960, Tanmer et al. 1960). In Eq.
(1 B, §,, &, and i represent rates integrated ever the height of the
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canopy and 5 1is the flux of heat scross the scil at x = 0. For
infinitely large areas of denss, uniferm crops, wvell supplied with
water, in emergy terms, X = 75-83% of daily (i Q& e $5~-10%;

5+ C= 5101 and N about 5%. The errzors of seasurement are
usually as large as 5-10I (Lemon 1963), and ¥ is oftea ignored ia
heat-budget studies, but ¥ can be as high as 122 of Q for short

intervals of time (Loomis and Williams 1963).

The proportion of { that is used for £ 1is iafluenced by the
length of time that the crop remains green and the extemt of sotil
cover that it provides. The initisl rate of evaporation ﬁ.,frou a
wet bars soil will be high but the rate is reduced as the soil dries.
On the other haad, transpiratioca é& {acreases as the plaants produce
larger leaf surfaces (Harreld et al. 1959), at least until the
stomata start to elose. Dense crops use & lerger proportiom of @
for B’ than sparse crops, and Z can be maintained at high velues
for axtended periods when the plant csucpy ie complete, provided
water is svailable i{n the lower soil horizens (Tanmer and Lemon

1962, Bowers ¢t al. 1963).

Varistions in the rate of water uptake at different phsses of
plant growth are deatermiued mainly by the potentisl evaporatios
Tate éb. the availability of water for uptake, the extent of plant

cover, sad by the resistance to water flew in the plant as governed
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by turgidity and leaf senescence. The valus of ¥ for whest sed
barley (Erie et al. 19635), growa im climates with a relatively
cool vegatative grewiang sessom snd clear warm ripeuing parisd,
imcreases 1n 2 sigwoid seuner, attaining maximum rates wvhen I and
¢ sre high, and vhila the crop is still tergid. X, decreases
whenever turgidity decreasas sufficisatly to closs the stomats,

and as the leaves ssussce.

(11) The water balames equetisn

Ths watser balamce squation for the root zons cam bs

written a8

aro/;- I - (E+3+ D "

0
whare £ is tha dapth of the root sems, ¥ is wow the evapetrsaspiratien,
I is ratufall, Uz(+ve downwards) is flow scross the lower bowndsry of
the reot semns aud Y 1s met ramoff from the soil surface. Storage ia
the plant is ssswmed to be negligible compared with the othsr tarus
over imtervals of the order of weeks.

; 2
mm»mtmuymumhmmuthnj ¢ = -t’

0
nlymz-rt.4v¢1)ae. Altheugh the influence of the other



terms i evident, it {5 somatimes fexgotten that flow of water
across the lower bowmdary of the root sons often sccurs in response
te gradients in ¥ (Ross ot al. 1965, van Bavel ot al. 1968d), and,
sericus errers may be made 4f such trsasfers are neglected whem
estimating water wptake by crops (Rebims et al. 1954, Wilcox 1960,
Zobdins and Haiss 1961). [Evem though & for a certsin layer of
soil msy remsia coustaut, this doss mot ia itself indicate the
sbsence of water traasfer threugh that layer.

After determining the net flow across the boundaries of
successive layers of soil, sad finding the change in ¢ 1a each
layer, the water balance equastisn can be used to fiand the water
uptake by veots from esch layer (Rose and Sterm 1967, van Bavel
ot ql. 1968b). The ianstantansocus water dalamce equation is thea

aspressad as

>/ -4
i-(i’.o#z+z'l-fidnnjids ()]

Q <]
whers i’ is the rate of evaporation from the soil surfacs (trame-
piracion excluied), ﬁfz 1s the vertical flux (+ve dowawards) across

the lower boundary of the roet zone at dapth 3 = I (+ve downwards)
and i,"* 1s the vate of water withérawsl by the roots.
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Considering the terms in Eq. (9), I is ueasured readily by
standard methods, aad Hudsom (1957) has described structures and
techaiques for measuring Y. TPor bare soil, i‘. can be determined
from water content profiles (Rose snd Krishass 1967). The flux
é's,t can de found from the Darcy equation, givem fk,ﬂ).‘t and,
provided the direction of flow is upwards é' -|ltm 7] . The
capillary conductivity X can be measured by cutflov methods to be
described later, and E csa be derived from the soil water chazacter—
istic for measured values of ¢ and the overburden pressurs (Rose
ot al. 1965). Given values of the other verisbles and parameters,
Eq. (9) can be selved to find ) the rats of water uptake by the

roots (Rose and Stexm 1967).

(111) Ylow of water to a single root

A uodel has been proposed by Cardwmer (1960) to descride
the dynemice of vater flow te & single root. This model treats
the root as as infinitely long cylinder of uniform radius and vater
absorbing properties so that soll water moves only iz a radial
direction towards the vroot. 1f water is sbsorbed by a cylinder of
radius a, equivalent tc the root, at a constant rate q per unit
length from sz initially uniform infinite body of soil, then,
provided there is little depletioa of watar in the bulk of the

soil
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B - H, = &8 = -(q/¢vk)In (b¥/a?) (10)

vhere b is the radisl distsnce from which water is aoving toward

the root, q‘ and Eb repressat the hydraulic head of water at root

surface and in the bulk seoil.

Ia relatively weat soil, h' > = 1,000 em, /AH/ near tha root
1s likely to be small even if ¢ is large. As the wilting peint

is approached and k decresses to values of the order of 107> e

day.l values of /AN/ of the order of 10,000 em of water are

b gay~!. Gardaer (1960, 1964,

1 gay”! but this ts

required for uptake of G.0l =l e
1968) considers cases for uptake of 0.1 ml o
snomalously high, being 10 times the maximum that cam ba axpected.
Cardner based his values of Rv on the data of Ogata et al. (1960),
but their recovery of roots was incomplete and hence their values

of B’ (0.33 to 0.45) wers far teo low.

(iv) Flow of water to a set of roots

Whes dealing with root iyitc-s (sets of roots) s steady
xate of water uptake by the roots froem & givea velune element of

soil may be representad cenceptually by tha equaties

Av/bt = - (B - x’),(ar + n’) (11)
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where v is the water uptake by the roots per unit volume of the
element ~ by ‘uptake' is meant the transfer of vater out of the
element by the root axes crossing the boundariaes of the element -,
wvhere Erl - l’a - Er 1s the hydrsulic head of water in the reot
(see p. 30) and 1is assumed to be uniform throughout the element,
E. is the hydraulic head of water im the bulk of the soil within
the slement, A’ is the resistange to water flow into aad im the

set of plamt roots within the element, and A. is the resistancs to

flow within the soil pores.

For root systems of 3 momths old birdsfoot trefeil (Lotus
ocornieulatus L.) grown in contaimers of fime sand, fise sandy loam,
and clay, Gardner and Ehlig (1962a) concluded that h. was relatively
suall ia relation to Ar vhes the soil wes wolst, kn + - 100 em,
but A. became predomimant im dry seils, km < - 1,000 cm. Cardaer
{1960, 1964) postulated that the Tesistance A' ies related inversely

to k, and to Rv’ and poting that, as, except im wet soils A. > Ar’

bypar * A. ] l/l"kif’ (12)

where F is a matchiag factor for a given elament of soil. Equa-
tion (12) assumes that any resistance at the bowndary between the
soil and root is sither negligible or varies with I/k. Cowan

(1965) and Cowsn and Milthorpe (1968) take account of root length



B~ (1/8+8) ((1a1/s a R,) - 3}

Bewsan (1969 s, b) questions the conclusicns of Cardmer aﬁ
Ihlig (1962 a, b), Cazdner (1960, 1964), and Cowan (1965) en the
relative values of A  and A, st stated valuss of A . e considexe
the valua of q = 0.1 ea™2 day  used in Gardser's (1960) model to
be teo high, and he points out that the mecimm R (0.3 o 2)
considerad by Cowan (1963) is too low. Vewman comcluded that,
ﬁmﬂahﬂh!,;ntonouummhmmnmn
3,;5@:':. l‘dnhmmuumlyuumnut
wptake !mmmmwmni.anmurwmm
(Gardusr 1960) watil ths soil weter comtemt approaches the

permament wilting percestags.

1muumm«fthwum-nh is that &t
say given moment, l, 1s sppreximatsly waiform threughout the root
mumm-hmmmuwmmmm
ot al. 1942, Browwer 1954). Newssn's sanlysis implies cthat A,
gensrally prevides ths major resistance teo water wptake. Nowever,
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while this may apply iam the wpper soil herizoas wvhere Ea is high,

A' may be relatively large in subsoils where B” is low. 1f there

is little resistance within the root or im the seil why do plantse
lose turgor when the soil still contains ‘svailable' water?! If

one wera to accept Cardner’s contention that A’ is small gnd Newman's
conteation that A. is uqall. it would be difficult to explaia why

plasts lose turgor progressively before they wilt.

(v) VFlow of water through the root zome

Deseriptive studies have shown that water uptake from
different parts of the root zone is correlated positively with
rooting density (Weaver 1926, Limscott et al. 1962). Root distri-
bution is ususlly non~uniform, decressing expomeatially down the
profile. Duriag early grewth, water is used more rapidly from
the upper soil borfizoms, but, as growth procesds and a larger root
system is produced, roots enter fresh soil lsyers and water is
absorbed at progressively lover depths and greater latersl distances
from the base of the plant (Russell et al. 1940, Tsylor ead
Haddock 1956, Liascott st al. 1962, Bauer et al. 1965). With the
downward growth of the roots, and as the upper soil herizcas dry,

the zone of maximum water uptake often moves downwards.



Cardaer (1964) dascribed flow threugh reot system prefiles,
ndrohtdthnndmcrw'n-ttwluo!nﬂu
a",. v«ualflua!mtwmwnmmmd
to be negligible. From Eqs. (13) and (12) fer the {th lsyer ia

a sat of layers or slabde

(A.v‘/n) {'1'.41 - s‘) - ~rf:“1 - :‘J a, - H.i)k‘!!,‘ (13)

u‘hmimhu:umuthuhwu. The total rats of
umqmmmtmotwmm.tnthoMnmt

sone 1o thes

;:t(Av,/At)(-“l - x)] = aE/at (14)
l’hmuhuﬂmm\n‘tmmmmﬂw
um’muuwhhmmﬁ 1f the initisl ¢ of
mmtum,mnmmntmhumna
m#mhmdtinximthnlmdthurtﬁluum
than § in Bq. (13) and Bq. (14). The solutions of Eq. (9) sad
lq.(lb)-hullyhllmmﬂ.m:nulummw
munmuumgnhmmmmummdm
published comparisen. Kquation (9) requires mssswremsats of seil
prepartiss caly snd is less arbitrary. Beth equations apply
m.euyaxyeom«nk)mmoho(u-mmam
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change in § and hence h_ and k at each depth is small. This
presents a difficulty when wsing Eq. (9) as 0,' ¢+ has to be

?
measured precisely and precisiou is hard to aciieve, particularly

in the field.

The partition of water flow betvesn the soil and roots
depends on the relative resistance to flow in the two pathways.
gtudies of birdsfoot trefoil im conteiners of so0il have showa that
at high 0 and low R”, flow through the soil 1s relatively large
but at lowv § and high Rv. flow through the soil is relatively snall

(Gaxdner and Ehlig 1962a).

Yor grass sods on haavy clay, Wind (1955 a, b) and Visser
(1964, 1965) foend that the proportioa of flow that tock place
through the roots decreased with increasing depth, and that upward
flow of water from below 10 to 20 cm took place mainly through the
s0il slthough roots wers present ia depth. Im Visser's sxperiment,
the decreass im flow through the roots followed a geometrical

progression with lscreasing depth.

Yarious plaat factors cemtribute teo raduce the flow of vater
through the desper roots of most specias: both 8’ and the mesn
radius of the roots decresse with imcressing depth, ths conductivity

of the xylem is proportional to the fourth pover of the radii of
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the vesssls, and, within & particular rost system the mnean radius
of the vessels corrslate positively with the externsl radius of
the roots. Wind (1955b) eatimated that in peremnial ryegrasse,
flow through the deeper roets vas restricted by the lov nusber of

r00ts.

In the upper soil horizouns, there is less resistance to flow
through roots becsuse of the higher B; snd wider xylea vessels.
On the other hand, a propertion of the incoming radiation reaches
the seil surface causing avaporation directly from the soil, and
reducing the amount of weter that is available in the topsoil for

plant uptaka.

2.2.3. The influence of water deficits oa crop

gEouwth, garticularlz oot growth, and on

water uptake

(1)  Top growth

Water daficits affect cereal yield with varylag
intensity according to the stage of growth. Plant water stress
during the period of rapid leaf enlargement decreases the uvumber of
fertile tillers (Slavik 1965); during the period of spikelet

formstion it decreases their aumber ia the spike (Assna and Saini
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1958, Assna et al. 1958), during anthesis it decreases tha sumber

of grains (van der Paauw 1949, Brouwer 1939, Martim 1960), end

during grais f1lling, the weight per grais (Asana 1962, Day and
Intalap 1970). 1uv glasshouse experiments, Lehane and Staple

(1962) sad Campbell (1968) found that the graia yield of whaat
subjected to water stress during early growth was reduced far less
thas that of plamts subjected to stress durimg late growth, Similer
results have bees obtaimed for vheat im the field (Brown end

Canpbell 1966).

(11) 2eet growth

Water availability influences the total leagth of
roots, the erieatation of the maia roots, and hence the lateral
extent and depth of rooting. Reot growth is often affected
adversely by low b'. both because of diract effects of water short-
age, snd because of indirect effects of the high seil straagth

sssociated with low h. in compact soils (Barley 1968).

In laboratory sad greenhouse studies, the rate of radicle
elongation in corn seedlings (Giagrich and Russell 1956), the
length of the seminal roots of whest ssadlings (Salim st al. 1965,

Ferguson and Bostwright 1968) asnd the reet dry waight per unit
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volume of soil, H;, of mature vheat plaats (Campbell and Read 1968)

decreassd together with h'.

In different soils, the sane hu mnsy be associated with
differsat levels of water svailability smé ratez of flow to the
zoot. Ian controlled enviromments Feters (1957) found that cera
seedlings had higher ratss of semimal root elengation whez grown
in seils with higher, than in soils with lower & snd k, evea though
the iaitial h, was the same in all soils. However, different
results wmay be obtained whea older, branched roots ars considared
as root development {s influenced by water supply. Jean and
Weaver (1924) observed that the wheat and barley growva under dry
coaditions produced a larger number of branches per uait length of
subtending Toot than plants grown under wet conditions. This say
have been due partly to better soil asration sud incressed N
mineralization im the drier soil. In regions with low rsinfall,
the depth of rooting is usually limited by the depth to which the
soil is vetted by rain (Cannon 1911, Weaver 1920, Weaver and Crist
1922, kmoch ot al. 1957). Veaver (1926) snd Salim et al. (1963)
noted that when the soil was wetted to shallow depthe only, the
latersl spread snd branching of roots im the topsoil were iocreased.
Maximov and Kruzilfa (1936) found that freqeuent irrigation of

vheat caused most of the roots (U;) to ba restricted to ths top
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40 cm of the soil but without irrigation high values of ﬂb were
measured at 40 to 60 cm depth. The restricted reotisg at depth
on the irrigated plots may have been caused by sxcessively wet

subsoile.

Is some studies wheat roots failed te elougste through soils
with km <€ - 15,000 em of water (Robertson et al. 1934, Ferguson
and Boatwright 1968). On the other haud, corn roots (Hunter and
Kelly 1946), and wheat, osts and barley roots (Emoch et al. 1957,
Salis ot al. 1965) are known to be able to elomgate slowly ia
soils with hﬂ € = 15,000 cm of water, whem there is water available

in other parts of the rooting zone.

(114) Water uptake

Within the lisit imposed by the potential evaporation
Yate éa’ the rate of water uptake by plante is determimed by the
interplay of factors that affect watar supply to the root surface

and those which affect stomatal closure.

Models have been proposed by Philip (1937), Cardmer (1960,
1964), Visser (1964) and Cowam (1965) to describe the effect of soil
water status om water uptake by plants. These models consider that

water flows through the soil as discussed earlier im this ssctionm,



and that flow from the root te the trsnspiration sites ia the
leavas takes place alomg gradieats of H. Cowan's (1963) medsl
is the most detailed. It includes functioms that describe the

» L
aperture and bence on the capacity of the plant to transpire at

influence of k, H’, H., H, 8 - ses p. 30 - and A' on stomatal

the peteatial rate.

4 -
It is implicit in Cowan's model that 3,1 L] H” H’ and
RI.I - Hu - BL - sea p. 30. The rste of water flow thresgh the
plant and hence fo is taken to be proportiomsl to the gradient
Sz - E, aud inversaly preportional te the sum of the imternmal

plant resistsaces. The model neglacts the osmotically induced,

46.

respiratory dependent phenemena of root pressure sad guttatiom, as

indeed do most of the models comcerned with water flow ia the
soil-plant-atmosphere continuum. Difference ia & - batwesa and
along roots (de Roo 1969), snd the possibility of resistance at

the root-goil howndary meed to be considered also. As X 5 fxom

fleld crops is kmown to be largely 'passive’, and highly dependent

sn the extermal supply of emergy for evaporatiom, it is reasemable

to simplify medels by neglecting osmotic sffects, sspacially as
their inclusios may met grestly slter the results obtained. It

should be remewbered, however, that such wodels are fucomplete.
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The models referred to above indicate that in order to
aaintain Ec iv & drying soil vhere &k and E, ave decressing, EL
sust fall mtiﬁully to provide the necessary gradiemt BL - Er
for water flew to the lesavea., As 7 " increases, a givea rate of
water uptake can be maintained until lowsr values of & g 3%
reached, smaller values of /AH/ (Bq. 10) being adequate to sus-
tain flow to the root. When k and Er fall to certain lavels,
the accompanying decline in ﬁL nay lead to & loss of turgor
sufficient to cause partial or complets closure of the stomata.
Consequently, the conductivity of the leaves is decreased and 4 .
declines. This decline will occur at relatively high values of

E'whoai'ouhighudku low,

The general conclusions from such models bave besn confirmed
in experimests. Yor a corm crop in the ffield, Deumead and Zhaw
(1962) found £ < & o 8t progressively higher valuwes of § , 88 éo
iancreased. In a controlled eanvirocnmeat (80X relative humidity,

18 hour photoperiod at 17 ecal o2

min~}), wheat grown im pots of
soil at E'. = « 200 to -~ 15,000 of wvater had lower ¥ valuas than
vheat growa with adequate available water at 8. = - 200 to ~ 1,400
cm of wvater (Campbell and Pargusonz, 1969). Cardaer and Ehlig
(1962a, 1963) and Ehlig and Carduer (1964) estimate that water
uptake by plants decreases with H a* but the propertion of wpward

flov that takes place withia tbe ruot system inersases.
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(iv) Permeability of the plant

Loss of turgor and subsequent closure of the stomata
are associated with reduced permeability of plants to water flow;
in particular loss of turgor sppears to decrease permesbility of
roots (Brouwer 1954). However, the effect of water stress on the
parmeability of plant tissues has not yet been adequately evaluated.
Stocker (1960) has proposed a two stage resction of protoplasm to
water stress, in which an initial phase, assoclated vith reductien
in viscosity and increased permeabilicy, is foliowed by an incresase

in viscosity and decrease in permeability.

Much more research is required in this field, and short-term
effects of water stress on changes in permeability and the
physiological function of the plant need to be separated from long-

term effects on growth.

2.3. The influence of plant density om crop growth and vater

relations, with emphasis on root growth and water uptake

2.3.1. Top_ growth and.grain;yi:ld

(1) General sspects of plant cospstition

The size and weight of most plant components are

related inversely to plant density, the ausber of plants per unit
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ares of ground surface d (Clemeats et al. 1529, Donald 1963).
Messursments of top growth attributes have shewe this relatiocmship
in wheat (Vassermsmn 1964, Puckridge sad Demald 1967, Bremser

1969 a, b), barley (Famel 1959) snd corn (Leag ot al. 1956,
Allisca 1969). The decrease in weight per plant with increasing
d 1s determined by the inteunsity of cowpetitien for necessary

Tesourcas.

Compatition betwees plants arises when the immedists supply
of any nscessary resourca falls balow the combined demsnds of the
plant community, sad when the location of plants is such that there
is interference in the growth of one plant by sunother (Clements
et al. 1928). The factors for which cersal plants compete are
essentially water, nutrieats, light, oxygen and carben dioxide.
Donald (1961, 196)) discussed the nature of compatition for
different rescurces. Clemsnts ot al. (1929) sud Donald (1961,

1963) coaclude that competition for space seldom occurs.

The field demsity of cereal crops is such that, except in
the sarliest stages of growth, competition is imtemse; saxinun
dry weight per plant is attained at low 4 but maxisum yield of dry
matter per umit area {s attained at a high d snd high level of

inter-plant compstition (Domald 1961).
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(11) TYotal dry weight of tops

At germisaticm and during the early growth of cersals
dry matter per enit srss is related divectly te d. Subsequeatly,
plant competition imcreases and the rate of increase is dry matter
per unit area decreases at high d. Im maturs crops it is oftea
found that dry matter per unit ares rises to a saximum and thea
romains constant as d imcreases. These relatiosships have baen
found im vheat (lolltday 1960, Wassermana 1364, Bremmer 196%),
barley (Remmie 1957) and usize (Haymes and Sayre 1956). At
extremely high d, the total yield of tops of wheat (Puckridge and
Douald 1967) and barley (Kamel 1959) bhave occasionally beem
decreased, possibly due to lodging. Reduced photosynthetie
activity due to reduced mse of sssimilates at high d say alse

decrease the dry weight of tops (Moms 1962).

(111) Tiller growth

During the early vegetative phase, the aumbar of tillers
per unit area is related directly to the seeding rate. Subsequest
tiller mortality at the higher densities and comtinued tiller
production at the lower densities have resulted in near comstant
tiller nusbers at maturity for rice (Orysa sativa L.) (Kanda and

Sato 1963), for persmnial rye grass (Loliwm perems L.) (Holliday
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1953), and for suden grass (Sorghwm sudanense L.) (Burger and
Campbell 1961) sown at widely varyiag sesding rates. Is
contrast, Ksmal (1959) found that comstascy of tiller numbers im
barley vas achieved only at moderate to high d, and Vassermana
(1964), Puckridge and Domald (1967), amd Bremmer (1969 &, b)
_maggcj__gim{te_qt differences in the total mumber of tillers

per unit area in mature vheat crops at moderate to high d.

The proportiom of fertile tillers in wheat decressss as d is
increased (Holmes suéd Yshir 1957, Uassermsan 1964). An exanple
of the effects of d on tiller survival, and the preportion of the
maximus tiller sumber producing ears at maturity is givea in Table

é for wheat (cv. Insignia 49) growa at Adeleide, South Australia.

Table €

Tiller and ear production of whest
at widely varying demsities (after Puckridge 1962)

Kumber per sq. .

Kumber of ecars
Plants at Maximum Tillers at neximum nusber of tillexs (I)
smexgence tillers maturity

1.4 57 48 72

7 210 150 62
35 490 350 a7
185 1,010 510 35

1,100 1,400 540 23
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{iv) Leaf growth

Leaf growth responds in a similar manner as tillarx
pumber to variations in d. This is to be sxpected as lesaf
production is dependent on tiller preduction. Wassermasa (1964),
and Puckridge and Domald (1967) found that as d increased ia wheat,
higher peak values of leaf arez index L, vers attained, less tise
vas takes to attais Lm’ and the svbsequent decline to maturity
was sore rapid. Similar results have bean obtained for barley

(Kamel 1959).

(v) GCrain yield

Unlike total dry matter, whick temds to rYemain constasmt
at modsrats to high d, the graia yield per wnit arse usually but
oot always rises to a maximws and then declines as d 1is incressed
in vheat (Holliday 1960, Wassermann 1964, Puckridge and Domald
1967), barley (Kamel 1959), oats (Guitard et al. 19_61). sorghum
(Karper 1929), sad corn (Haynes sad Sayre 1956, Timmous ¢t al.1966).
The influence of d on yield compouents in cersals has been discussed
in detail by Clements ¢t al. (1929) and Donald (1963).

2.3.2. Reoot ‘mt&

1a dense plantings of tempurate cereals, the aunber of
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main reots per plaat, the root lesgth per plamnt, ﬁp and the root
waight per plaat FP are generally less tham 350 per ceamt of those
for widely spaced plants (Clemeats ot al. 1923, Spragus and Farrie
1931, Pavliychenke snd Barrimgtom 1934, 1935, Pavlycheake 1937, 1942,
Ksmel 1959). Bowever, the different members of the root system
are not veduced te the same exteat; the sodal roots are reduced
more than the semimal roots and the initistion of higher order
laterals is reduced more than that of first oxder laterals

(Pavliychenke and Harrimgtos 1934, 1935, Pavliycheske 1937).

Pavlychenko and Harrimgton (1934, 1935) and Pavlychenke
(1937) provide the only detailad data describing the nusber and
length of cereal voots at high and at low d. Further refaresce
wvill be made to their data in the following sections. Although
their data are dc;lud from sessurencats of single plants, or mesns
of five plaats oaly, and were not saalysed statistically, the
differences observed batween high and low d are sufficiently large
to merit use of the data. It should be moted that Psviycheako
and Barringten's cslculations of SP wers based on s coastant nmumber
of plants per sq.m. at eall times vhen root measuremsnts vers ssde.
This iadicates that sither sstahlistment counts or the nuaber of
sesd sown per unit ares were used rather than actwal d. Seedisg
rate experimeats sre often rsported iacerrectly as deasity

sxperinents.
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(1) Mumber of main roots

(a) The seminal roots. Videly spsced wheat and oat
plants useally, but not always, produce larger musbers of semimal
roots than plamts compsting in demse communities of the same or
otber spacies (Simmomds snd Sallans 1933, Psvlychemko snd Barrisgton
1934, Pavlychenke 1937, 1942). The fifth sad sixth seminal roots
of wheat, which often appsar much later thas the first four seaminal
roots (McCall 1934, Pinthus and Eshel 1962), sometimes fail to
survive the uanfavourable conditiens caused by intense competitien
particularly if this lsads to early drying of the top soil (Locke
and Clarke 1924, Paviychezko 1942).

(b} The nodal roots. In temperate cereals, the
number of tillers asd main nodal roots per plast 1s gemerslly related
negatively to d (Weaver 1926, Simmonds sand Sallans 1933, PFavlycheanko
1937, Hurd 1964, Pinthus 1969, Black 1970). However, the number of
aain nodal roots par tiller is not slways affected by d. Pinthus
(1969) found that thinning wniformly spaced whest plants immadistely
after spike imitiation to vary d from 40 te 160 (n'z) did not effect
the nusber of maia modal rosts per tiller at maturity. Pisthus'
dats show that d influsnces the number of main nodal roots per pleat
thzrough ite effect $n tillering. In comtrast, Pavlychemke and

Harrington (1935) found that wheat snd barley plents growa at
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d= 0,11 -.2 produced many wore tillers but a ssaller nusber of
main nodal roots par tiller then plants grown at d = 430 -'2

(leh 7) .

Table 7

Tillering and maim nodal roet formation in widely spaced sud

densely sown wheat (after Pavlychenko and Harriagtoa 1935)

Number of
4 tiliers Nusber of nodal reots
per plant per tiller per plant
(@~2)
wheat barley vheat barley wheat barley
0.11 27 127 3 0.7 89 a3
400 1 1 6 4 6 &

Wheat = ¥, aestivu® L. ev. Marquis; barley = 4, distichum L.

¢v. Hannchen.

Varietal differemces, variation im the enviromseats, and in
the relative importance of inter~ and iatra-plant competition,
could have influenced nodal root imitistion in these two expsriments.
Taken together, the experiments of Paviychenko and Harrimgtom
(1935) and Pinthus (1969) suggest that the inttiatien sad/er

survival of the main nodal xoots may be imsemsitive to changes inm



d at moderate densities, but vith extreme differences in d, their
development may bs affected. Nulti-tillered plants tend to
initiste main wodal roots above soil level, aad it is likely

that such roots will not survive vhere the top soil has been
dried. This may be one veason vhy differeaces im the number

of modal roote per tiller betwveen densitiss are relatively

small.

(114) Length of the main seminal snd nodal

roots

The maas length of the individual waizm seminal snd
aodal roots of wheat, barley, rye and wild ocsts is lower when the
plasts are grown at crop demsities than when widely spaced
(Pavlychenko snd Earringtos 1935, Pavliychesko 1934). The mean
length of the main seminal roots of wheat decreased from 150 ca
per root at d = 0.11 ‘-2 to 95 cm at d = A00 ufz and that of the
main nodal reots decreased from 35 to 25 em. The nodal roote
formed most of the totsl reot length of the widely spaced plamts,
whareas in the dense community, most of the total root length
consisted of semimal roots (Table 8). Similar relatiounships

were observed in rye sad wild oats (Pavlychenko 1937).
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Jable 8

Root lemgth per plant of widely spaced snd densaly
sowa vhaat (sfter Pavliycheake 1937)

Root length per plant® (m)

d
w3
Seminal odal Total
0.11 6,900 62,300 71,200
400 700 170 870

* tocluding latersis.

(111) Root bramebiag

The frequescy of root branchiag (swaber of laterals
por cm of subtending root) im wheat, barley amd rys teads te
decreass as d is incressed (Pavlychanko sand Harriamgtes 1934, 1933,
Pavlycheako 1937, 1941); data for wheat grows at three densitiss

are showa 4im Table 9.
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Table ¥

Yrequency of root branchiag in wheat

growa at three densities (after Pavlychenko 1937)

Freguency (ca"l)

d First order bramches Second order branches
)
Seninal Nodal Seninal Rodal
0.11 6 4 3 3
400 4 5 2 2
800 3 1 - : -

These data suggest that the frequescy of brasching is mors semsitive
to d on the nodal than on the seminal reets, probably becsuse the

sodal roots develop later whea competition has increased.

(iv) Extent of the root system

. $tudies by Wesver (1925, 1926) and Clements st al.
(1929) have shown that the maximus depth and the masiswm lateral
spread of cereal roots sown in clossly spaced rows decresse as d
is increased. Pavlycheake (1937) fomad that the rooting depth of

widely spaced wheat, oats, sad rye plante was 160 cm compared with
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115 cm at crop demsities. With incresse in the number of coram
plauts per unit lemgth of widely spaced rows, Haymes sad Sayre
(1956) found that spresd of the roots of crowded plants decreased
within the row, but the lateral spread iato the intar-row spaces

increaased.

(v) Reoot growth rate

Paviychenko's (1937) data sbov that tha elomgatiem
rate per plamt, over the entire growing season, of the rToot systems

of wheat, wild cats, sad rys grown ian the field was 900, 1100, and

1 -2

900 m day™) at d = 0.11 n2 and 11, 12, and 12 » day © at d = 400

st Ina subsidiary trial, with the ssms variety iz the same

yesr, the mean rates of root slongatien per plaat for whest at
d = 400 and 800 u~2 were 4.5 and 4.0 m dsy ) durisg the first 40 days
after sesdling emergemcs. Thess dats for 40 day old vheat plants

indicate that, sbove moderate values, d may not greatly iafluemce R p*

Clemasts st al. (1929) reported that reot dry weight per plant

ﬁp shoved a mean increase of 1.7, 0.8, 0.5 end 0.4 ng dny.l for

wheat grown for 40 days iz pots of soil at d = 20, 90, 175, and

2060 .-2. Kamel (1959) reportad rates of 1.8, 1.3, and 0.4 ng uy-l

for barlsy growa te maturity in the field at d = 123, 250, and

1

560 I.zi with the mexinun rates of 9, &, and I ng dny' attained



during the period 8 to 10 wesks after seedling emergeacs.

(vi) Booting density

The root leagth per wait veluse of the seil E, (“-2)’
sad the root length par wait grouad ares R‘ (u‘l). increase with
d over s wids ramgs. At 40 days after seedling emergencs, the

uxmun‘ua-mmw-"m7wmlmm“

feor
mmmmxmu“mmm. Por mature whest plants
ad-o.naam-"zx.mwudmﬂ" (Paviycheske

1937).

Clemsnts ot al. (1929) fewsd that the voot weight per wmit
groudatuﬁ‘o!vhstmdumgmhmotuufor!ldm
was related directly to d. In centrast, Kamel (1959) fouad that
¥ of barley grown te maturity in the fiald at d = 125, 250 aad
500 m 2 was 3, 4, and 2 mg em 2. I Sestion 2.3.1. (11) it was
poted that the dry weight of ceveal tops has beem found te
decrease at high values of d in soms experimemts, but the pro-
poﬂtmldmuuhthnm:uwhmuhmntm
reported by Kamal fer reots. This may be dus te wutwal shediag,
and reduced photesynthetic efficimncy snd tramslocation of

carhohydrate to the roots as d is increased. From Eamel's report,



61.

it would seem that at d = 500 ‘-2 water was limiting durimg lete
growth. Campball and Read (1968) have found that either increass
iz plant water stress or dscresse in light imtensity depressed Ha

of vheat more than the waight of the tops.

2.3.3. Vatsr use
(1) General

The relatiounship of water use and d is determined
wainly by the aveilability of water. When water fs readily avail-
able te the plant and at the soil surface to meset tha evaporatiomsl
demand, or when water 1s limited throughout the soil profile,
changes in d have little influence oan E. 1In the first iustasee,

E is limited by the inceme of net radisat emergy §, and in the

sacond the smount of water available for F ie limited.

1f water is limited in the upper but mot in the lower horisocus,
E may be incressed at high d as resistance to water flow through
the dry tepseil {s much greatar thas resistance to flow through the
plant. In relatively dry soil high Bv at bigh d reduces the
resistance to flow through the soil-plant system (Gardner 1960,
1964, Mewman 1%969a). This may sccount for a reported positive

correlation of water use and d for cora irrigated with intermittent
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drying of the tepseil (Carlsea et al. 1939).

Plant density influsaces height in mamy crops, end £ is
corzelated positively with plant height of corn (Tammer and Lemon
1962) and vheat (El Radi and Hudsom 1963). Plast height appears
to infleence & by greater imterception of advected heat, and
because air turbulence tends to be greater over the camopy of
taller than of shorter creps (Lemoa ot al. 1937). Such effects
sre greater in small plote than within aveas surreunded by sa

axtensive fetch.

Field data relatiag I to d have gemerally been obtaised from
small-plot experimeats. Without adequate feteh, E of small plots
can be iscressed by horizomtal sdvection of sensible heat from
surreundiag drier sreas (Halstead and Covey 1937, Lemon ot al. 1937,
Tenner 1957). Craham and Kiag (1961) estimated that advected
snsrgy accounted for 20 per cent of I from a coram crep, and
MeIlroy and Angus (1964) fowand £ > G on plots with wide (100 m )
borders. These results show that fetch may oftes ba inasdequate

in density sxperiments.

(11) Seasonal patterns

Clements ¢t al. (1929) observed that im arsas of low

rainfsll, wheat plants at high d showed signs of water stress at
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an sarlier stage than thoss at lov d. These early observatioms
showed that rapid depletiom of limited available water s an
important feector im the relation of graim yield and the density
of cereal crops. This is particularly so whea the crop grows
largely om water stored during fallows, ar on rainfall that is
concentrated at the start of the growing seasoa. )More receatly,
Tismons et al. (1960) and Bond et al. (1964) found thet, during
the first half of the growing seasom, the soil water content of
plots of cora and sorghum at high d wes depleted more than that of
plots at low d; at maturity sll available water had baem used at
both low and high d. In comtrast, Shuback and Caldwell (1935)
found that the rate of seil water depletiom for corm at high d
was nere rapid during late growth. In the experiments of Yuo
and Shaw (1964), widely varying demsities of irrigated cora used
sinilar amounts of water before full plaat cover was attained as
water use was mainly as E.. During later grewth, the high d
planting wsed more subsoil water and its total water use over the
whole season excesded that of th. low d. On unirrigsted plots,
both low and high d used the limited smount of water available.

1f conditions sre such that seil water uwse wvaries with d,
optimum d of cersal creps incresses with water supply (Browm and
Shrader 1959, Timmouws ot al. 1966, lolt end Timmons 1968). With

excessively high d and limited water supply, the available water
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may be depleted before the crop matures. Uander such Mum.
Bond ¢t al. (1964) found that the grain yield of corn was sigeifi-
cantly reduced, and Timmons ot al (1966) found that the
proportion of barrem corn plaats imcressed with d, reschisg 96

per cent when excessively high d caused early dapletion of

limited soil water and extrsme plemt vater stress aftar silking.

(111) Uptake from differeut depths

As noted in Sections 2.2.2, water uptake per usit
volums of soil usually decraases with incressing depth. Ro dats
describing the influence of d on plant water wptake from differemt
soil depths are kmown to the suthox. Amy change in d that alters
R’ at diffazent depths is also likely to alter ths patteran of
water uptake. Imcreasing d is likely to increase 89 and water
uptake is the intermediate and lower soil horiscus during mid-
and late~seasea growth, due partly to tha higher R’ aad partly
to the lowering of the hydramlic head of water im the topseil

causing incressed upward flow through the soil pores.
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2,4, The influence of nitrogen onm crop growth and water

relations, with emphasis on root growth and water

uptake

2.4.1. 1Influence on top growth

(1) Duration of growth phases

Provided water supply is adequate, cereal leaves
synthesise larger smounts of chlorophyll asd remain green longer if
they ars sdequately supplied with N than if they are N deficient
(Mayer and Andersom 1961, Rewitt 1963). The greemsr coleur is
often mistakenly regarded as delayed maturity, but there are
generslly ouly small changes in the duration of distimet growth
phases. In field experiments performed by Stacksan and Asmedt
(1924) floral initiastion occurred as much as 10 days later, and
sar emergence as puch as & days later in N deficient vheat plants
then in plants supplied with adequate N. In contrast, under
laboratory conditiens, Ehalil (1956) foumd that the floral
initiation of wheat was 2 days later in plants with more thaa
adequate tissue N content. These two examples refer to extreme
situations. Reduced light delays floral isitiation ia wheast
(Khalil 1956) and barley (Kamel 1959), and B could, by inecressing
nutual shading, indirectly delay florsl initiation of shaded
tillers.
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(11) Dry matter productiom and nitrogen
uptake

(a) Dry matter productiem. Plant W deficiemcy is
associated primsrily with vedeced rates of pretein syathesis, sad,

consequantly, with numercus aspacts of grewth and functiom.
Remedying H deficiency in field crops grestly increases total dry
astter yield by increasing the growth of photosyathstic area rather
than increasfing ths net assimilsation rete (Watsea 1952, Theorne and
Wateon 1955). IEffects oo net assimilation rates are importamt in
savere deficlancy ia glasshouse experimants, but deficiencies are
not often so sevare im ths field, appareatly because of a larger

rooting volume and contimued N mimeralisatica.

Increased availability of N tends te inerease the dry weight
of the folisge nore than the grain yield of cersals (Veaver ¢t al.
1924, Gregory 1937, Thorne end Watson 1955). Tiller production
is imcreased with ¥ svailability (Thorme 1962, Aspimel 1963, Buating
and Dreaman 1966, Langer 1967), and high levels of available ¥ at
all stages of growth lead to the imitiation ef late tillers. The
late tillers ars relatively inefficient fn graia preduction but
competes with early formed ears for carbohydrates and other resources
(Thorna 1962, Bremmer 1969a)., Luzury supplies of N may incresase

vegetative growth but reduce the grain yield of wheat (Colwsll
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1963, Fischer 1963, Barley and Nafide 1364, Vassermsne 1964), and
barley (Lusbs and Laag 1967).

If thers is availabls water adequate N oftem maximises the
duration of greem leaf area after sar emsrgence (Thorss 1966), a

fector that comtributes te grain yleld as aoted im Section 2.1.

When the ceresl plant has an overall daficisncy of ¥, iantra~
plant competition occurs for K, and spikelet uumber amd development
are reduced, eften with soms compensation in grais size (Villiams
1955, Single 1964). VWith adequate N, grain yield is iacreased
naialy threugh the productios of larger numbers of sars per plaat
(Watsen 1936, Watseu et al. 1958, Rodbins and Domingo 1962, Thorne
1962, Barley and Naidu 1964, Single 1964). The influesce of N on
the compoments of grain yield has bees discussed by Milthoxpe and
Iviae (1966). The first incremeat of K uswally produces the
largest imcresse in the dry weight of cereal tops; mot enly lack
of growth peteatial but also lack of other rescurces may limit dry
sstter production at the high end of the N range (Colwsll 1946,
¥icholson asd Cooper 1956, Shepperd 1960, Casser end Ioxdascu 1967).
The level of N that produces maximum dry matter yield is higher for
leaf and stem than for grain (Remig and Rhosdes 1963, Mcleal ot al.
1966). Some suthors claim that iz cereal plaats supplied with
mere than adequate levels of X, earbohydrate is diverted inte
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vegetative growth and grain yield is reduced (Brouwer 1962b) as
shown by incressed strav t grain ratios at high N. Cenerslly,
however, if other rescurces are not limitiag, increased supplies
of ¥ will increase both total dry matter and graia yield (Gasser
and Iordaneou 1967). The iacreased straw : graim ratio st high
¥ may be due mainly to the contimued productioam of tillers, the

latter of which fail te produce sars.

(b) Bitrogen uptske, Total H uptake of cersals is
correlated positively with available supplies (Terman and Brown
1968, Reid et al. 1969). The rate of N uptake per plant is low
duriag the seedling stage. As ths root system devalops, uptaks
increases, attsining & maximus rate durimg the period of rapid
plant growth thst precedas ear emsrgencs, and thes declines as the
plants mature and as soil no;-u and available water decrease
(Richardson snd Trumble 1928, MclMeal ot al. 1966, 1968, Storrier
1965, Casser and lordancu 1967). The K comteat of the grain is
correlated pesitively with svailable ¥ aad also with the dry weight
of the foliage, as 75 per ceant of the N in leaves and stems may
be trauslocated to the grain (Mckeal ¢t al. 1966, 1968). Uptake
of ¥ continues to maturity (Vatsom 1958), but 2 net less of ¥ frem
the tops may ocecur as the plante maturs (Barley and Kaidu 1964,
Storrier 1965, Puckridge and Donald 1967, Mcheal et al. 1966, 1968),

particularly if the crop has had a luxury supply of 3.
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2.4.2. Influence on roots

(1) Physiological sffects om reot grewth

Enhanced root growth due to N may result from incressed
synthesis of carbohydrates, proteins sad other ssdbstances in the
shoot, and increased trauslocation of carbohydrates to the roots.
Assimilates tramsported to tha reots ara used ia the formatiom of
root tissue and also in the fermation of ladile organic acceptors
for mineral elesents. After the incorporatien of assimilates
vith aineral elements, some of the materials formed are tramsported

back to the tops where they are utilized.

Pristupa awd Eursanov (1957) found that in the puspkin plaat,
N deficiency cawsed narked reductioms in the flow of amine acids
sud assimilates to the roots. After deficfent pleats were supplied
with N the flow of assimilates to the roots was incressed, and
thers was a close positive correlatiom of the rate at which
sssinilates flowed to the roots and the rate at vhich miaeral

elements were being absorbed.

The dats of Turner (1922) asd Reid (1929) show a combimation
of abundant carbohydrate and low N coacentratiean ia the tops of
cereal plants to be cerrvelated positively with high root : shoot
ratios. Loomis (1953) and Brouwer (1962 a, b) attridute the
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effects of N on the relative weight of plant parts to iatra-plaat
competition for N (and other nutrients) aud for carbohydrates.
There 13 usually aa excess of carbohydrates iz the tops of ¥
deficient plants due to reduced protein synthesis. In such
circumstances, the uptake and tramsport of nutrient elements by
the roots is slow, and top growth may be reduced more than root
growth as the roots have first call on the nutrients sbsorbed from

the soil.

Wiersusm (1958) found that pea plants (Lepidiwm sativum L.)
grown in nutrient solutions of low K conceatrations produced loag,
tuln, and sparsely branched roots but plants grown in solutions of
high N concentrations produced short, thick, and well branched
roots. Growth in length and frequeney in branching were relatad
negatively., Similar results have been obtained for wheat (Cericke
19:1, Burstrom 1550, Bosemark 1954, Williams 1968). 1In addition
to the general effect, there is an effect of localized supply of

N on root growth which is discussed in Section 2.4.2.(141).

{i1) Abundance

Relatively few reports deal with the influence of N on
the growth and development of cereal root systems. lost of the

available data relate to measurements of root weight and those
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which refer to root leagth daal mainly with sesdliangs growa is

sand and solutiom cultures.

In field sxperiments, sdditfonsl ¥ has bean found te increase
the dry weight of roets at maturity in wheat (Sreachley and
Jackson 1921, Fmoch et al. 1957, Kahari sad Elensa 1969), barley
(Crist and Weaver 1924), osts (Cruses and Krantz 1958, NeNeill

and Frey 1969), and cora (Farembacher and Saider 1954, Duscan and
Ohlrogge 1938).

(111) Demsity sund distribution

Karly studies by Weaver ot al. (1921) and Crist and
Weaver (1924) indicated that surfacs spplicatioms of ¥ often
incrense the propertion of ths total weight of ceresl woots in
the upper soil horisems aad decreass the prepertien ia the lewer
horisous. This has baen confirmed receatly for vheat (Kmeoch
st al. 1937), barley (Valbaak and Willisms 1968), aad corn
(Fehrenbascher end Suider 1934, Pehranbacher et ail. 1960) growm
in the field. Ia thess receat studies, it was found that reet-
ing depth ead V‘ wore increased relative te wmmfsrtilized plants.
In comtrast Mcleill snd Frey (1969) foumd that ¥ broadcast aad
disced inte the tepsoil iacressed the weight of oat reots at 30
to 45 cm wmore tham at any other depth. leavy rains ceuld have



lsached the ¥ to lowsr depths as the response te K, vhich is slso
easily lesched, was also greatest at 30 to 45 cm wheress the reot
growth responss to relatively {mmobile P was grsatest im the tep-
soil. Limscett ¢t al. (1962) found that surface spplicatiom of
¥ d1d sot affect F‘! or rost distridutica at maturity. Durisg
early- and mid-ssasen growth, the depth of reet penatratioa, v "
snd the proportien e¢f the total reet weight in the top 30 cm of
the seil were higher o the N-fertilised thas om the coantrols.
During late seasea growth the depth of voot pemstration and the
root veight is the lewer soil horisons iscressed sors su the

unfertilised tham on the N-fertilixzed plets.

In low fertility seils, reet branching and eleagatiom are
often increased in localized zomes of relativaely high K cencea-
tration (Wesver 1926, Wiersum 1958); and the N coacentration is
often highest in the topseil (Fesreen and Simonson 1939, Russell
1961, Black 1968). Bowever, as moted in Sectiom 2.1.3, the high
rooting demsity found in tepsoils may alse refleet the aormal
patters of reot distribetiom or a lese favesrable exvirenmeat im
the subsoils fer root growth, Veaver et al. (1922) aad Crist
and Veaver (1924) observed that lecaliziag WOy in the subsofl
promoted the grewth of barley roots im the fertilised zome aad
tahibited reot slomgation imto the scil belev; bhowever, adequate

controls (mo applied lo;) were not lacluded, and mo quastitstive
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seasurenents of roet growth wera made ia thuse sxperimeats.

Split-root experiveats with cora seedliags in seclutics
cultures (Brouwer snd Loen 1962) have shova that lsck of a N
supply to any one sain semimal root does not affect its elemga-
ties rate snd branching if the remaisder of the reot system is
supplied with sdequate no;. This shows that when the M
sutrition of the whole plant is adeguate, there is wo obligate

seed for s loeal supply of ¥ for root elomgation and bramching.

2.4.3. Availability of mitrogem st differeat

seil ths

Creps usually obtain most of their ID; from the top

30 to 350 ¢m of the soil profils (Russell 1961, Foth 1962, Sterrier
1962), but barley and maise plants bave besn fousd te absorb MO,
readily from s depth of 75 ca (Crist and Weaver 1924). Dancer
and Peters (1969) found that corm growa im the field with adequate
water throughout the rooting sonme absorbad similar ssowats of m;
from sources placed at dapths varyiag from 0 te 73 em. During
perieds of high ratafall, m; 1s usually leached from topseil, but
it remains aveilable for plant uptake 1f it {s mot leached beyomd

the root sone (Doughty ¢t al. 1934).
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Whea lo; is applied to a dry soil surface, uptske by plaat
zoots is dependent largely om raiam or irrigation water to move the
N0, iato the rooting sems. If the seil surface is wet, significant
ssounts of surface-spplied lﬂ; d1ffuse into the soil and wptake ean
be expectad bafore effective rain is recsived (Stewart and Eck

1958).

The processes thet limic the uptake of N from the soil by
plant veots may be lecated either im the soil or in the plant.
Yhe impertant seil factors are the WO, asd Ni} conceatrations,
aad, st laast at low vates of vater flow, the diffusity of these
ions in the seil (Clarke snd Bsrley 1968). Im the plsat, the
zate of iom uptake msy be limited either at the sites in the
root whare mitrate is absorbed, or, uptake te the plant tops may
be limited by the rate of flow through the xylem.

2.4.4. Iafluence of mitrogen om plant-water

relstionships

(1) Vater use snd graim yield

Leaves censtitute the major proportien of the trams-
piring ares of cerasl crops, and as noted previcusly any factor
sech as ¥ sutritioca, that imcreases leaf area is likely to increase
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E if the soil surface is dry, the cancpy is met clesed, and water
is available 1n the lewer horiseus.

Reviews by Kelly (1954), Hatse ¢t al. (1960), sad the data
of Colwell (1963), Barlsy and Naidu (1964), and Lueds and Lasg
(1969) suggest that en imcreased supply of K esrly iam the growing
season is likely to iscresse the X of cereal creps. Grester X
on i~fertilized plots may result from iancrsases in crop height or
belk (Section 2.2.2.), from imcreased B’ reducing the resistaace
to water flow through the soil-reet system (Sectfem 2.1.2.), or
from chamges 1in the foliar characteristics that reduce the rasis-
tance to water loss from the leaf to the atmosphers at given water
defieits.

Becsuse of the sffects mentiomed sbove, M-fartilised cereals
deplate soil water more rupidly snd are subjsct to more savere
water stress during late growth thas uafertilized cereals. The
vegetative grewth of wheat (Brown snd Campbell 1966), barley
(Lusbs snd Laag 1967, 1969), asd corn (Helt and ven Dores 1961)
Bas mot infrequently beea found to inecrease sad their grais yield
to decreass relative te the coutrol whes N s applied st high
rates. Barley amd Nafde (1964) obtaised similar results for
three Australisn whest cultivars, snd found that early depletisa
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of soil water cansed larger reductions ia the grain yield of the
more freely tillerimg, later maturiag cultivars when N fertiliser
was applied at > 180 kg l\t-l. On ths other hand medsrate lavels
of K fertilisation seldom reduce grais yield ia low rainfsll
aress., Viats (1965) evaluated msay published data frem ‘drylasd’
sxparineats and found significant reductiens at less thaa 10 per
cent of the sites, and & larger mumber of siguificant ylesld
increasss than sigaificest yield decresses. Righ lavels of ¥
incresse grain yiesld per unit of water used ouly whea there is
adequate availshla water througheut growth (Ramig 1939, Remig and
Rhoades 1963).

(1) Water uptaks profiles

The supply of N to cereal crops oftea inmcresses wster
use from the lower soil horizons. This may ba related to the
desper root penstratien observed im some studies, and partly to
the lowerimg of the hydraslic hesd of water ia the upper boriseus
which thes csuses increased upward flow of water through the seil

pores.

Kmoch of al. (1957) found that although N did not affect the
depth te vhich vheat roote pemstrated oa a fine sandy leas, if'
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and soil water depletion were incressed below 120 cm. COlson
et al. (1964) found that N fertilized corn and sorghun used more
water than the controls from 120 to 180 cm. Viets (1962) cites
studies of F.E. Koehler showing that wheat fertilized with 180
kg ha~! 0f N used more water from 150 to 200 cm tham unfertilized
plants, although bhoth treatments used gimilar amounts of water
from the upper horizous. In contrast, Carlson et al. (19539)
found that for irrigated corn on a loam soil, X increased the
amount of water used frow the top 60 cm of the profile, possibly

as a result of increased Hv in the topsoil,

The results of Warder ¢t al. (1963) show that soil properties
influence the relative depth to which goil water is depleted on
N-fertilized and unfertilized plots. On clays, N-fertilized
wheat depleted the water in the subsoil more than did the controls,

but on losx soils no difference was found.

2.5, Density x Nitrogen interactions

2,5.1. Influence of nitrogen on optimum density

As the nutrieut status of a woist soll increases, the value of
d required to give maximum yield increasea. A clear example of

this is given by Lang et al. (1956). At low N the maximum yield
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of corn was obtained at 4,830 ha-l and at high K, a maximux yleld
was obtained at 8,100 ha-l. As d increases the response to an
added nutrient continues to higher levels of supply, provided
water is not limiting, 1n wheat (Hudson 1941 a, b) and corn
(Coyler and Kroth 1968), optimum d and rates of N have been fouad
to vary directly with available water, Where water is limited

d x N interactions are likely to occur.

Donald (1963) noted that at high d the photosynthetic
capacity aud growth of the individual plant was reduced, leading to
reduced capacity of each plant to utilize water und minerals. As
competition for light occurs at high d, the reduced uptake of water
and minerals by esch plant occurs independently of the supply of

these resources and of competition for the resources themselves.

2.5.2. Crain zield

A£ low d and high N, the yield per plant is extremsly
high relative to that of plants at bigh 4 and low K. In general,
total dry matter production and grain yield per plant are affected
by changes in d more than by changes in X supply. Also, d and N
may hsve different affects on the same yleld compoment. High d

reduces the number of grainas per ear and often increases weight per
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grain, wherses high 4§ tends to increase the number of grains per

ear and often decresses the weight per grain.

The results of Salt (1955) provide a clear example of d x N
interactioa im wheat, Two cultivare were sown at 100 and 200

kg ha ! of seed, d
1

1° and dz' i{n factorial combinations with 0, 23

and 50 kg ha = of K, N, ¥ , snd N,. TFor d, the grain ylelds
wers rated B, > !1 > M, wheress for dz the rating was N, > 5, > Hl.
The grain yield of dl > dz at corresponding levels of X, and the
dz“z plots produced the lowvest grain yield,

2.5,% Root growth and water use

No data describiasg the interaction of d snd N on root
growth or water use are kmown to the author; and the topic will

be considered further iam discussion of the author's resules.






3. EXPERIMENTAL PROCRAMME

3.1. Iatroduction

The experiments reported in this thesis are designed to study
the rooting characteristics and tha water use of a wheat crop growa
in the field on a sandy red-brown sarth. The rasponse of the crop
to variation ia esediag rate and rate of applied nitrogen has been
axamined to complement earlier Adelaide studies on the response of
the tops to these treatments. Although sufficient dats wvere
obtained oa top growth to characterise the crop, emphasis has besa
placed throughout on the geometry of the root system and its

relationship with water uptake from the soil.

3.1.1. Site
(1) Locatiom

The experiments werse carried out at the Roseworthy
Agricultural College, South Australis, latitude 34.5°s,
longitude 138°5. The sites were in Piald E7 of area 23 ha.
The field had been under wheat in 1962, cats for grazisg {a 1963,
barley in 1964, grass-clover ley in 1963, and fallow from 1966,

The areas not used for the experiments im 1967 and in 1968 were
N



planted with wvheat, T. asstivue L. cv. Heros at the rate of
90 kg ha ! of seed on 19th July, 1967 and on the 26th July,
1968,

(11) Climate

The locality has a climate with cool, wet winters
and hot, dry susmers. The mean annual ratafall (1931 te 1968)
is 430 mm. The mean momthly rainfall and pan evaporation are
shown in Fig. la, and values for 1967 snd 1968 are shown in
Figs. Ib and le; the meau maximum and sinimum temperatures for
each month are given in Table 10. The growing season ganerally
sxtends from April to Hovember. The loug term (38 year) mean
rainfall from the lst April to 3JOth Novembher is 350 mm. The
rainfall during this peried in 1967 was 150 mm, and in 1968 1t

was 510 =mm.

8l.
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(1931 to 1968) at Roseworthy Agricultural College

Table 10

The mean monthly maxizum snd minimum air teaperatures

Teaperature (°C)

Moath
Maxivom Mianimum
January 28.2 13.9
February 28.1 14.1
March 26.2 12.5
April 21.6 10.5
May 19.7 8.6
June 15.1 6.4
July 14.2 5.5
August 15.4 5.9
Septeaber 18.2 7.0
October 25.5 8.6
Hovember 24,4 11.2
December 26.8 13.1

82.
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(111) Ceneral description of the soil

The soil is a sandy red-brown earth, Dr 2.33 (Northcote
1965). Red-browa earths comprise a large proportion of the wheat
belt of South Austrelia. The thickness of the soil horizons varies
considerably over distances of only a few metres and certain

horizons have not been differentisted in some parts of the site.

The Al horizon is a weakly structured grey loamy sand of low
organic matter coatent. The Az horfizon 1s a weakly differentiatad,
light-brown, leached sand which changes abruptly to the Bl horizon
of red=brown medium clay with & well developed coarse prismatic
structure, friable when moist and hard when dry. There is a
clear change to the light brown calcarecus loas of the lowver B
horizons, and the texture of the matriz becomes finer with depth.
Carbonate councretions occur as soft patches or hard modules in
scant amounts in the Bz‘aud in large amounts in the 33 horizous.
The clay content fncreases with depth and the B‘ horizon is a light
calcareous clay. This changes gradually te the C horizom which is
a heavy red-brown to yellow clay with a massive blocky structure

and well developed skins. = The peds separate readily st medium

7
water contents. Carbonstes are present in isolated pockets and
often as 'fingers' projecting downwards from the B horizom; black

manganiferous concretions are often present. The depths of the



horizoms on the experimental site are described ia Seection

3.3.3. (1) ]

3.2, The Preliminary Expariment on rate of aitrogen

3.2.1, %I‘ctim

This experiment was performed to test equipment for
injecting radiosactive solutioms to specified soil depths; to
develop a routine technique for messurisg the total length of
root in a sample; and to obtaia preliminary informstion on the
{nfiyence of rate of N supply on rooting characteristics and water
use of wheat. The results were used in plamning the main

experiment.

3.2.2, Materials and methods

(1) Experimental design and treatmsmte

The design vas & 3 x 3 Latia square. The layout of
the experiment is shown in Fig. 2. The whole fisld including the
site of the experiment was sown with vheat, cv. Hervon, io rows 18 cm
apart at the zate of 90 kg ha ' of sesd on the 19th July, 1967.
The aitrogen rates, "0' Hl. and 52 corresponded to 0, 35, and 170

1

kg ha = of N applied as (NB,),80, (21Z W). The (NH,),50, was
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broadcast 10 days after seedling emergesce. All plots received
250 kg ha~! of superphosphate contsiaing 20 kg of P; one-half

of the superphosphate having been harrowed iato the top 5 cm of
the 501l one week before planting and the remainder being applied
with the sead. The extent of crop was 10 & on the north and
west and 500 m on the south and east edge of the experiment.

Adjacent paddocks were sown with cereals.

(11) Top growth

Establishment counts vere made two weeks after seedling
emergence along oue metre lengths of row at five positions on each
plot. The positions were scattered, local bias being avoided by
locating exact positions with the eyes shut. The top growth on
each plot was sampled at 5, 12, and 18 wk (maturity) after
emergence by cutting plants at ground level from one laxlawm
quadrat with one edge of the quadrat parallel to a row. The
quadrats were cut at widely separated positions on each plot, local
bias in placement being avoided by locating the quadrat with the
eyes shut. After the number of tillers and ears in each quadrat
had been counted, a subsample - spproximately one-half of the
sample - was separated into leaf lsminae, stems and leaf sheaths,
sod ears. Lamina area was messured using ar sir-flow planimeter

(Jenkins 1959). The dry weight of the tops was determined after
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drying in a forced draught even at 85°C for 20 hr. Ear weight
vas measured at maturity. Ten ears were taken from scattered
positions in the sub-samples, and, after the number of fertile
spikelets per ear had been counted, the grain vas separated by

hand and the number and weight of grain measured.

{111) Seil water content

Before planting, the mean water content of the soil
profile at the site was measured by taking samples in 15 cm depth
intervals with a 5 cm diameter sampling tube (Palm and Sykes 1962).
Semples were taken to a depth of 30 cm at 20 locations scattered
over the site. At six locations the depths vere extended to 180 cm.
At 5 and at 12 wk after emergence, three soil samples were taken on
each plot within the 1 x 1 m area that had been sampled for top
yield. These samples were taken from O to 10 cm, 10 to 25 cm and
then for each 25 ¢m ioterval to & depth of 200 c‘. All soil samples
were weighed vhen wet, then dried at 105°C for 30 hr and the oven
dry weights recorded. The volumetric water conteat § of the soil

was calculated using the equation

o = (o /pI¥ (15)

vhere p; 1s the bulk density of the soil (determined im the main
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expariment), p is the density of water, takem as uaity in c.g.8.
units, and ¥ is the gravimetric vater content of the soil. The

total depth of water (mm) in the {th layer of soil is given by

;) (ma) (16)

10 .i('ifl

where 3 cm s the depth (+ve downwards) to the top of the ith

layer, and the depth of water in a profile of = layers is given by

n

10 T os - ;) (rem) (17

(1v) Testing of equipmant and techniques

Tests were carried out to develop a noa-contsaminsting
probe, aad a technique to apply solutions containing radioisotopes
at specified socil depths. Two probes vere teasted. One consisted
of a singls cylinder with the ejection poerts located along a 1.5 ¢m
length of the cylinder where the dismeter was 2.0 sm less than the
rest of the probe. The other was a twim probe with two concentric
shafts and is described in the main experiment. Each probe was
coanscted to an automatic svyringe that delivered the solution to be
injected. One ml of the dye 'fast green' was injected at several

positions near to the edge of a profile pit adjacent to the site of



the experiment. After withdrawal of the prohe, the tips were
exanined for contamisation with the dye. The soil was then
removed carefully from the side of the pit and the access holes
exanined for contaminstion with the dye along their length. The
twin probe proved more satisfactory and was selected for use in

the maln experiaent,

The line-~intercept method, described by Hewman (1966) and
used for measuring the total length of root in a sample, was
modified and evaluated., The segments of roots were spresd over
e plane area 5 x 5 cm on a fixed stage, and sets of pairs of
numbers chosen at random were used to locate the movable head of
the microscope, rather than using a permanent patters of 'random
points' marked on the plane ares as described dy Newman. The
reliability of the {atercept method was tested with a mixture of
curved and straight segments of nylon thread, ranglag inm length
from 0.3 to 1.2 cm and having a total length of either 50.0 or
100.0 ca., The diameter of the thread was 0.16 =m. Fields were
viewed at a magnification of x 20 and the length of the transect
wvas 1.1 cm. The total number of intersections between the axes
of the segments of nylom thresd and the line transect was recorde
for each field, and the length and standard deviation calculated
for increasing numbers of fields. The results are given in

Table 11.

88.
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Table 11

Estimated length of 50.0 and 100.0 em of nylon thread
derived from intercept counting using equation (1) of Newmam (1966)

Measured Humber of Caleulatad 8.D. (952
length {cm) fields viewed length (cm) confidence limits)

50.0 10 12.4 27.0
20 61.3 7.5
A0 51.8 12.1
80 49.9 1.9
80 48.8 6.0
100 30.5 5.6
100.0 10 8.5 69.3
20 106.6 23.5
&0 98.5 17.2
60 101.5 13.4
80 102.8 7.4
100 102.3 6.8

The standard deviation decreased saud more relisble estimates
of the kmowa leagth were obtained as the number of fields viewed
was increased., For the 50.0 cm sample there was little change in
the estimated length when more than 60 fields were viewed and the

results were withia 2 2.5% of the known lemgth. Less reliable
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estizates were obtained with a total length of 100.0 cm of aylos
thread on the 5 x 5 cm plane area, This was probably due to
superposition of some of the segments as density of the segments

was high. Nevertheless estimates within & 2.5¢ of the 100.0 c»
length were obtained when 40 or more fields were viawed. Thess
results indicate that, provided the density of the root segmeuts

on the plane area being examined is within the range explored

here, reliable estimates of the total length can be obtained. The
details of the methods finally employed to ssparate the roots and to

obtain estimates of root length are described im the main expeTiasnt.

Gther sethods followad published procedures, and references
to procedures together with motes on quantities are givea iun

Section 3.3.2.

3.2.3. Results of the Preliminary Experimeat

(1) Plaot growth

(a) Top growth, The seedlings ensrged 9 days after
planting. Gersimstiocn was good and vas aven on all plots.
Hovever the season was extremely dry (Fig. 1b) and subsequent
growth vas poor. The aumber of grains per sar at ‘1 and R, vas

significantly higher than at ﬂo, but the weight per graia at '2
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was significantly lower than at Ho and nl. There was no other
significant effect of X on top growth. Five weeks after emergence
lanina area fndex L = 1.0 on all plots. At anthesis, 12 vk after
and to G.7 on the N, and

0 1
K, plots. After 16 vk only the ears and stems remained green and

emergence, L had fallen to 0.5 on the N

the crop matured at 18 wk.

The total dry weight of tops and tiller density, the anumber of
tillars per unit area, at 2, 5, 12, and 18 wk are shown in Fig. 3.
The grain yield and the components of grain yield are given in
Table 12. Although the grain yield was low, there were few pinched
grain. The low yield was dus to the small number of ears and low

number of graios per aar.

Table 12

The influence of nitrogen rate on grain yield
snd the cosponents of grain yleld at maturity

Hitrogen rate

L.s.D.
Character
No ﬁl KZ (P=0.05)
Grain yield (g n-z) a6 98 110 n.8.
Kusber of ears (m 2) 257 268 287 a.s.
Weight per ear (g) 0.35 0.36 0.38 n.s.
Weight per grain (mg) 30.2 27.8 27.4 1.1

Number of grains per ear 11.6 12.9 13.9 1.3
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(v) Depth of reoting. Tive woeks after ssedling emar-
mmumpmuaudumseuinamn.ndn
12 wk te betwesn 75 and 100 em dapth. The Yoot samples were used
te develsp & procedure for the separation sad messursmest of reot
leagth, but stetistical dats wers wet obtaimed for the prelininarzy
sxparineat.

(11) Water comtent of the seil prefils and

plaat water relationships

The tep 150 cm of the sofil profile contained 60 wm of
availadle water (water retaimed st ¥ = -300 te -ls.mm em of
watesr) at plsatisg. Duwrimg the first 12 wk of the growiang sessen
totel rainfall was 105 ma snd the pan eveporatien was 330 sa.
Rainfall and pen evaporation data fer the whels season are shown
i Fig. 1b. Plamt water stress, as shown by vieible loss of turger,
occusred occasiesally ia the early part of the grewing sessos, sad
frem 7 wk sfter smergence the plamts often wilted in the middle of
the day.

The mesa water content § of each depth st the sits at plamt-

lag, snd the meas of the N trestments at 5 and 12 wk after

() The 15 ata percestege wvas spproximated by 223 p.s.d.
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emergence are shown in Fig. 4; the detalled values for sach
treatnent snd depth are included in Appendix Tahle 1. The N
treatment did not affect 6 at any time. At 12 vk the water
ccatent throughout the top 125 cm of s0il profile had fallen below
the values measured at planting, slthough the cbserved maximum
depth of rooting was between 75 and 100 cm. At 12 wk the depth
of seil occupied by the roots was as dry or drier than the
arbitary wilting point, but water was retained below the root zone

at suctions less than 15.8 atm,

3.3, The Main Experiment on seeding rate aad rate of

nitrogen

3.3.1. Objectives

This experiment was performed to assess the influence of
seeding rate and the rate of N application on the extent of the root
systems of individual plants, and oo the rooting demsity and root
sbundance of the crop. The depths to which water was extracted by
the crop were measured and the water withdraval by the roots wvas
deterained as function of depth and time, chiefly to find whether
it is necessary for the crop to root deeply in order to use water
stored in the soil horizons below the root zone. Sufficient data

were obtained on the tops to characterize the bulk of the crop and
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to assess the main features of the growth response of the tops.
The reaponse in top growth was not studied in detsail, as it has

been the subject of a number of earlier studies at Adulaide(l).

3.3.2, Materials and methods

(1) Experimental design and treatments

The experiment was a factorial 3 x 3 aplic-plot,
replicated 3 times, vith seeding rates sz the main plots and N
rates as the sub-plots., Seed of the cultivar Heron was planted
on the (25th July, 1968 The three saeding rates were 10, 55, and
280 kg ha-l, and are referred to later as 31, 82, and 33. The
seed was sown 5 cm deep in rows spaced at 18 cm intervals; s3
vas sown at the rate of 140 kg ha.l of seed in each of two passes
with a second set of rows at right sngles to the first. The
uitrogen rates, Ho. Hl, aud Nz, corresponded to 0, 35, and 170 kg
ha~! of X applied as NaMO, (16 K). 4s only soil HO;-N was to
be messured to characterize the soil, Naﬂos was used in this

experiment, The u-uos was broadcast 15 days after seadling emer-

gence. Superphosphate was applied as in the preliminary experiwment.

() Barley and Naidu (1964); Puckridge (1968); Puckridge and
Donald (1967); Rawsoa (1967); Russell (1968); Donald (1963)
have reviewed esarlier publications.
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To minimize soil variability, replicates 1 and 2 wers sited on
the south and replicate 3 on the east of the ares used for the
preliminary axperimeant (Fig. 5). The vow direction of the 81
and 82 plots on replicates 1 and 2 was morth-south and on

replicate 3} sast-west. The change of row directiom on replicate

3 vas necessary in order to avoid turninmg the sowing machimery om
plots that had been sown praviously. A plan of the main experiment
including plot simes is shown ia Pig. 5. The extent of crop was

10 m o the north and 600 m on the east of replicate 3, snd 10 »

on the vest and 500 m on the south of replicates 2 and 3. The

ares used for the preliminary experiment was planted with barley.
Adjacent paddecks were under cereals or naturally rejuvenating

annual pasture.

(i1) Sampling schadule

A schedule of samples and measurements is shown in
Table 13. The soil water characteristic, diffusivity, and
capillary conductivity together with root data were obtained im
the laboratory after the crop had matured and field operations

had been completed.
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Fig. 3. Layout and randomization of the sala experiment.

The detailed layout of Rep II is shown in the lower
part of the figure with the sanpled areas shaded. The

width of border between 5 rates = 3 m, and between N rates

],
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Table 13

Sampling snd wessurement schedule for the amsin experiment

Vesks from emergence (S.viii.&68)
~3 42 8 #3418 420 422 428

Hessuranent

Soil:

+*

Depths of horizons
Bulk density (p,) +
VYater congent (&)
o3 :

+
+* &
+
+ +
+
+ +

Crop:

Dyy waight of topas

Tillex density +*
¥ content of tops

81 content of tops

Booting dansity

Root profiles

Extent of root
systems {(with 4
radioisotope tracers)

+ 4+ o+
* 4+ P e
FS

+ + 4 + +

<&
-

*Lé
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On the oceasions that radioactive solutions were injected,
plant tops were sampled for radiomctivity threc days after injection.
Oa the fourth, f1fth and sixth days after imjection, samples for
weasuriag yield and lamins sres of tops, rooting density, snd soil
water and altrats contents wera obtained, one replicats being ssmpled
each day.

(111} Charactarizstion of the soil at the site

(a) Depths of the scil horizens. Two areas, ssch
massoring approximately 150 x 100 m, locatad on the south and on the

esat of the preliminary experiment site, wers surveyed by taking 5 cm
diameter auger boringe at 10 = contres, and the site wae then chosen
for the main experiment. Ounly 2 replicates could be sccommodated
on a relatively uniform site, snd the third had to bde located whers
the C horizon cams ¢loser to the surface. Nine suwger boriags at
scatisved locations sleong the lsogth of each replicats, snd 2 seil
profile pits mear the centre of each replicate, were oxsmined to

find the depths of the soil horizous.

(k) Bulk density. At the end of the growing sessou
8 profile pit was dug near the centre of each replicate, and 2 soil
cotes, 10.5 em in diameter and 6.0 ca long were sampled from the
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niddle of each soil horizon. The A and Bl horizons were sampled
by hammering metal cylinders (Coile 1936) vertically imto the soil.
Thin walled eans were inserted in the sampler to contain the sample
soad 8 rigld straight-edzed knife used to trim the soil level with
the edge of the sampler. Tor the lower horizons, the cylinders
were pressed horisontally into the walls of the profile pits with
mschanical jacks. At this time the soil profile was dry and most
of the cores cracked during sampling.

Iwo further ssmples of each horiszou were obtained from a
second pit sbout 3 » distance from the fivel one on each replicats.
Before these samples were taksn, the profile had been wet to =
depth of 2 2 by ponding water oo the surface and allowing infiltration
for 2 days amd drxafinags for a further 5 to 6 days. The moist
profiles vere ssmpled by pushing the cylinders into levellad
horizontal surxfsces at sppropriate depths. Those ssuples were
used for p; and Xk measursmencs. After completion of these measure~
sents the soil contained in esch sample was dried to a constant
vughr. at 105°; pp was obtainsd from the weight of the oven-driad
soil end the volume wr?l, where r is the futernal radius of the
cutting edge of the Coils sampler and 1 is the imternal depth of the

can that cerved a3 & lizer.
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{c) Soil water characteristic, begorption data were

obtained for samples taken from esch soil horizon on each of the

three replicates.

'Undisturbed® soil cores 2.3 cm in diameter and 1.0 cm long
were used to determine 8 at suction heads < 1035 cn of water.
These samples were obtained by pushing a thin walled (1.5 mm) metal
tube fitted with inner liners, 3.3 cm in dismeter and 7.5 cm long,
vertically into the horizontal surfaces from which moist bulk
density samples were obtained, After sampling, the ends of the
inner liner were secaled with polythene and¢ water-proof tape and
then stored at a coastant temperature of 20 % 1%. Later, the
80il was extruded and sectioned into 1.0 cm lengths, one saction
 being used to determine & at each of the specified suction heads.
These sections were wet at & suction head of 10 cm of water for
12 hx. At suection heads of 10 and 100 cm of water, saturated
cersmic piates were used with a bubble~tower to control suetiom;
at 340, 680, and 1035 cm of water pressure plates apparatus was

used as described by Richards and Weaver (1944).

{Composite fine earth samples from each replicate were used to
determine €& at suction heads > 2110 ca of water, Similar quanti-
ties of soil were sampled from each of the four walls of the two

pits on each replicate from which bulk density sawples were obtained
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and bulked to give one composite sample for each horison. After
air-deying, the samples were crushed in & 'Ster Twoe Roll Crusber’
uill to pass through & 2.0 mm aperture sieve. Triplicate sanples
of approximstaly 20 g each were then used to determine @ at
suction heads of 2,100, 3,280, 10,800 and 15,900 ca of water,
following the pressure membrane procedurs outlined by Richards
{1965). “The samples were allowed to absord water off the membranes
for 12 hr. Separate samples vere used for esch saction. All
seasurenants vere made in & constant tempersture room at 20 £ 1°C.
After desorption squilibrium had been reached st each suction, the
sanples vere ramoved and weighed wet, dried to constsnt weight at
105°C, and their volumetric water contents calculated from ¥s 0%
and the approprizte values of p; shown in Table 14 ueing Eq. (15).

(d) Soil water diffusivity and capillary conductivity.
D and k were obtained from pressure plate outfiow data at mean

suction heads of 205 and 1500 cm of water. Outflov was messured
from 2 samples of sach horizon on sach of the threes replicates,
excapt for the B, horizon present om replicates i and 2. This
contained numerous calcareous concretions and could not be trimmed

without sxcessive disturbsnce.

Materials. The cutflov messurements wers sade in a cosstant

temperature voom st 20 t 1°C using 'undisturbed’ soil cores
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obtained from the woist profile [see Section 3.3.2.(211)¢(b)]. The

coves were 10.5 cm in diameter snd were trismed o 1.8 cm 1a height.

Apparatus. Use was aade of conventiomal volumetric pressure
plate sxtractors manufactured by the Soilmoisture Equipment Company,
Sants Barbars, California, and shown in Fig. 6. Alx antered the
ceraaic plates at kp = =2000 cx of water. Pressure heads < 230 cm
of water were messursd with & mercury manometar and heads > 1250 em
with a receatly caiidrated Hational Instrument Company gauge. The
open end of the unsnometer and that of the horisonzal capillery used
to measure outflov wers comnected to gastight Winchester bottles of
volume 2.5 1., the bottles serving as ‘pressure dampers’ to reduce
proessure fluctuations in the systems when changes cccurred ia

atmospharic prassure.

Proceduze. The porous ceramic plates of the axtractor cells
were saturated under vacuus with de-aired water before the apparetus
wvas assaabled. After being placed on the ceranic plates, the soil
samples wers wet at & suction of 10 cm of water for 20 hr and the
initiel head (180 cm of water) applied. When cutflow ceased, ths
spparatus was flusked free of air, a first prassure incrament of
50 cu was spplied dy raising the pressure head to 230 em. Outflow
was collected in a horiszontal ecapillary (0.01 ml graduation) and
was recorded at intervsls of 15 ain for a pericd of 6 hr.
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Fig. &. Apparatus used in the measurement of soil water

diffusivity.

= to manometer

= to air supply and pressure regulator

= National Instrument Company gauge

= volumetric pressure place extractor

burettas for storage of outflow and water for flushing
= horizontal capillary for measuring outflow

= syxinge used as aspirator for flushing

= connection for next volumetric pressure plate extractor

B0 = owm g 0 W e
8

= Winchester bottle serving as a 'pressure damper’
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The pressure head was then increased to 1,250 cm of water. After
outflow had ceased, the apparatus was flushed free of air againm,
snd & pressure facrement of 500 cm vas applied by raising the head
to 1,750 en. Outflow was sgain recorded st the times stated adove.
The samples wers then resoved and weighed wet, dried to comstant
weight at 105°C and weighed again.

D was derived from the outflow data by the curve matching
procadure described by Peck (1968). Matching wss confined to less
than 0.2 72/0 units of outflow time, where I is the langth of the
core. Yor this pariod the outflow is equal to that which would
occur from a core of semi-iafinite length (Sine and Bents 19€3).
Curve matching was performed to find the approximate value of
0.2 12/D and then repested in time < 0.2 I2/D. Whnere 0.2 22/p
€ 60 min the value of D was checkad with referance to Eq. (1) of
Doaring (1985). The valuss of D obtained by thess two methods
were in good agreement and the velues of I used in 211 caleculazioms
wera derived from the curve mstching procsdura. After U was
cbtained, k was calculsted from

Lk = Dae/aR (em min™h (19)

the vaiue of 4@, the change in the equilibrium walues of 0 produced
by the step AN, was obtained from the soil water characteristic

CUTvVeE,
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For comparison with the values obtained as described above,
k was calculsted independently from the soil water characteristic
curve using Eq. (7) of Mershall (1958). A porusity class faterval
of 0.02, and & mumerical constsat of 1.6 x 10° was substituted into
Marshall's Eq. (7) to yield Xk in units of cm per min. A listing

of the computar programme used for this calculation is included
in Appendix 10.

(iv) BEffects of the treatmeats cn soil

propertiss and crop grouth

(a) Soil water and nitrate.  Soil samples were teken
with & 5 cu dismester suger from O to 10 cm, 10 to 25 cm, and then
for each 23 cm interval to a depth of 200 em. Befors planting
uine soil cores were taken at points scattered along the length of
esch replicate to measure the initial conteat of water and ao;-a.
Within the § x 1 @ qusdrat cut for top growth om each sub-plot on
each sawpling veccasion the soil was sanpled at three points
desigaated 1, 2, and 3. The soil from each depth interval for
sample 1 was sub-pampled into three equal parts (20 - 70 g) and
labelled la, 1b, and le. The soil sanmples were then treated as
follows:

Ssb=sampls la - froses ia the fleld with liquid 062
immadiately after coring and stored at
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-4°¢ pending nitrate decermination.

Sub-sempie 1b -~ wveighed wet, dried at 85°C and weighed,
then dried st 105°C and roaveighed to
detarsine ""as‘“c and w’lﬂ&“ﬂ'

Sub-sample lc, and ssmples 2 and 3 -~ waighed wet, dried
at 85%°C and weighed again to determine

individoal V,Moc. These¢ sauples were

used later to messure root length.
For sub-sample Ib aud samples 2 and 3, U,wsec vas calculated from
the rslation

Fo1os?0 = (y0s% Mogsocd1n * Wogs®1e, 2, 3 (18)

Values of 8 were calculated from ﬁ',mﬁoc and the appropriate valua
of p, shown i Table 14 using Eq. (15). The WO,~N comtenmt of
frashly thawed 0.5 g lots of sub~sanple la were detarmined, without
preliminary drying, by the chromotropic acid method of Clarke and
Jennings (1965). One 10 2 lot of the ssh-gampie, also taken after
thaving, wes dried at 105°C to deteraine v, 105°¢c* The m;-x
coutents were expressed volumetricslly using the Py data in Table

is,

{b) Top growth. TvC siecks aiter emergence estsblishment
counts wers made along five 1 m lengths of row at scattered locaticns
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on the sl and sz plots, and within five 20 x 20 cm quadrats at
scattsred locations on tha 83 plots. Top growth was sampled at
the following times:

FRte©  esergeace (o) Groven atage
2- 3. 1x.68 8 spike inftiacion
8-10. x.68 13 boot stage
. 11-13, x1.68 i8 one wesk after aantheais
" 25-27. x1.68 20 1ste dough stage
il1-13.x11.68 22 naturicy

The sampling procadure during the growth of the crop was determined
primarily by the radioisotope requirements and by operstional
convenience. The sub-plots on replicates 1 and 2 were sasumpled
from the morthern end and those on replicate 3 from the eastern
and. The srea availisble at sach sampling occasion was 3 m long
snd extended across the width of the sub=plot. Arsas used for
radioisotope work were avoided when taking soil samples, sad plant
sauples to measure top growth. At 8 wk local bias in chooeing
psrticular plants was avoided by locating the guadrat centre by

tessing psgs onlo the ares with the eyes shut. At later harvests
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the pegs could not be sesa readily batween the plents and the
quadrat was located with the eyes shut. As in the preliminary
axpsrinent, one edge of the quadrat was set parallel to a row.
Tiller daneity, lesdes ares, grain yield, sad the components of
grain yield vers measursd using the same precedures as in the
prelininaxy axperisent,

(e} Bitregen and silicon content of the plamt tops -

sampiing procsdure. 25 g sub-sanmples of the dried plant tops
vere coarsely ground in a "Wiley® mill, uixed, and further sub-

senpled to msasure the ¥ and 51 content of the plant tops. At 8
and at 18 wk sub~ssamples of whole tops were analysed. At maturity
aseparetes N determinations were made for the leaves sad stems asnd
for the sx&iu,u) and separate Si deterninstions were made for the
lcaves and stems, the lesmac and psleas, and for the grain.

Anslyticel procedures -~ ¥itrogen. The ¥ contenat of 0.5 g

sub-sanples was determised with s °Technicon' Autosnalyser using the
sathod of Willisms and Twine (1967).

Siliecon. 2 g sub-samplas of the coarsely ground planc
saterial were subjected to further grinding for 2 win is the 100 cc

@) The B content of the lemmsc ; paleas, awae, and rachis vas

not determined at maturity.
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vial of a 'Seibteckunik' mill; 0.5 g sub-samples of the finely ground
satsrial were then formed into 3.1 cm diameter discs backed with
boric acid. The discs were formed by applyiag a pressure of

2.1 x l93 kg ot to the material with & *Blsckhewk® hydraulic ram.
The 31 content was then determined by x-ray fluocrescamce spactro~

graphy (.

(d) Rost growth, rooting demsity, snd xoot distridution -
Eoot length. The three soil ssuples from ssch sub-plot referced

to in Sectiom 3.3,1.(111)(c} were bulked, fragmented in a ‘Berry’s
Junior' mincing milil and sub-sampled to messure yooting density.
The fragmentation cut the roots fato short (< 2 cm) lengths and
sllowed more efficisnt sub-sampling amd voot separstion. Because
of tha relatively high rootinmg deusitfies in the topsoil, 50 g sube
samples of eoil were used to maasure voot leagth in the top 10 em
of the soil profile at 8§ wk, in the top 25 om at 13 wk, and in the
top 50 cm at 18, 20 and 22 wk; 190 g sub-samples were used for

the lower depths at sach harvest. Samples obtsined from the lower
horizons at esch hurvest were put through the elutriatiom procedurs

to engsure that the dsepest roots were included fu the messurensnts.

(1) The 84 messurements wverc made by J.T. Button, C.§.1.R.0.,
Diviston of Soils, Clen Osmoud, South Australfa. The sethod
of asalysis is described in C.5.1.R.0., Division of Soils,
Tech. Mewmo., 4771969,
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The roots wers separated from the soil by dispersion of the
s0il fellowed by mlutriation, and vere retaiced on a 0.25 mm
apaxture sisve (Barley 1953). The root separate was then floated
in & 3 x 3 om dish sad the lacger macroscopic fragments of poil
erganic matter were removed with twasmers. In ordex to aswoid
cluaplieg snd superposition of roots is the diak, the oot seperstes
from the 30 g topsoil (0 to 10 en) samples were divided inte two

pares for seasuvenent,

Thae length of reot in esch smmple was obtaimsd by iatercept
couating. For esch root separste, 60 fields ware viaved st &
sagnitication of x 20, and & count was nade of the intarcepts formed
by the szes of segwents of root on vandomiy disirviduted line
tramsacts. A traveiliag uicroscope with gradusied x ~ y sxes was
used to locate esch field according to pairs of random ausbers.
Sats of 60 pairs of mumbers chosen at vendow within the range of
the scales on the x - y axes had been generated praviously with a
couputar progrem which also arrvanged oas nusber of esch pair in
ascendiag ordexr. The program is listed fu Appendix 1. The
ayrrangement of the nuwbevrs saved time when selecting positions on
the x - y axes. A hair line in one eyepiece of the sicroscope
formad the line transsct., The eyspiece was spus 20 obtain & new

orisatation of the transsct for asch of the suscasaive &3

e o i e
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Intercepts formed by axes of root segments with root hairs and
those without root hairs were recorded separately on a two-channel
counter (Fig. 7). Following ilewman (1966), the t.oc:\l. length of

root E per separate was giveo hy \\,

E = wlidfinl {cm) (éai"

where # is the mumber of intercepts between root and transect,
4 (ca?) is the plane 2vrea on which the root sections and transects
were distributed, m is the number of transects and I (cm) is the

length of the transect.

The root length per unit volume of soil or "root abundance’
(strictly the volumetric asbundsnce of roots) in the sample layer,
ﬁ”i was given by

B, = R o (en™2) (21
t i
where ﬂi is the root length per g dry weight of scil. The mean
root length per unit volume of scil for the entire root zone, 5;
was given by
H
Li#
fa}
=
v #

iz, - )
gay *TE v

B
]

iﬁi - 22)
3 fem ) (i)

wakre 2 (cm} I8 tne depth to the top of zach laver, % is the depth



FIG. 7. Equibmznf used for root separation
snd ‘intercept counting.

A. Sieve. D. 2-Channel counter.
B. Dish. . E. Binocular microscope
C. High-speed  with X-Y head.

disperser. F. Microscope lamp.
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of the root zone, and Ra is the root length per uanit area of ground

surface or 'rooting demsity’ (by analogy with plant density).
The mean root length per tiller E? vas derived from
#

e = R& 3 19‘[& {cm) 23)

where & is the number of tillers per sq. m.

The wean daily rates of change of the quantities were calcula~

ted from the changes beatween successive dates of sampling.

Porm of the root profile. Two weeks after anthesis piu~

boards were used to obtain one soil block from each sub-~plot on
replicate 2. The boards, 60 cm wide x 110 cm deep, were lined with
black polythene and had pins § cx long at 5 om centres. They were
placed vertically and jacked into the walls of profile pits in a
direction normal to the plant rows, and then removed together with

a block of soil 10 cm thick. Soil blocks were also takem from 100
to 150 cm depth on sub=-plots Si¥ys 84R,, S,N. and S8, using pin-
boards 60 ecm wide and 50 cm deep. After air-drying, the goil blocks
were soaked in a solution of 0.1% sodiun hexametaphosphate for 23 to

50 hx. The soil was then washed sway with a non-adjustable fine
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spray of water delivered from = ‘rose'. Finally the polythene
backing sheet and the root profiles wers lifted from the pinboard
and photographed.

Delineation of individual plaat root systens. The extent of '
individual pleat root systems was estimated by the detection of

radiocsctivity in the plant tops absorbed from scurces placed in the
soll et 5, 17, 37, 62, 87, 112 and 137 cm depths directly benesth

a reference plant (Pig. Ba). There was cue reference plant per
sub=plot per sampling occasion for each depti and ome injection was
mede bensath each reference plant. The injection depths were
randouized. The first refereace plsnt on each sub~plot was located
on the third row of the sampled srea shown in Fig. 5. The distances
batween reference plsnts on the same or on adjacent plots were set
at wors than tvice the estimated spresd of the roots and other
refexence plants were located by messuremsmnt (see Fig. 8a). Rach
injection consistad of 1 ul of s aixture of 321' a8 orthophosphate

35 35

and TS as "‘z so‘ is asqueous solution. The injection program

and the radicsctivities of the solutions used on sach occasion are

as follows:
Tise after smergence (wk) 8 13 i8
Deepest injection {cwm) 112 137 137
Badioactivity of solutica (uC per ml)

32p 10 30
I5g 20 20

g 8
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(a) Section through the soil profile showing

relstive locstion of injection boints at cach depth

(b) Plants ssmpled for redioactive assay

L. 1l = Plants sempled across rows, |..6 = Plants
sampled within rows, corresponding numbers were
bulked ( Not drewn to scsle) .

® = Reference plant, © = Other plants,* = Injection point.
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An access hole was made at esch injection site by pushing a
steel rod of 8.0 sm dismeter to a depth 2 ce grester than the depth
at which the radicactive solution was to be injected with the probe
shown in Fig. 5. At the start of cach series of imjections, the
inner cylinder, {(E) -~ see Pig. 9 -, tha syringe {K)}, and the coa-
necting tubes (J), (L), were flushed frae of air and filled with the
radicactive solution. The tips of the faner and outer cylinders
wers set at position (A), the injector inserted into the access hole
te the required depth, and the inner cylinder thes set at position
(8). Ome operstor plunged the syrizge (K) to inject the radiocsctive
golution, vhile a second operator opened the contrel tap (I) at the
begioning and closed it at the end of the downstroke of the syringe
plunger. After injection of the sclution the inner cylinder wae
retracted to position (C) sad the injector was then withdrawn frow
the access hole. After withdrswsl the tips of the inmer and outer
probes were clesused of suy particies of soil and reset st position

(A) iv resdiness fer the next injection.

Threa days after injection the whole referance plant, and
othexr plants at approxisstely 5 cm iatervals on either side of the
reference plant within the row, were cut off at ground leval. On
the si and sz plots which had besn sown in one dirsction only, plants
were sampled on either side of the vefersmce plant on three adjacent
tows. On the 33 plots which had basn sown in two directions,
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Pig. 9. The injection equipasnc.

Positious of the outer and inper cylindrical shafes
are shown at

A = insertion, B - injection, ¢ - withdrswal

D = guter cylinder (6.5 mm o.d., 4.5 um 1.4.)

E = joner cylinder (2.5 sm 0.d., 1.5 mm £.4.)

¥ = welded bead, moxinus diameter of probe (7.5 mm)
G = wvelded tip of inner cylinder

H = agjaction port (0.5 am diameter)

I = control tap

J = polyethylene counection from inansr cylinder to
E = autoaatic ayriange

L = polysthylens conmection fyom K to M

M = polysthylene bottle (250 ecc) ~ reservoir for radicactive
solution

R = lsad shiecld (8 am)
P = motal container for ¥ and ¥
E = gtand to which P is attached
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samples weve taken at 5 cm intervals in the other set of rows at
an angle of 900, Plsots equidistant from the reference plant -
plants having the same number ou Fig., 8b - were bulked for radioc-

active assay.

Samples of whole plant tops were dried at Sﬁeﬁ, ground in a
‘"Hiley' mill, and digests of 0,5 g sub-panples were prepared using
nitric-perchioric acid digeation (Johnson and Ulrich 1959). All
sxtracts were made up to 100 ml with distilled water end a 0.5 ml
aliquot placed In 1C wl of scintillation fluid [100 z naphthalene,
7.0 g 2,5 diphenyloxazole and 9.5 g 1:4 « d1(2~(5 phenyloxazolyl))
henzene in one litre dioxan) and assayed for radicactivity on a
*Packard Tri-carh’ liquid scintillation spectrometer, Model 3375,

fitted with automatic oxternal standardization. 355 was counted

in the uC chaonel set at 15 to 450, and 32? was countad above léc.
Counts were terminated at & presaet level of 5000 or 10 min, whiche

ayeyr came first,

At 18 wk afrer esmergence, the injector used to apply radiotracer
at depths 262 cm broke after injecting replicate }; 2 replacement
could not be obtained In time to complete the sevies of injections on
this occasion, and the radictracer injections were discontinued.

{At 18 wk the water content of the top metre of the soil was low and
the aptake of radiotracer could seldon be detected for injection

points < 1 m deep.)
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(s)  Water withdrawsl by roote and verticsl flux of water
through the soil. These two quaantities were calculated using a
computer program based on the amalysis outlined by Rose ¢t al.
(1965) and Rose and Stern (1967). The progrem is listed in
Appendix 12 with comments. The volumetric water content ¢ for
evach depth vas plotted as a function of time sfter emergemcs, a
separste graph belag constructed for each sub-plot. Estimates
of 6 at 3 days on either side of the plotted wvaluez at 13 snd at
20 wk were found by intsrpolation on the lines joining the points
for 8, 13, and 18 vk and for 18, 20, and 22 wk., VPor each value of
8§ obtained in this manner, a correspovnding walue of unloaded
suction was rexd off the soil water charseteristic curve for the
sppropriate replicate snd depth. The overburden pressurs B was
Sound frem the p, values in Table 14, snd the increment in bead dus
to everburden was obtained using an arbitary pors pressure
coefficient g = 0.1. The eapiliary conductivity k im the vertiesl
direction was obtained for each depth and sampling time by finding
the valua correspondiang to & according to the procedure outlined
below Table 15. The smallest depth at vhich withdrawal and
wartical flux were calculated was 5 cm.
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3.3,3, Fesults and Discussion of the Maln Experiment

on aeeding rate and rate of nitrogen

(1) Characterizstion of the soil at the

alte of the main experisent

{(a) Depthe of the soil horizoms.  The mean depths of

the soil horizons on each replicate are shown in Fig. 10 and a photo=-
graph of the soil profile on cach replicate is shown io Fig. 11.

The davelopment of the horizons was similar on replicates 1 and 2,
but replicate 3 had fewer horizoas clearly differcatiasted and the

€ horizon came neerer to the surface.

{b) Bulk density. The mean Py values for the

several horizons sampled at dry snd moist states are given in Table
14, The o of the 4; horizen samples taken from replicates 1 and

2 when the soll was zoist, was higher than that of samples taken
when the goil was dry. This difference is attributed to compaction
during sampling, There were no other sigpificant differences
hetwaen the zoist and dry states, or differences between replicates,
and the mesan values shown in Table 14 have been used in 2ll

calculations involving p, in the thesis.
£
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Teble 14

The bulk density p; of the soil horizons.

Values are the means of the three replicates

Soil oy L8 per cel L.S.D. sean gy,
norizon pry Moist {P=i.G5) (g per cc)
A 1.53 1.53 g.08 1.5¢
4y 1.7¢ 1.72 n.d. 1.71
By 1.49 1,53 d.14 1.51
B, 1.35 1.41 Rete 1.38
By 1,30 1.43 0.27 1.36
B, 1,33 1.4 g.11 1.37
[ Le3h §.57 G.82 1.56

n.d, = not determined: horizon present on replicates 1 and 2 only.

{c) Zoil wateyr characteristic. The soil water character~

istic for each korizon on the J} replicates -~ liquid desorption
measurements for unloaded suctions ~ is shown in Fig. 12. Results

for each horizon on each replicate were used in subsegquent calculations
and are iucluded in Appendix Table 2, The curves in Pig. 12 show

that wost of the "available' water in each soil horizon was

retained at hﬁ 3 =1550 cm of water. The water content 9 of the 31
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horizon remained high for a given value of k' when compared with
% in the adjacent Az and 52 horigons. At a given value of km.e
of Ay >> A, due to the higher organic natter content of the ll
horizon and @ of 31 > 32 > az due to differences in clay content.
Otherwise, 9 at a given value of %H inereased with depth in the

soil profile,

{d) Hydraulie conductivity -~ Measured values. Except for

the B, horlzons, the variation between the values of k for
duplicate samples from the same replicate was of the same order
as the variation between samples from different replicates (sce
Appendix Table 3), ean values of k for the three veplicates
have been used for all horizons except BI; fox this horizon, one
value has been usad for replicates 1 and 2, and another for
replicate 3 (Table 15). Texturing the samples from each horizom
showed that for Bi' the clay content of replicate 1 = 2 >> 3,

The structure of the Bi horizon on replicates 1 uénd 2 was coarsely
prismatic when dry but that on replicate 3 was medium granular.
Other horizons vere grouped as shown in Table 15 because of

similar values of k and similar morphology.
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Hydraulic conductivity k of the soil horizons (cm per min.}

¥ean suction head (emx of water)

horizon
205 1508
Ay Ay 2.3°107° 3.7:1070
B, (seps. 1,2) 1.7+10~7 1.3:1078
B, (Rep. 3) 11107 1.9-10~7
Eyy By 2501078 3.4°1078
B, 3.501070 6.0-1073
¢ 3.7.1077 2,5°1078

The tws weasured values of k for each horizoa were plotted as

functions of © on double loz paper and values of : at water contents

other than at the measured values were obtained by linear inter-

polation and extrapolation on the log-log scale (Cardanexr 1956).

Reference to Fig, 12 shows that the € range covered by megsured

values of X represents wost of the range in the content of available

water.

Caleculated values,

Marahall’s (1958) Eq. (7) pradicts %

values of the order of 102 tinmes greater than the seasured values

for the warjous horizoans.

The estimates given by Marshall's
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equation will be compared with Further values of k for topaoils in

Secticn & below,

(e)  Soil HO3=-H. Data on aoil §O§~ﬁ are included here as,

although affected by ¥ treatment, they were obtained primarily to

characterise tihe site and the ﬁﬁ}-g levels during the growt: of

tihxe crop. Relatively high concentrations of soil HﬂS—& wers
acasured at depths of 50 to 75 cm at planting and at depths of 75
to 100 ca throughout the growing sesson (Fig. 13). The high RO;-K
concentration at depth is attributed to leaching from the topsoil
partly during previous seasons and partly during the early part of
the 1968 season. &t sowlng time the wetting fromt of the early
winter rains had reached 50 to 75 cm depth and it was here that
high concentrations of SG;-R were nessured, Eight weeks after
seedling emergence the concentration of xo;-s in the top 25 cm was
significantly higher at Ra than at ﬁﬁ or ﬁx. One hundred ox of
rain fell during the second month after emergence and considerable
azounte of HG;-E were found as deep as 75 to 100 cm depth at 8 wk.
The 80;-5 in the top 75 cm at 18 wh and throughout the top metre at
22 wk was sigoificantly higher at §2 than at ﬁg or Hl (Fig. 13).

During the perifed 8 to 18 wk the cemcentration of ﬂo;-n 1o

the top 50 cm at K% and Hl was depleted bhelow the levels measurad

at planting; after 18 wk it increased in the top 50 cm on all
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plota presumably due to mineralization, but the levels remained
lower than the peal values measured at 8 wk, The decrease in

the topsoil before 18 wk is attributed to uptake by the crop,
leaching to the lower horizons, and possibly also to volatiliza~-
tion from tie soil, especially at sl vheres the soil was incompletely
explored by roots. The measured concentrations of soil EOS—E

were not affected significantly by the differences in seeding rate:

however the varlabiiicy of the measured vaiues prevented a precise

comparison and small differences may have existed bezween rates,

(11) Top growth

(a) ©Establishment and weed control. The seedlings

emerged 2 wk after planting. Except for a patch approximately
1.5 m2 on sub-plot Saﬁe of replicate 2, where the soll had bLeen
coupactad by machinery at planting, germination was good and even.
Esteblishuent counis wade 2 wk after eﬁergence are ghown in Table
16, At that time the number of plsnts per sq, m. was related

directly to the rate of seeding.
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Kumber of plants per sq. m. at establishment

Nitrogen rate

Seeding Mean
rate ﬁg %1 HZ
S1 22 22 20 21
sz 87 101 87 92
53 450 4835 507 474
Hean 186 196 205
LeS.Do (P=0.053): 3=51; Bwi2: § x N=22

& number of weeds, mainly Emex australie Steiah;

Fumaric

officinalis L.; H., leporimwm Link, and A. fatua L. sppeared during

early growth, wostly in patches on the 81 and Sz plots. The wveeds

wers controlled by spraying all plots with "Bucktril M,A.* (20%

wiv 3,5~dibromo-é«hydroxybensonitrile + 201 w/v 2-methyl—é-

chlorophenoxyacetic acid as the iso-octyl ester) at the rxate of

2 1. tu 300 1. of water per bectare at 3 wk sfter emergence. 1In

addition the more weedy patches on the sl and 52 plots were hand

weeded at 2 and at 4 wk.
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(b) TYotal dry weight and nitrogean content of tops. The

main effects of the S end ¥ treatnents on the total dry weight of

tops per unit area sre shown iv Pigs, l4a and 14b, (In the thesis
L.S.D'8 are showr oa figures only when the 'P' test is significent

at € the 5% level of probabiiity.) The total dry weight of the

tops per unit area was consistently lower at sl than at s2 or sso

At 8 wk the dry weight of tops per unit area was velated directiy

to the seeding rate. and the differences betwser the seading rates
were highly significent. If wve sssume that there was negligible
plant mortality between 2 wk after emergence when establishment counts
were made, and ar 8 @k, the mean dry weight of tops per plant would

izave been Sl = 0.9, 52 = 3,3, and 8§, = 0.2 g at 8 wk, This

3
{ndicates that, ac early as 8 wk after seedling emergence, plant
competition had severely restricted dry matter production per plant

at S, and 53. Note that at § vk there was little differevce

2
between the mean weight per plast ag sz and 83. At 13 wk the dry
waight of the tops per unit sras at 53 was significantly nigher than
at Sl. From 13 mntil 20 wk the rate of dry matter production par
snit ares waz higher at ﬂl and $2 than at 33. At each harvest
after 13 wk the dry weigi:t of the tops at 33 was jntermediate to

51 and 52’ and on 2ach occasion the 4ifference between Sl and 5,

wvas significant. There was no change in the total dry weight of
the tops at 51 after 20 wk, but there were decreases at 8, and S

3
due to mwore rapid senescence and grester loss of leaf wmaterial inm
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the field st the higher seeding rates.

Toe differences in the vield of tops per unit area between the
$ treatments during early growth are attributed to both the effects
of inter-plant competition on yield per plaot and to the plant
density multiplier. The preduction of dry matter per unit avea
vas higheat at &2 duripg mid- and late-season growth. Severe inter-
plant competition greatly reduced yield per plant at 33. and at 51

ths plant density was so low that, although the yield per plant was

high, 1t was not high enough to compensate for the low density.

The iufluence of N on the dry weight of tops was small. Ro

consistenely yielded less chan ﬁl and Hz but the differences ware
statistically significant only betveen ﬁa and @2 at 8 and at 22 wk
(Fig. l4b). The vesponse to ¥ during the first eight weeks of

growlit seourred ut S3 only, whexe the dry weight of tops incressed

¥4

from 79 g > atiﬁﬂ and ¥, to 14l g m " oat N,, the difference being
higaly significant, At tide tiwe the folfage was darker greem in
colour at the higher rates of &, Presumably plant demand for N per
unit area of ground aurface increased with seeding rate, and
scarcity of available ¥ at Ny and Nl nay have curtalled dry matter

procuction at 53. o significant interactions of wain and sub-

trealments were obtained at harvests later than B wi.

Although the per cent X content of the plant tops was consiste

ently higher at SI and gz than at 83, the differences were
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sigonificant at the 5% level of probability omly at 22 wk (Table
17}.  Tha= totsal ¥ content of the plant tops per unit area at 0§
Wk was significantly higher at 53 than at Sa and 52, but at 18 and
2 9k the yleld of N was significantly higher at 52 thae at 51 and
53. The'yleld of R increased to maturity at Sl but it decreased

sfter 18 wbk at 52 and 53 probably due tc the loas of dead leaves.

Treatuent differences in ¥ aptake was largest during early
growth:s most of the applied N and the bulk of the roots were in
the topsoll at that time, Deesp leaching, wineralization, and
volatilization would have tended to reduce the differences in the
suppiy of available ¥ during later growthi. iHowever reference to
Fiz. 13 shows that. for wmost of the growins season, the Rﬁg-ﬁ

content of the soil remained gignificantly higher at &2 than at

ﬁg or Ei.

The per cent and total N content of the plant tops was con=
siatently higher az ﬁz than at ﬁﬂ or ﬁl; the ifferences were
largest during early growth and became less as tha plants matured,
hovever the velues at “2 were significantiy higher than ﬁﬂ at all
times. Ar 8 wk the yleid of ¥ Jdiffered significsatiy between the

¥ rates at 83; ﬂﬁ = 2,2, Hl = 3.1, and wz - 5.8 8 ﬁ.z. The

yialds of ¥ at 5l and 52 were ¢ 1.1 g ‘-2 and did not differ
significantly betwsen the sub-treatments. Thix result aiso suggests

hat the supply of N at 8353 and 5381 nay hava been below the



Isble 17

Per cent nitrogen and total nitrogen content of the plant tops (g per sq. m,)

at 8, 18, and 22 vk

Time after Seeding rate Nitrogen rate
emergence s s 8 (g;g.gfa) N N N | (g;g'gﬁ)
(wk) 1 2 3 ‘ 0 "1 2 -
RITROGEN (X)
B 3.85 3.3% 3,57 0.64 3.45 3.83 4,12 9.37
i8 1,28 1.20  1.08 0.26 1.12 1.20 1.24 0.11
22 1.33 1.35 1.17 0.15 1.16 1.28 1.31 0.12
TOTAL NITROGEM (g per sq. m.)
& 0.33 .84 3.68 0.70 1.00 1.46 2.3 .36
18 8.49 12,96 9.61 3.10 8.80 10.57 11.71 2,91
22 7.18 11,16 9,40 1.40 8.74 9.87 11.13 1.53

"¢71
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requirenents of the dense plant populacions.

(c) Tiller production. Two weeks after seedling emer~

geace the plant density was related directly to the seeding rate.
Establishment counts made at this time are shown in Table 16.
Tillering cosmenced during the third week after emergence. At all
harvests the tiller demaity, that is, the number of tillers per

unit ground area, vas related positively to seeding rate snd rate

of nitrogen., After tillering commenced the tiller demsity increased
sharply at 82 and 83, and waxizus densities at 52 and 53 were
measured at 3 wk; the densities at these two seeding rates declined
sharply between & and 13 wk, and then slowly until the plants reached
maturity. In contrast the tiller density at S1 increased until 18
wk and had decreased only slightly at msturity (Fig. 15b). Because
of these contrasting trends in tiller production and wmortality,
differences in tiller density between 8 rates were largest during
early growth: navertheless the difference hetween s1 and 53 was
significant at 21l harvests. If we assume that there was negligible
plaat wortality between two weaks after emergence, when establishasent
counte were made, and the times st which maximum tiller densities
were recorded, the mean maximum oumber of tillers per plant would

have been Si = 21.3, Sz = 16.8, and 5, » 3.2,

3

Tiller density at ng was consistently lower then at By or H,.

At 8 wk the differences between tie three X rates were significant,
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but at later harvests the only significant differences were between
K, and N, at 20 and 22 wk, The time trenda of tiller production
and mwortality were similar at the three rates of & (Fig. 15b).
After tillering commenced the densities increased rapidly and
neximum values were measured st 8 wk at sach rate of ¥. Tiller
density decreased sharply during the 8 to 13 wk interval, the
wagnitude of the decrease being in the order “2 > ul > ﬁﬂ. After
i3 wk there was a further but slow decline at ﬁ‘; there was no

change at ﬁa from 13 to 18 wk or nt‘az from 13 to 20 wk but after

these times the tiller density decreased slightly.

The high ziller mortality during the 8 to 13 wk interval may
have been due to inter-plant competition at the highar rates of §
aad to iantra-plant competition at the higher rates of N. The
decline in tiller demaity toward saturity was probebly caused by the
despication of lste tillers that were unable to survive the dry
conditions at that time, During the first eight weeks tillering
increased with N rate at S, and &

2 3 but not at Sl. At 8 wk the

tiller densities (per sq. ».) were:

%y L 2
8 124 172 153
5, 993 1399 1674
S, 1192 1762 2264

LaGalze (F’Q 595) = 362



After B wk the tiller denmsity at zach seeding rate was related

positively to the raie of anitrogen, aud no significant interactions

were detected,

{d) ‘lLamina area, Lanina area index L was ralated
positively to § and to R during the first 13 wk of zrowth (Tablel8).
Treataent effects on I were most pronounced duriag sarly~ and sid-
segason growth; by 20 wk the leavea had senesced and only the stems

and sars remsined greem,

Table 18

The influence of seeding rate £ and nitrogen rate ¥

on lamina area index [ at 8, 13, and 18 wh

Tize after s 5 s L.8.D.
emergence (wk} 1 2 3 {(p=(.05)

8 Ve ld Uad3 1.30 .33

13 1 »® ': e FA ® 6 " :’f & E}J'g i - U"?

vi§ 1,350 1,35 Patil iedd

"o 1 2
8 0.353 9.84 1.1 0.24
13 1.7¢ 2.25 2.71 §.69

18 1.13 1.22 1.29 .50
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o vas measured at 13 wk sz 52 and $3 and at 18 wk at Slm

The increases in L that resulted from tie application of & were
snailer than those caused by highey seedin; rates. émax at each

of the three Il rates was measured at 13 wk, snd the subsequent decline
is L was greater at the higher rates of No 4t § wk L at 83 was

iocreased significantly with each increwment of nitrogen; &, = 1,19,

0
gl » 1.8%, anag Ez = 2,603 the iacreases at the lower seeding rates
were not significant. Agaian no significant interactions were found

after & whk,

(e) Grain yield and grain nitrogen. The grain yield, the

components of the grain yield, and the per cent X content of the grain
at maturity are shown in Table 12. Grain yield at the three 5 rates
differed significantly; S2 produced the highest yield amd Si the
lowest, The cusber of ears per 34¢. =. was related positively to S.
The number of fertils spikelets per ear, the number of graina per
spikelet. and the number of graias per ear were loweat at 83. but the
weight per grain was significautly higher st 53 then at 31 or sz,

The largest weight of grain per sar was produced at sz.

The graia yleld st s1 was low partly because of the small nusber
of ears, a direct result of low seeding vate. DJore importantly, the

large nusber of tillers per plant at 31 may have led to appreciable

intra-plant competition, and this may explain the big reduction in



The influence of sseding vate §, and nitrogen rate N, on grain yleld

Tabls 19

the components of grain yield, and ths psr cent N content of the grain at msturity

Huaber Husber Hunber Weight Grain X
Troatasnt of sar® of fertile of grains por yield content
' el e spikelets per grain (g per of grais
P e B pexr sar spikelaet (mg) 8q. m.) (%)
sl 343 13.2 2.35 26.8 282 1.96
S, 380 14.2 2.26 34.7 415 1.86
L2 513 10.4 1.87 37.¢ 367 1.80
L.8.D. (P=0,05) 115 1.13 0.10 2,32 41 0.17
¥, 368 11.9 2.26 34,6 338 1.83
31 423 12.6 2.14 32.9 363 1.83
N, 445 13.3 2.08 31.8 343 2.06
&4 0.11 3.31 61 0.16

L+S.D. (P=0,05)

0.79

“LEl
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weight per grain at Sl. Perhaps the ears formed on the late
tillers at Si did mot fill their grain due to shortage of water
late 1o the season, Yield at 53 was lower tham at Sz because of
the smaller number of grains per ear at 33, caused presumably by

igh levels of inter-plant competition.

The number of ears per sq. m. increased with N rate, hut the
nusber of grains per splkelet decreased (Table 13)., There was
also 2 (non~significent) tendency for weight per grain to be related
negatively to rate of N, Because of the compenssting effects of
thess changes in the different components of grain yield, the grain

yield itself did not differ significactly between the N treatments.

Ihe per ceant { content of the grain was not gffected hy
variation i seeding rata, The yield of K in the grain increased
with § and was related divectly to grain yileld. At maturity the
yield of N in the grain at Sl wss significantly less than at 52 and
33 {5.5 compared with 7.4 g m'z}. The per cent X content of the
graiz increagsed at &2 but not sufficiently to give significant

differences in total yield of grain N.

{11i) CGrewth and development of the root

systen

in general variation in seeding rate had greater effects

on voot growth than did wariation in N rate. After the cereal
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plant has tillered, cach tiller develops its own set of adventi-
tious (nodal) roots. As noted earlier [Sectiom 2.3.2.(1)(b)]

the nusber of msin nodal roots per tiller is {nfluenced less by
variation in plant demnsity than ie tiller number or number of
nodal roots per plant, fecause the tiller becomes the effective
growing unit, and also because plant number was pot determined
after eatablishment, results on root length are expressed as length
per tiller when considering the cffects of treatments on develop~

ment of the root systen,

(a) Extent {depth and lateral spread) of the root systems

of individual plants. Results are based on the total radio-
(BZP + g

activity counts) in the plant tops at 8, 13, and 18 wk
after emergence. Decause of many ‘missing plots?, statistical

analysis of the data was not attempted.

During the first 18 wk of growth the spread of the root systems
of fodividual plants alonz the row was related negstively to S.
The wmean extent of the root systems (mean maxisum lateral distance
within the row, and mean maximum depth from which tracers were
absorbed) are shown in Table 20 for three sampliong times. The
extent of rooting at each depth on the three sawpling occasions is

shown in Appendix Fig. l.
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Table 20

The influence of seeding rate S on the axtent of

root systems of individual plants

Time after ,

emergence Easm “a?i:§ﬁ SELane Sl Sz 83
- (wk)

3 Depth ‘ 62 62 62
Latersl spread within row® 25 25 20
13 Depth 112 112 87
Lateral spread withia row® 30 30 25
13 Depth 112 137 112
Lateral spread within row® 50 &0 3

* Spread {in one direction at 51 and 52, in two directions within
the rows planted at right angles at 53.

The results in Table 20 suggest that at 13 wk the roots had
penetrated less deeply at 83 than at Sx or 32. Differences in the
depth of rooting were not detected when quantitacive measurements
of Hv were made at this time. As the radioisotope was placed at
the zid-point of the layers sampled for determination of R” [Section
3.3.2.{v)(c) ], and as the depth of soil labelled was only about 3 cn,
the isotope method had a higher resolution than the root length

measurements. Root separation indicated extreme rooting depths of

753 to 100 em at 8 and at 13 wk and 100 to 125 cm at 18 wk.
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The lateral spread of the root systems within rows tended to
increase at each depth with time - see Appendix Fig. 1, Eipght
weeks after seedling emergence, isotope uptake took place across
two rows at s1 and 82, over a lateral distance of 35 em. Uptake
was not detected across three rows at any time. The application
of N increased the lateral spread of roots within rows on the 33
plota from 20 cm st ﬁa to 25 ¢m at Ri and HZ at 8 wk, and from 25
cm at H, to 30 cm at Kl and 52 at 13 and 18 wk. No effects of K

application on the depth of the individual root svstems was detected.

The frequency of uptake {(proportion of sites from which uptake
occurred) of the radioisotopes was highest from scurces placed in
tie top 50 cm of the soil and lownst from sources placed helow 87 cm.
This is probably becsuse the rooting density decreased as the depth
of rooting increased (Figs. 22 and 23}. The photographs of intact
Toot systems shown ila Fig. 19 show that the distavces between

selghbouring roots in the deeper layers were often large (> 5 ecm).

(b} YMean root length per tiller, ﬁr. The uain effects of

the § and N treatments on RT at each time of sampling are sbown in

Fig. 1ta and Fig. 16b., At 8 wk ﬁr was significantly greater at §

than at sz or 53. Although the rooting d;i;iéy R; (Fig. 18) and

1

the tiller density (Pig. 15) at & wk had both increased with gead~

iag rate, the increase in tiller density was relatively greater.
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As the mean dry weight of tops per plant at Sg and 53 was consider-
ably lower than at 51 {p. 123), the assimilates available for root
growth could have been lower at sz and 53 than 2t 51' In addition
the spparent value of HT at 51 at & wk could have been inflated by

the presence of weed roots.

During the period 8 to 13 wk each plant at s1 produced large
numbers of tillers and the mean RT at sl was lower at 1] than at
18 wk. At this stage the senminal roots would have formed the major
part of the total root leagth per plant and the large increase in

the nunber of tillers per plant would tend to reduce the mean <

re
Othexwise 3& increased with time and tended to be lower at 53 than
at 51 or Sz. AL aaturity RT at 53 was significantly lower tham at

Sl oy 52; this difference is attributed to high levels of inter-
plant compecition at 33, particularly for light, hsaving reduced the

grovth of roots per tiller.

The N rates affected ET less than did the S rates, and the only
sigonificant Jifferences between the Y rates were at 20 and 22 wk

when Rf at Ez was less than at B, and Ele This difference was

0
possibly due to the late Initistion of a large number of tillers at

By; the later tillers are unlikely to have developed extensive

aodal root systems.

Significant 5 x ¥ Intersactions werz detected at 8 and a: 22 wk.

At 8 wk, when the rootiag density at ﬂa and 81 vas similar and
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lover than at ﬁz, the values of ﬁf on the Sl plots at RO’ @1, and
ﬁz were 70, 45, and %4 w per tiller [L.S.D.(¥=(.05) = 43]. At 8
vk the values of ﬁf were relatively small at 52 and 83 and the
differences betwean ¥ treatments at these seeding rates were not
significant. However at 22 wk ﬁr at Ng was lower than at &0 on
the S1 and 32 plots, Agein there was no significant difference

between X rates at S3g as shown by the zesults (m per tiller) in

the following 3 x 3 table:

L Ny ,
Sy 140 94 8s
SZ 131 148 93
53 59 80 67

L.S.De (?'23035) w 32

The significant differences in ﬁ? at 2 wk are attributed to
veriacion in tiller number per plant ag a2ffected by both seeding

rate snd rate of nitrogen. At 12 wk the lower sean ﬁr at high

rates of ¥ at Sl and Sz was probably caused by the production of

tillers during late growth; this would be unlikely to occur at 53

due to high levels of inter-plant competition,



145,

{c) Mean rate of root growth par tiller, 5RT/ét. The wesn

of all treatments for each interval between samplings is shown in
Fig. 17. The values for individusl treaiments wers kighly variable
and Fig. 17 wvas constructed to shov the general time trends of
changes in 6ﬁfjste The time :trends f{n the number of tillers per
flant and the nodal root development varied considerably betveen
plants bots within and between treatments. Turieg the first 8 wk
of growth ﬁkflét at 5, was significantly higher than at 5, or 33 but
from 3 to 13 wik thie relationship was reversed. Negative values
vere obtained fox 5ET16t at S1 for the period B to 13 wk. Thase
values were significantly lover than those at 82 and 33, which not
auly remained positive but were also higher than duriog the first

8 wkk, Very large numbers of tillers ware produced at Sl during the
8 to 13 wk interval, and it is probable that many of the new tillers
had not developed avdal roots or had only short nodal roots when
zeaguresments were uade at 13 wk, There wers no significant differ-
#nces between 5aylst at the thres $ rates after 13 wk., HMaximum
values of ﬁﬁflst for all treatments were measuresd during the 18 to
20 wk period. Although a small decrease occurred after 20 wk 6ﬁriét
remained appreciable, particularly at 31 and sz‘ there were no
significant differzances bhetween éﬁflét at the three ) rates as the
variability was high. The values were lowest during the period 3

to 13 wk, followed by & moderate increass at 13 te 18 vk and then

by a big increase at 18 to 20 wk; although GRylét declined after



N
o
(&)

7

150 -

100

RATE OF ROOT GROWTH PER TILLER (cm/day)
)
I
O
0]

| I | I |
Q 8 13 18 20 22

TIME AFTER EMERGENCE (Wk)

FIG.I7  The mean rate of root growth per
tiller 64, /st .



k4L,

20 wk 1t remained appreciable {3 100 cm per tiller per day) at

sach rate of nitrogen.

Significant S x ¥ interactions with respect to 6§T16t were
found for the periods from emergence to 8 vk and from 3 to 13 wk.
Az from emergence to 8 wk GRTlﬁt - &.Gls«ﬁf, interactions were the
same as noted for £, at 8 wk. From 8 to 13 wk the values of Gﬂrlat

{em per tiller per day) wer: as follows:

0 o %,
5 -43% -36 -154
s, 31 78 91
5 40 18 60

LeS.0e (Pe0.05) » 72

These interactions resulted chiefly from differemces in the tillering
regpouse to zitrogenm at the different S rates as noted previocusly

for R,..
ra

In additfon to the influence of the availability of assimilates
for root growth, the twoe plant attributes that would have had the
greatest influence or the time trend of ERTIGt are the number of

tillers per plant during early srowth, and the number of actively
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growing root axes during late growth. Previous mention has heen
made of the tendency for 6&#/5: to be reduced at the growth stage
whea therz would have been larze nuwbers of cillers developiny with
a short leugth of root per tiller. Hflét was bighest during late
growti as the number of root axes per tiller would have been high-
est at this time, and, even though the rate of growth per axis may
have been small, the incresse in the length of root per tilier was

relatively large.

{d) Percentage of the total root length with root hairs.

There was no consistent effect of creatments on the percentage of
the total root length with root hairs at any time of sawpling, the
values for individual treatmeuts having varied between replicates
considerably, ‘Table 2! shows the mean percentage of the total length

of root bearing roof hairs at each depth and time.

Table 21

The percentage of the total root lenpgth with root hairs
at aach depth at different times of campling

Time after emergence (wk)

Depth

{cm) 8 13 18 20 22

0~ 1 16 18 11 12 6
16 - 25 15 17 14 19 14
25 = 50 18 19 19 23 16
50 « 75 32 27 20 i 22
75 = 100 56 35 25 31 25
100 - 125 = - 25 37 17
125 - 150 - - = - 36
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Iz general hairs were present along one tenth to one third of the
total root length, The percentage of the total lenpth of root
with hairs increased with depth of rooting, la the topsoil the
percentage of the length with hairs decreased as the plants matured.
The trend i{n depth was probably sssociated with the downward growth
of the rooting front, and the higher proportion of youny roots in
depth, Also, the soils remained relatively wmoist in the deaper
part of the rooting zome until later in the season. Tie decreasec
in the root length with hairs ss the plants matured may be dee
partly to suberization of the cortex and sloughing off of hairs due

to dessication,

(iv) et effects of (1i1) on

(a} Rootinp density, 4,. The main effects of seed-

ing rate on Ea arz shown in Fig. 18a end the main effects of rate
of nitrogen are shown in Piz. 18b,. ﬁa increased throughout growth.
During the first 18 wk there was a tendency for Ea to be related
positively to &, but after 18 wi 52 tended £o be higher than 83.

at 8 wk ﬁa at 53 was sigoificantly bigher than at 8, or 52; the
difference is attributed to incresse in the density of seminal root
axes au\a divect result of higher rates of seedin:. From 3 to

20 wk the increase in Ra ranked {n the order S2 > ﬁa > 51, and at

i3 and 18 wik S, was significantly higher than sl. After 18 wk Ra
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did not differ sigunificantly between seeding rates. From 20 to 22
wk there was a substaatiel increase in 5& a% S1 and a zmall increase
at 52’ but there was no change at 33 (#ig. 18a), The trend for a
higher rooting density at 52 than at 53 after 18 wk may have been due
to differences in the growth of nodal roots. Tillering was much
kigher at Sl.ané S2 than at 53 and, as the initiation of nodal roots
is related positively to tillering, growth of the nodal roots after
18 wk would tend toc increase rooting dengity at S1 and Sz relatively

mexe than at 53. However tiller density at Sl was relatively low

and Ra at Sl was alwayz below the values at sz and 53.

Significant offects of N rate on ﬁa were found at 20 snd 22 wk
only (Pig. 18b) and there were significant & x ¥ interactions with
respect to ﬁa at ;hese harvests. High ratee of root growth st
ﬁzﬁl during the 18 o 20 wk period caused E& at §1 to be significantly
higher than at Hy or X, - Yalues of Eﬂ (cu-l) at 20 and at 22 wk

wvere as follows:

Time after | “ A ‘ L.S.0.
eme:g:?ce L ¥y By {P=0.05)
20 £ 289 276 129 )
S, 425 482 362 . e
S5 303 483 389
22 5y 365 346 369
S, s 511 37§ oeaes - B

S5 328 446 409
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{b) Yertical distribution and &Fp,/it.

Photographe of root profiles, Fig. 19 shows root profiles

for the 51ﬂ2, szﬁz’ and 5332 treatuenrs at I8 «k after emergence.
The roots were washed frow blocks of soil i14 x 60 x 10 ¢». Ounly
& fow roobs were recovered from soll blocks or on pit faces at

dapths greater than 1 m,

The positive raiationship of rooting demsity to S, the increased
rooting density at depths greater than 25 cm zg S was ifacreased,
and the location of the bulk of the roots in the top metre of the
soil profile are shown clearly in Fig. 19. A spreading pattern of
root growth ac 51 ic contras: o the move vertically downward growth
of the roots st 535 can be seen in Fig. {9 and iz showr more clesrly
in Fig. 20. The low rooting density at 15 to 20 c¢m depth (Fig. 19)
is actributed partly to ioss of roots when washing away the clayey
31 sorizon, there iz also the probability that, on replicates 1
asd 2, root growth in this horlson was reduced as the clay centent
was high. The rvoot profiles from rhe ¥ aubeplots at $3 arc shown
in Flg. 21 There is quaiitative agreement with the ﬁv data at
15 wke: at ﬁz the roots were concentraved in the top 30 em and the
rooting density below 50 cm was low when compared with Qﬁ and %39
liowever certain anocmalies occur when the rooting distribution deduced

from root profiles are compared with that obtained froz guantitative

measurenents. Fig. 21 appears to indicate that the spplication of
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Root development on the SN, , S;N, and SgN, plots 18wk

after emergence.




FIG. 20. Root development on the SN, and $3N,

blots 18wk after emergence.
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i@ 0cm

Root development on the S5 sub-plots 18 wk sfter develobment.
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N causes substantial increases in rooting density throughout the
toot zone, Lut thisx is not as shown by the guantitative Rb data.
Furtier, Pig. 19 appears to indicste that, in the lower part of
the root zone, the rooting denszity at 53 waz less than at Sl or Sz,
but the Ev data (Pig. 22) and also the root profiles in Fig. 20

show that the rootiag density at 53 #as grester than at $, at all

i
degth?_u note that ﬁz-rates are compared ia Fig. 19 and ﬁl rates in
?&g.;iil These anenll}es point to the inadequacy of the soil

block method for the comparison of treatment effects on root develop-
want, and zo the hazerds pregent in drawing conciusions frowm poorly

replicated massive samples.

ﬁr at different depths. In general, at any particular depth

gv tended to increase with S and with time but there was a declins _
in Eﬁ in the top 10 cw» on the 82 and 83 plote during the interval

20 to 22 wvk. The increases in ﬁv at some depths, and the increases
iu'ﬁ; that resulted from increasing S were sigoifizant (P=0.035)
during early- snd mid-season but not during late meason srowth. The
sain effects of S on the 3,56 relationghips st 8, 18 and 22 wk arve
shown 1o Yig. 22, Results from all five hgtvaxts are included in
Appendix Table 7. Eight veeks after emeorgence the bulk of the

roots were located i the top 50 cm and it was in this region zhat
varistion in S sffected ﬁé sigpificantly: 1ia the top 10 om 5 was

24

higher at 52 and 53 than &t 81; ﬁ@ &t 10 to 50 em,. and Ev ware
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higher at 83 than at 82 and sl. From 8 to 13 wk E” increased
substantially throughout the root zone on sll plots. At 13 wk
and at all later harvests ﬁb in the top 10 cm tended to be ranked
in the order sz > 53 > 31 but differences ware not significant.
Although R? st deeper depths was usually relsted positively te S,
measurements wmade later than 13 wk did not show any significant
differences between treatmests; the variation at all depihs was

large.

The :,R” relationships for the three H rates at 8, 18, and 22
wk sre shown in Pig. 23; the results of all harvests are included
in Appendix Table 7. Application of nitrogen icereased Rb in tha
top 10 cm of the soil during the first 18 wk of growth: at 8 wk
the differences between Hz and the lower X rates were highly sig-
nificant, the differences were significant at 13 and 18 wk but not
8t later harvests., At 18 vka&u at 10 to 25 ca was significantly
higher at Kz than at HG and Rl but at sll other times, ¥ either did
got have a significant effect or it reduced Rb at depths greater
than 10 cm (Fig. 22 and Appendix Table 7). Significant decreases
is &, at N, were measured at successively deeper depths as the plants

matured,

No differences between treatments were detected in the maximue
depth of rooting when samples were taken for uwsasucing Rb; at

depths greater than 25 cu all samples were taken in 25 cm layers.
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At 8 wk the roots had pesmetratad to depths of 75 to 100 em; wmo
change was detected at 13 wk., At 18 and 20 wk the deepest roots
wvere at 100 to 125 cu and 22 wk, at 125 te 150 c».

Eoot abundance always decressed with incesasing depth. At
saturity the order of wagnitude of ﬁ’w (a-“z) ranged from 12 st S om
through 5 at 50 cm, 1 st 100 em, and 0.1 at 150 cu. Values of Rw
at each depth varied at &:lt‘furuit stages of growth snd ware affected
by both saeding rate and rate of nitrogen.

Increasing S veoulted in higher R‘, in the topsoil during esrly
growth asd in the lower borizons during mid-ssason and late growth.
The changes io &v at each ssmpled Jepth at 8, 13, and 22 weeks that
rasulted from imcressing 35 are shown ia Pig. 24. The valuas shown
are (3, - $,), (84 - sz). and (Sq ~ 51’ and significant differsuces
are indicated. Alrhough the larger preportion of the tokal voot
length was slways in the top 350 cx of the soll, the proportion below
30 ex was higher st szudszthmat s‘, resulting in & more even
distridbution of zeots throughout tha rooting sone as 5 was increased.
The varlation in voot distribution at different S rates is attributed
to the tendency for most of the roots at high 5 to grow vertically
dowawards and for roots at low 5 2o spread and branch profusely 1:;
the topsoil (see Figs. 19 and 20). The absence of aignificant
sffecte of 5 on 2, in tha top 30 o= 2r zaturity is dus o the higher

rates of root growth in that part of ths root szone at sl and sz than
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at $3 after 18 wk (se= Eig. 265 .

The application of ¥ {ncreased the proportion of the total
root length 1in the topseil and decreased the proporiion in the
lower horizona, The changes in Rv for eack sampled depth that
vesulted from the application of ¥ ave ahown 1o Fig. 25: the
values ars <§1 - MQ). (xz - Rl)’ and (Kz - &Q). The appiication
of N tended to increase 35 in the topeoll during early~ and mid~
season prowth sond o decrease Hg in thwe lower horizous during late

growth,

8R,/8¢t at different depths.  The mean rate of root growth

per unit volume of soll, Gkélet for the 0 to 10, 25 to 50, and

75 to 100 cm depth intervals are shown in Fig. 26 for the thres S
rates; the results for all deptha are included in Appendix Table 9.
During the first thirteen weeks of growth 63@[6t wvas highest in the
topacil but thet 13 wk it decreased in the topseil and incressed
in the lower horizons. Tour phases can be distingeighed during

which 6§vlﬁt changed in different parts of the soil profile:

(1) Emergence to 13 wk: root growth occurred wainly fa the
top 25 cm of the scil. On the 5, plote, waxiwum values of éﬁvléﬁ
it the top 10 cm occurred during the period 8 to 13 wk, at 52 2
steady rate of root growth was maintained in the perlods © to 8

and 8 to 13 wk, but at 33 sﬂvldt declined {n the period 8 to 13 wk.
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{2) 13 to 18 wk: éﬂgi‘w decreased in the top 10 cm and
incrensed in the 10 to 75 ea depth interval on all plots -~ see
Appendix Table 9 for results for depths not included in Fig. 26.

(3) 18 ro 20 wk: 4R /3¢ increased in the 25 to 100 em
depth interval on all plots and also in the top 10 cm at sz and
LE The previcusly observed decline in the top 10 ¢s contiaued
on the £, plots. The iacrease in 88, /8t in the tepseil at s, and
83 way have beea dus to incressed awvsilability of scil water that
resulted from rain (30 mm) whickh fall duzing the seventesath wesk

and to incressed minaralization of soil ao;-—s in the apriag.

(4) 20 to 22 wk: 8R,/8t in the top 25 em decreased sharply
at &1l 8 rates and at sz and 83 there vas & set loss of root length
in the top 10 em. High valuves of ﬂ?ﬁl% were maiuntained at 75 to
100 cm on all plots with a tendency for raaking in the ovder
8 > 8, > 84 During this geviod the roots penstrated ianto the
125 to 153 ca layer.

&R /4t at O to 10 cm, 25 to 50 em, and 75 to 100 ca depth
iatervals at the three rates of ¥ are shoum fn Yig. 27 and values
for a1l depths ars given in Appeandix Table 9. Four phases can
sinilaxly be distinguished for the mesn vrates of change c&,/ct for
the ¥ treatments, hut differences between ¥ treatments are appsrent

only in the last of these:
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(1) Ewsrgence to 13 wk: there were high walues of 68,!5#
in the top 10 em and low values below 10 cx on all plots.

{2) 13 to 18 wk: 58”16!: increased at 10 to 50 cm, there
was little change st depths groater than 50 ca but there was a
sharp decrease in the top 10 em on all plots.

(3) 18 to 20 wk: #89161: increased in the top 75 cm, the

increase being wost pronouncsed ian the tep 50 em.

(4) 20 to 22 wk:  high values of 82,/8¢ (> 7-1072 en D)
vere maintainad at 75 to 100 cm depth em all plots, Theze was @
net loss of length Ia the top 10 cm, the loss baing in the order

ﬂ°<81<ﬂ2¢

The time sequences of mﬂ/st at each sampled depth were affected
paxtly by plant demsity, which influsnced the orisntation of the
wain axes of the roots (Figs. 19 and 20) and partly by the availsble
water end the m;«n conceatration of the soil layer. Readily
availahle wateyr and m;-x in the topeoil provided favourable con~
ditloas for high rates of root growth ia that part of the profile
for the first thirteen weeks after emergence. The ambsequent
reduction of 68‘/&1: in the topsoil and the incresse in the lower
horizons are attributed to reduced water snd m}u in the topsoil.
Alsp, it is prebable that a large number of actively growing xoot
aplces had besn producsd at depth efter 13 vk aud moat of the
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assimiiate translocated from the shoot may have been diverted to

the younger and deeper portion of the root system.

{v} \Vater use

{(a) Water content of the soil profiles at given times.

The 6,23 velation st 8, 18, and 22 wk is shown in Fig. 28 for the
thrze seading rates and in Fig. 29 for the tiree nitrogen rates.
Values of 6 for each depth at the five times of sampliiag avre gives

in Appendix Table 4.

& tended zo be lower at tha higher rates of S and ¥, Tha
differences betusen treatments were greatest at 10 to 100 cm. This
was more evident for measurements made at 13 and 18 wk than at other
tiuew; and the differsnces Letween rates were mere pronounced for
taa S than for the I treatnesats - see Appeadix Table 4 for values
of § for those measurements not included in Pigas. 28 and 29.
Analysez of variance for 0 at csch sampled dapth showed sipgonificant
differences between treatments usinly during the middle of ths
growiug aeason (Pig. 28, Fig. 29, and Appendiz Table 4). 4t 18 wk
% at 10 te 25 om and 50 to 75 cm depths was higher at sx than at 83
and the differences corresponded to 26 and 60% of the available
(13

water in those layers. With respect to the N rates, at 18 wk @

(0 (0., = =360 cw) ~ (8,5 = =15,900 cm)
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at 50 to 75 cm and 75 to 100 cm depths was significantly higher
at %, than at S, tne differences corresponding to 37 sand 22X of
the available water. In each comparison the lover water content
vas associated with 2 high root abundance. Ar 18 wk Rv {10 to
25 ca) at §; = 3.01 cn™’ and at 5, = 4.24 "7, at the 50 to 75 ca
depth £ mt S = 0.90 cu > and at 8, = 2.11 e .  uith respect

to the ¥ rates ﬁy {50 to 75 cm) at %9 and 32 = 1,658 eu‘z and Rv
2

(75 to 100 em) =t By = 0,87 and ¥, = 0.53 em

2 » but ﬁv (0 zo 50 cm)
was sigaificantly lower at Ky than at X, {3.62 cf. 4.35 cn'z)g At
raturity (22 wk) %m in the top 50 em of the soil at sl and Eﬂ’ and
in the top 75 cm at sz, 33’ Klﬁ ;nd K, was < «15,900 ca of water;

below these depths water was vetained at h“ > =15,900 cwm.

{b) Changes in scil water content with tine. The total

water content of the top 2 m of soil increased on all plots from
plautiang uotil 8 wk after emergence, the increase occurring aimost
eatirely above 150 exm depth., At 13 wk and at sil later times,

¢ throughout the top metre on all plots was below the values
measured at plantingz. By the time the cror had matured, @ between
100 and 175 cn depth had returned to similar values to those fouand
at planting. Doring the growing seascn there was little cisnge

in 6 at 175 to 200 o=, the wean values for the experiment rauged

between 0.28 azod 0,31,
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Tine trend snalyses of 8 for each sampled depth for the peried
8 to 22 wk after smerpence show significant linear trends (P=0.001)
throughout the top metre on 211 sub~plots. The varisnce ratios for
the livesr trend coefficients of the #,f relstion at each sampled
depth belew 75 ¢cm are of more interest in relstion to the flow across
the lower boundary of the root zone, aud are shown in Table 22 for
the S end K treatwents. The linzar trend coefficient in ¢ below 75
to 100 cm at 81 wis not significsaily different from serc, but
significant trends were detected at intervals as deep as 125 to 150
at sz, and 100 to 125 cm at sa. On the ¥ treatusuts the lineary trvend
was significant as deeply as 125 2o 150 em at RB' 100 to 125 cm ot LA
and 73 to Iwcaataz.

{c) Evapotranapivation, £. The derived maxisum vertical flux

- “,'1

at 20 wk. As these valuss of U, :;-200 are segligidle, snd

of water at 200 cm depth (tve downwards), was 3- 1 at 13 wk

and 2-107°
if wa further assume that no lateral movement of water occurred on 2
nscroscopic scale, 1¢ follows from Eq. (8) that £ = I - 80,5 o0 200 cu’
The value of H at 175 to 200 ca depth remained low throughout the
peason, suggesting that the wetting front had nct resched that depth,
Also, although lack of change in ¢ in a certain layer of scil does not
necessarily imdicate the sbsence of water flow through that layer,

the lack of change iz 8 at 175 to 200 cm and at 150 to 175 ea (Tsbla

22} is consfstemt with the assumption of negligible vertical flux



Table 22

The coafficient and the variance ratio of the linear time trend coefficient of @
(75 to 200 ca depth at 25 em intervals) for the period 8 to 22 wk after emergence

Depth {cm)
Trestuant Artribate 75 to 100 100 to 125 125 to 150 130 to 175 175 to 200
s, cosfficiont (day™l)  =3.51 - 10™% 2,76 » 107 3,70 - 1073 2.90 0 107 g.60 « 1070
Variance ratio 15,664n8 2,68 9.00 « 102 5.94 - 1072 5,95 « 107}
s, Coeffictent (day™l)  -1.03 - 1073 -s5.21 - 1078 -2.86 - 107 101 - 107 -1a1 - 207
Variance ratis 97,6180 17,.98%%% 5,18% 1.15 1.2%
- - -’ -
8 Cosffictent (dayl)  ~9.48 - 1070 -5.36 - 107 -3.70 < 107 1.0 - 10 102 - 207
Variance ratis 55,5308 9.85%0 2.91 6.27 « 107> 7.25 - 107}
g Coetficiont (day™d) =804 - 167% <5.35 - 107 -2.86 - 107 -1.01 - 167% -2.10 - 107
Varisnce ratio 28.44%a% 13.026%% 4.51% 7.96 + 107} 3.41 - 1072
Ry Cosfficient (day™l)  -9.65 + 1074 8,42 + 107 -2.22 - 10™* 2,20 - 1070 .00 - 16"
Variance ratio 85.34%a0 17.50%8% 2.96 3.70 - 1072 1.20 « 1073
% Coefficient (day™)  ~7.63 « 107 2,95 - 107% -1.83 ¢ 107 6.00 - 107° 9.20 + 1070
Varisnce ratio 23, 28048 2,22 6.79 - 10"} 2,25 . 1073 7.27 - 107}
& P = 0.05 “ P w 0,01 evt P w 0,001

*6SY
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across the lower boundary of the profile exsmined. Values of £
during each sampling interval are given iu Teble 23 for the § and
2 treatments., £ was related positively to seeding rate; during
the period 3 to 13 wk, and over the zutire growing season water uae
at 52 andg 33 was significantly higher than at Si. There was no
gignificant effect of R rate oa water uwse during any sampling

interval.

(d) Hater withdrawal by roots and vartical flux of wvater

within tiwe profile. The devived rate of withdrawal of water by the

roots st each sewpled depth A (day”l) and the integral zate of withe
draval l:idk (z é&y’lz for the three $ rates centred at 13 and at
20 wk ars shown in Fizs. 30 and 31, I= evaluating the integral to
find the total withdrawal an arbitary valux: of 5 = 200 cm has been
chosen, this being 1a excess of the maximum depth of rootimg at all
times. The curves in ¥igs. 30 and 31 were constructed from the
means of the values of 1 and i:i&k derived from the wean values of #
and dependent variablesz for eieh of the three replicates, fesults
ave not giver for different B rates as this would have lavolved
taking averages of derived values across & rates between which larpge
differences in the weasured values of 8 sre imowm to exist. The
alternative woulsd be to presest estimates of X snd i:idk for each

sub~treataeat but the llmited replication available for the primary
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Table 23

Evapotranspirstioca® for different time intervals

sfter emergence (cm)

Time aftez Treatment L.S.5
smergence g s s P
{wk) 1 2 3 {P=0,05)

£ to 8 8.2 &.7 3.3 Nede

8 te 13 7.8 13.2 11.8 3.3

13 zo 18 12.7 12.6 15,2 n.8.

18 to 20 50‘& Q'ﬁ éog RNeBo,

20 to 23 2.8 3.2 2.1 n.8.

0 to 22 36,1 45,2 42.1 .8

% " N,

0¢to 8 6.8 8.0 9.4 DB,

B u@ 13 11»2 1{)‘&:&* l%v? ﬂ.sa

13 zo0 18 i2.2 13.4 14,3 DeSa

18 to 2¢ 5.7 £.5 3.9 D.8,

20 to 22 2.8 2.5 2.4 Tal,

O to 22 8,7 39.% 40.3 fieBe

A T x ] e AD

*3 to 200 em

157,
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data obtained for esach sub-treatment makes it hazardous to calculate
derived values, ss the latter are sensitive to snall changes in 6,
It should ke noted that the estimates are based on weasurements wade
at reilatively long perinds of time, and thst the nominal referral
of the derived fluxes to the mide-poin: of the time interval examined
does not imply that the dexived value operated instantaneously at

that tioe,

At 13 vk water withdrawal by the rvoots was msinly from the top
75 cm, with 8 little additional withdrawal from 75 to 100 cm depth.
A 8t 50 to 75 cm tended to be higher at S2 and 83 than at sl. At
this time the bulk of the roots were in the top 50 cm of the profile,
the deepest roots had pemetrated to 75 te 100 em, and ﬁb (50 to 75
cm) was higher at S, and Sy than at §;. The totsl withdrawal
(om énf'l) st 5, = 1.2, S, = 1.6, and Sq = 1.8, 1In contrast, at
20 wk, A in the top metre was related negatively to S (Fig. 31).
At 3, A was relatively unifora at all depthe within the root zome

2 gay~l. At 20 vk, ® fncrassed but B,

beiny approximately 1,107
decreased with depth (see Appendix Tables 4 and 7). Since, as
noted in Section 2,2.2, wvater withdrawal by roots from an element
of soil i» related positively toc 6 and to Ev’ it is 1likely thet at
52 the effecta of the decresse in Ev with depth were balanced by

those of the incresse in 8. Thare is an anomaly at depths greater

than 150 cm at §, and S, as 3 is estimated to have a 2mall positive
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value but no roots were observed below 130 ew even at 22 wk. The
linear cims trend coefficients of ¥ were not significant at depths

greater than 150 cm and the anomaly probablv arises fros sampliag

erTors -

At 20 wk the total withdrawal at 31 and 3? = 1.5 and §, = 0,7

3
wn dey~).  This reversal of the effacts of seeding rate noted at
13 wi is attriduted to wmore water being available at 51 than at 53
8t 22 wk. In the period from O to 1B wk at Bes %2* and 83, £ (em)
= 28,7, 31.5, and 37,9, The 3,0 values (Appendix Table 4) also
show that more water was available in the =01l at 31 than at 53 at
20 wke

The highest rates of vater withdrawal occurred from those psrts
of thz moll profile with large values of both Hg and 8. It appears
that during early growth vhile & is still high, A is influenced
¢hiefly by &v, but towards maturity, vhen the root system {5 weil

developed and when & 15 low, A is influenced more by & than by Eﬂ.

The vertical flux of water through the s0il pores at 200 cm

depth was negligible both at 13 and 20 wk;: U
7 1

g0 om vanged from
7 =

-2 + 10 at 13 vk and froe <7 « 107 ta 3 - 10

i

to 3 o 167° ua day”

me day = at 20 wk. Tae meximum downward flux in the profile at 13 wk

occurred at 24 em, the value being & ¢ 107! o day~l.  ac 20 w,

the maximum doweward flux sgein occurrved at 24 cu and was 3 ° Id"z
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um Qayﬂl. The maximum upward flux through the soll at 13 wk was
ol o 107% day~! at 52 cm, and, at 20 wk it was =2 ° 157 e
éay'l at 15 em, At 13 wk the downward fluz through the soil pores
axceeded X only iu the 10 to 23 c» layer; at 20 wk the vertical
flux at sach depth wes < 0.1 X.  The negligibly small values of X
below the maximux depth of rootimg iadicate that the vertical flux
of wster across the lower boundary of the root zoue vas negligible
at 13 and at 20 wk. The suction head of water at 175 to 200 cm
depth remained high throughout the sesason, suggesting that the

wetting fromnt did not reach this depth.

As noted 1n Bectlon 3.3.2.{iv)(c), the valuss of #§ used in the
calculation of water withdrawal were obtained safter limear inter-
pelation between the massured values of 8; ideally, a polynomial
function should have been fitted to the 6,¢ curve but, noting thet
the time intervals between sawplings on either side of the 13 and
2% vk gamples were seual, the arithmetic means of the slopes con-
npecting the 8, 13, and 18 wk and the 18, 20, and 22 wk samples wers

takes to simplify tha calculatioms.

Hore sccurate 2stimates of X could be obtained by carrying out
experiments at & 8ite with less variable soile, and by measuring
tive water content of the soil profile st shorter intervals of time.
Hevertheleas, the results are compatible with the s,ﬁv arnd the

3,0 date, and serve to show that, given the 6,7 and the 9,k
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ralationships, vertical flux of soil water into aad out of the
root zome, snd the pattern of water withdrawal by roote can be
estimated with sufficient accuracy to help interpret the results

of field experiments on water use by crops.

(e) The Silicon content of the plant tope as related to

water use. Most of the Si taken up by cereal plants is deposited
in the epidermal cells and the cell walls of transpiring organs
(Smithson 1958). Richardson, Trumble and Shapter (1931), Jones

and Handreck (1965), and Handreck gnd Jones (1968) have found s high
positive correlation between the uptake of S and the amount of water
trangpired by oat and wheat plants grown in pots of soil. Such
correlations ave difficult to obtain in field experiments as a large
part of the leaf lamina, which contains high concentrations of $i
(Jones ¢t al. 1983, Handreck and Jones 1968), is often lost in the
field toward maturity. Approximately 40X of the total 51 was in
the husks(!) of the plants exsmined by Jomes and Handreck (1965) and
Bandreck and Jones (1968). Hutton and ﬂorrishCZ} sugpest that
analysis of the husks offers s means of estimating the total water

transpired by wheat crops in South Australia. As the only data

(1 Lewmae, paleas, end awus.

(2) pPers. Cozmm. with reference to a paper 'Silicon comtent of wheat
husks in relation to water usad', presentad to the Australian
Cereal Agromemy Conference, Wagge Wagga, Hew South Wales,
Australia, 1970,
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available to Hutton and Norrish were rainfall and water contents
of the soil at sawpling and at maturity, their estimates of Eé
are somewhat arbitary. ¥o data on runoff were asvailable, and
evaporation from the soll and flow across the lower boundary of

the sampled layer were not messured.

The percentage 51 in the husks may be useful as an index of
B, 1t transpiration from the husgks is a comsistent fraction of E,
and if the evapotranspiration in the period after the esrs have
emerged 1s 8 consistent fractfon of that eccurring in the whole
season. Ip the pressent study, at one week before ear emergence,
more water remsined in the soil at the lower seeding rates, snd F
13 to 22 wk at 549 85, and 83 = 20,1, 20.4, and 21.4 cm representing

¢.56, 0.51, and 0,51 of Sto It seems likely therefore that

otal’
the regrassion of Eé on percentage 81 ia the husks would be affected
by seeding rate., ore generally, there is ac reason why §5 befors
2ar emergence should be related closely to E& after esr emergence,
as the relaticc wwuld ve affected by sessonsl conditicus and sowing
date. At maturity the per cent Si iu the tops and husks at the

three ratez of X was

L.2.D.
) By H, (P=0.0S)
Z 51 1n the tops 3,0 2.6 2.1 0.48

Z 81 ia the husks 5.3 5.1 3.9 D.82




The application of N aignificantly increased the lamina arss index
and tended to increase the dry welght of the tope; once the csnopy
had closed sny further increase in the crop surface would have
rosulted in 2 decline in the vate of transpiratior per unii of
surface area and presumably per unit of dry weight alse. Reduc~
tion in the per cent Si content of cereals has besn noted im previous
studies (zee Jones and Handreck 1967). Data on the dry weight of
the husks were not oitained, but volumetric dilution may have

axplained the effect of N,
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4.  GENERAL DISCUSSION AMD CONCLUSIONS

Comment on the resscms for particular trestsent effects has been
sade in the courss of the thesis. Here we tura to a number of
natters of more general interest. The study was conducted im an
environment vhere water supply genarally limits grain yfeld, The
wain objectives wers to further understanding of the growth and
devalopment of the wheat oot system im the fleld, and 2o desctide
the relationship of root growth and the pattern of water withdrawal
from the soll. Top growth wes measured also, but eonly to the extent
needed to characterize the crop. Although the results are limited
to one site in two seasons, information of general significance and
interest haz emerged.

The influsuce of vate of seeding (5) and of the vate of ¥
application (N) on top growtl: confirm the results of previous studies
conducted in South Australiz [Wassevmann 1964 (K and 8), Darley and
Saidu 1964 (¥ rsces only), Puckridge and Uonald 1967 (S rates omiy)].
In the present study and in that conducted by Wassermamn, wvariation
in 5 vates hal a graater effect on yield of dry metter per pisnt and
per unit area of groond area than did varistion in K rate, and in
each of the studies referred to, the general {nflusnce of the trest-
wonts on vegetative grouth was mors proncunced duriug the sarly part
of the growing seeson.
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As early ae 8 wk after seadling emergence inter-plant competicion
tad restricted dvy mstter production per plast significantly at 82
and Sy, As the mean length of root per tiller was related negatively
te 5 at 8 wk, it iz likely that there was already a shortage of
assimilates for root growth at this time. As noted previously by
Donald (1963) and Puckridge and Lonald (1967) the maximus tiller
density and gaax were attained ecarlier and declined wore rapidly at
the higher levels of § and N. Tozal dry weight of tops per uit of
ground avrea incressed at ths higher rates of § and ¥: howevar the
tops dried of{ sarlier at these rates, and the treatment effectz on
grain yield were relatively smsll and also differed im relatiom to
one saaother cospared with the effects on vegetative growth:~ grain
yield per wnit area d1ffered significantly betwesn the three S rates,
with 5, producing the highest yield. There was no difference in
grain yield betweea the K rates. As noted by Colwell (1963),
Fischar (1963), and by Berley and Naidu (1964), in 4ry years the
application of X usually either has no effect on grsin yiels or tends
to reduce 4t. The present study showed that the root system becames
mere superficiai at high rates of H supply (see ¥ig. 25), and this,
together with greater drying of the top metre of the root zoae during
mid~season (see Fig. 29), may explain why the crop lost turgor ssrlier.
Given plant densities similar to sz and a tillering respouse simfilar

to thst noted in this stedy, it L5 likely thae, if water had not
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been limiting, the application of ¥ would have increased grain yield.
In this study the lack of a grals yield response to ¥ can be
atcributed to the shortage of water during the latcter half of the

zrowing season, vhen wster sopply became the main limtiting factor.

There is little published data with which to compare the
nessured values of ﬁ‘a and E’”. The values of Rﬁ reported by
Pavlychenko (1337) and Pavlychesko and Barriagton (1934, 1933) in
their experiments in Saskatchewan, Canads range from 1000 to 4000
cn ).  These values are considersbly higher than those obteined in
the preseat study (< 500 m“‘l). The veasons for this are not clear.
Although Favlychenko agd Herrington reported a growing period of only
80 days after seedling emargence, the day length would have been
relatively long. If radiation levels were high, net daily photo-
synthesis may have provided s large surplus of assimtilate for
translocation to the roots, TFurthermore, water may not have been
1isiting in the Canadisn work as no mention is made of water stress
fn the papers comcerned. The rooting demsities of differeat species
of cersals grown in the same environsent are known Lo differ markedly
{Paviychenks 1937, Pavlychenko and Harriagton 1935), and it may well
be that the rooting characteristice of different cultivars differ as
such as those of different speciss. Fossibly the cultivars studled
i the Canadisn work produced higher orders of lsterals thsn the

cultivar of wvheat used in the pressant expeviment., A difference of
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one ovder of branching could have a large effect on ga‘

It is interesting to find thet root growth in length continued
until saturity. It is generally reported in the literature (Eamel
1959, Welbank and Williams 1968, Schuursan 195%9) that root weight
declines as cereals mature. The reduction in root weight may
result from net translocation of carbohydrates to the tops, from
losses due to root reepiration following reduced trazslocation from
the tops, and from sloughing of the cortex from older proximsl zones
of roots. Continved downward growth of the roots late in the season
has been noted previously (Weaver 1926), and the walue of continued
Teot extension late in the season as a varietal attribute influencing
grain yield has been noted by McClure and Harvey (1962). However
the author is not aware of any previous statistical study of the
growth in length of the root system of a vheat ¢rop. In esrlier
studies, failere to sample the whole rooting depth, and the use of
veight data, have both led to excessive emphasis being placed on the
abumdance of roots in topsoils. Although root weight per uait
volume of soil decreases rapidly with locreasing depth, the specific
length of roots teuds to increase with depth (Derers ot al. 1969).
Morsover in ¢climates aimilar to that at Roseworthy, the deeper roots
are genersally the most important for water uptske during the latter

part of the growing season when grain yield is largely determined.
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uring the period B to 18 wk after emergence the mean rates
& and E@ tended to incresse with $ rates -~ £: ﬁl = 2.9, 32 = 3. €,
S, = 3.9 mm day st 5) = 1.0, 8, = L6, Sy = 1.5 mm day .
From 18 to 22 wk the renking altered - & 51 = 2,5, 82 w 2.8,
Sy=2.lmmday ; £ S =5, =15, 8, 0.7 anday . 1In
compariaon Eg increased from 4.3 am day”l during the & to 18 wk
period to 7.6 ws day"i during the 12 to 22 wk period. TDifferences
between the H dates were less than those between the S rates.
Reduction in £ and éc late 1n the season vhen ﬁa is increesing is dJue
to reduced availability of soil water (Fig. 28), Kirby (1970) has
found similarly that £ for a barléy crop was related positively to

$ rates during the early part of the season but negatively durlng

later growth.

Although the total evapotranspiration wasz significantly higher
at 33 than at 51, no significant differences wers detected between N
levels, iievertheless the soils dried more rapidly between 50 and
106 em during oid-season at the higher rates of .  Although
differences in water use are often interpreted in terms of canopy
developuent only, there are two possibilities: f£irstly, increased
leaf area intercepting more radiant energy, and secondly, greater
root abundance reducing the resistance to water flow from the so0il
into the root network. The relative importance of canopy and root

system development in relatfon to water uptake in the prasent study
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is not altogether cleazr, but there is a strong indication that the
letter was influentisl as, for a given depth of sofl, Ev was related
positively to soil water depletfion (see pp. 158-1359).

Although soil conditions do not appear to have restricted root
growth in the lower horisons, sweilsble water remained below 100 em
depth at msturity. The proportion of available water used was
graatest in the top 20il =2nd becesms progressively less with iacraasing
depth. As the plants lost turgor before the end of the season,
greater root development at depth would presumsdly have incveassd
water uptake from the lower horizons. This applies particularly to
the high § and high ¥ rates at which the plants showed diurnal wilting
as early as the seventeenth week. By ssturity, whers B, > 2.5 ca 2
¢ had been reduced to or below the wilting point, but vhere By < 1.5
ew 2 6 rewained above the wilting point. Thie result sgrees
surprisingly well with a prediction of Philip (1937), who suggested en
thaeoretical grounds that, for roots of mean radius 0.07 cm, an
-2

abundance of 1.1 em ~ would be needed to dry the soil vo wilting point.

The measuraed values of k are low vhen compsred with published
data for disturbed losus and sands, but compare with limited publiished
date for undisturbed loams (Rose et al. 1963, Butijin snd Wesseling
§954). When Marshall's (1958) squation (7) is used in conjumcticu
with the appropriste motisture characteristics to estiwmate k, it

somatismms pradicts values 102 tiues greater than valuss of the
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vertical conductivity messured for umdisturbed loams, as shows in
the following table:

Harshall Heasured
Source of data (em) (en min~1) (em atz~H)
Rose ot al. -3 -5
{1965} 9.2 200 2-10 3-18
Present study 0.2 200 41078 2.107%

Many field soils with a history of eluviation or consolidation may
be grossly saisotzopic, when Marshsll's equation would not apply.
Talsmn (1960) has shown that ia soils with discinctly developed
bhorizons and in which eluviation has occurred, k in the vartical
divection is less than that in the hovizontal sad is also highly
variable, The soil used in ths prasean: study shows considerable
eluvistion of both clay and carbonstes, and the downward transfer
of fins meterial may bave tended to bloek the 'horisontal’ aspect
of the pores. The outflow dats cbtained are conszidared te be
reliable, a6 thay S4t Pack’s {1966) idesl curve (ses p. 104}, aud
the calculations themselves hiave been checked using Eq. (1) of
Dosring (1965). It is difficult to obtsin statisticel data ou k;
however, as the k values measured were alvays low, the relatively
small ausber of samples taken for this detormimstion matters little
in the present experiment, where it is clear that, except in the

topsoil, the rate of (mecroscopic) upward flow of water
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through the soil was small compared with the rate of withdrawal by
the roots.

At 13 vk the sean valuss of water withdrawal per unit leagth
of root, ¢, (ca’ day L) ranged from 7-10"% at S, to 1 1073 ae 5, and
Sg- At 20 vk the values ranged from 2-10™ at 8, to 5-107 ar 5,
snd 5,. Maxtmum valoes of 1-10”> cu® day™! were found in the lower
so1l horisons at 13 wk, snd winimee values of 1-107> cn? day™! were
found in the top 10 cm at 20 wk. GCenerslly, q was of the oxder of
1-36™ or 1.107% ca? day™l.  This 1a ome or two orders of magnitude
less tban the values sssumed by Gavdner (1964) in his theoretical
studies. Barley (1970) suggests, however, that there is little
uptake of water from drying soils except by root ucmss with root
haivs, as the axial parts of roots ars too large to sscupy those
voids that remain filled with vater at field capacity. Vhea
calculated per unit length »f hair baaring zone the rate of water
uptake is increased to 1-10™° to 11072 cm? day'!. Peak values for
the root hair zome occurred at lower depths late ia the sesson, being
of the order 1-107} cu® day™l. This happens to coincide with a
velue assumed by Gardner for the whole length of root im his 1960 study,
Newmsn's {1969) conclusion that generally A, >> A, (see p. 38) msy
apply, but only to topsocils under established crops or pastures.
When, as in the presant experiment, towards the end of the sessoun

uost of the uptake of water is performed by relatively sparse deeperx



roots sad &a is large, A, is likely to far excaed A .

In ganeral a move iatensive and less arbitary pattern of
sanpling would have been preferrad, but the methods adopted were
necessitated by the lack of time and labour. Yurther experiments-
tion along the lises of the preseant experinent, aimed to cover the
environment of the cereal growing areas of South Anstralia, will
clearly requirs a tess spprosch rather than that of the sisgls
investigator.
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Appendix Table 1

The Preliminary Experiment

The volumetric water content 6 of the soil profile
at plenting, and at 5 and 12 wk after aﬁetgcnce+

Plantiog Time after emergence (wk)
Depth 0 Uepth 5 - 12
(ewm) {cm) Hﬁ N, 32 Mean L Ny i, Hean
- 15 .12 O - 1 20 W18 W20 1% .05 .06 .08 .06
15 « 30 .25 10 - 25 .23 W27 .27 » 26 14 .16 .18 .16
30 - §G 026 25 « 56 27 27 .27 o27 JA8 17 16 .17
60 = 90 20 5& = 75 20 W22 L23 +22 14 14 14 .14
35 - 103 ¥ 75 = W60 .20 .22 .21 .21 1% .17 17 A7
105 - 120 .22 100 - 125 1% .26 .22 «22 20 .21 18 «20
120 - 13% .23 125 -« 150 .21 .27 .25 .24 23 24 19 .22
133 - 150 .24 150 - 175 .27 .30 .27 .28 .28 .28 L33 «30
15G - 165 .24 175 = 200 .29 .31 .31 .30 30 .29 W24 .28
165 - 189 + 2%
SEESE: S —

Means of three detersinetions

-+

No significant differences tetwegen N trestments

.c 'v



The volumetric water content 8 at specifisd suction heade and for the different
replicates and horizons (the soil water characteristic)

Appendix Table 2

The Main Experiment

Suction head (co of water)

Rap. Rasiwcn 16 100 345 680 1,035 2,110
1 Al 31 .19 W17 .16 .13 11
A2 ‘24 13 .09 .08 .07 .07

Bl A3 .33 .36 .34 .33 .29

B2 33 .26 .23 .21 .21 19

23 37 .31 .28 .22 .2 .20

B4 a3 .39 .37 .35 .34 .30

¢ ‘45 .41 A0 .38 .37 .36

2 Al 30 .20 W16 L1k 13 .10
A2 ‘23 14 .09 .08 .07 .06

1 42 .39 .36 .34 .32 .27

B2 32 .29 .26 .23 .21 .19

83 A .32 .29 .27 .26 .24

B4 4L .26 .36 .32 W3 .26

¢ 63 .41 .38 .36 .35 .32

3 Al 35 .26 W18 .19 .18 16
81 38 .28 .25 .23 .22 .21

83 A .32 .21 .25 .23 .20

B4 66 .39 .36 .35 .32 .25

c 56 .53 .42 .4l .39 .36

.~ W

5,280 10,370 15,900
06 »06 05
05 .03 04
.24 .22 +20
19 16 .15
.19 .18 .17
«20 A7 .17
<33 26 «23
08 .08 07
.03 .04 04
.23 .21 .20
.19 18 .13
.20 .17 .16
.22 20 .18
.31 <26 .23
012 .11 .11
17 16 .16
+20 17 .16
24 .22 .20
I} .27 .25

'v!v



Appendix Table 3

The Hals Zxpeciment

The hydraulic conductivity (cw per min) of the different replicates and horizons

Mean suction head (em of wazierx)

Rep. torizon 205 1500
Sample 1 Sawple 2 Semple 1 Samwple 2

al 2.4 x 1676 2.8 x 107 3.7 x 10=8 6.7 x 1078
A2 9.2 x 10~7 n.d. 3.9 x 108 n.d.
Bl 3.1 x 107 1.6 x 10=7 1.4 x 10-8 1.7 x 16™°
82 8.6 u 107 1.3 x 10~% 3.8 » 10~8 3.9 x 1o~
B3 n.d. n.d. Bede n.é.

B4 1.8 x 10=¢ 1.7 x 1078 7.9 x 108 5.6 x 1u~F
¢ 7.1 x 16~7 6.7 x 1o~7 1.2 x 1078 2.9 % 168
Al 3.2 x 10°% 4.9 x 10~6 2.3 x 1g~8 3.3 x to-8
AZ 5,6 x LG~ n.d. 2.6 x 10=8 n.d.

21 9.7 x 10~ 1.0 x 10~ 5.7 x 109 5.2 x 10™7
B2 1.4 x 106 2.4 x 1076 2.3 x 108 2.6 x 108
B3 n.d, n.d. n.ds Y- I8

B 1.9 x 1o=% 1.8 x 1g7¢ 7.6 x 1078 5.4 3 W8
¢ 3.2 x 10 1.2 x 1077 1.8 x i8-8 €.9 x 1079
Al"’z 1-0 * lﬁwé, n-di 303 x 13‘6 nod-

Bl 1.1 x 10-5 i'indl 1-9 -4 1L-? nodo

83 3.5 % 108 3.5 x 107F 3.1 x 1073 2.8 x 108
B4 9.5 x 10~ 1.1 x 109 2.7 x 1078 6.5 x 10-8
c 7.6 x 1078 7.7 x 10~8 2.1 x 10-8 2.2 x 1078

n.d, = not determinad
+° B2 present only in thin, discontinuous layer

3



Appendix Table &

The

Main Experiment

The volumatric water content 8 of the soil at different times and at different depths

at_prantING'
Dapth (em) =10 10=25 23=50 50«75 75-100 100-125 125~-150 150-175 175=260
¢ 22 27 .29 + 26 222 .21 -24 28 «30
Mean of 9 cores
A¥VTER EMERCEMNCE
Seeding Rate Nitvogen Rate 5
Depth Bx N
s, S, & L.5.D. N, § N L.S.5.
{cm) 1 2 3 (P=0.05) 0 H 2 (P=0.05) Interaction
& wi
0~ 10 .21 75,2677 .23 73 .04 23 .22 .26 .03
la — 25 027 4. 029 5 .27 17 -ﬁ3 029 .27 027 004
25 -~ 50 32109 300 +32 104 03 «32 .31 .31 .02
56 - 75 0,27"?"{ 028453 026 EAy 003 129 .2? 025 302 *
75 fond 100 :26 3.5 .26 “5'025 €5 093 026 -26 025 002
’»00 - 125 .2761‘- 026 451 oZﬁ 8 003 028 027 .25 .02
125 o 130 O28 15 ‘29 NI { g 002 G v .28 '28 .27 002
156 has 175 .30 fer. -35 bt .28 T2 .33 ~3§ 029 .29 002
175 - 20{1 -23 45'3.30 1=2 -29 ARE .0‘ 029 -30 023 '03 Contimlﬂiu

maqgé,



Appendix Table & (continued)

The volumetric water content ® of tha soil at different times and at different depths

0 - i
10 - 23
25 - 30
30 - 175
15 - 100

100 - 125
125 - 150
150 « 175
175 -~ 200

0«10
16 - 25
25 - 50
30 - 75
15 - 100

100 - 125
125 - 150
150 - 175
173 « 200

2372 2570

2870 26 ¢
«31 v 2T W
226 si¢ 023 793
286 555 g 2375 ¢
o271 26
t29 9y "328 2
32 02 300
031 T 030 '
«13 .15
16 G127
«22  L19
24 .19
.26 .26
28 24
«31 >3

9 J S } §

o247
028'."':
27
023 77

Y ¥ A

« 28 353
«30
¢38

.13
14
+19
A6
.18
<23
lzs
«29
.30

3
e
.03
02
O
03
.02

.03
<02
.05
0%

103
02
.04
.03

18 vk

.14
.17
.22
+20
«22
+25
.27
.31
.31

e23
'28
.28
o 24
+25
.27
.23
«31
31

14
16
«20
.18
.21
.25
.27
o3l
31

.25
«26
26
.22
024
.27
+ 28
.31
31

14
14
13
.16
.19
.23
.27
‘29
.31

02
.03
o 04
* 03
[ 4 03
.03
.03
.03

03

«01
002
‘03
.03
.02
.02
.02
04
.02

Continued..

OLOE-



Appendix Table 4 (continued)

The volumetric water content O of the soll at different times and at different depths

) 20 wk

0~10 09 A2 09 .02 10 L1010 »01
10 - 25 13 15 .13 «03 A5 .14 13 «03
25 - 50 olg 017 -ls .Qé 019 Cxa 0‘7 .93
SQ b 75 019 01& 015 535 al? 315 .15 .01
?3 - 100 -31 .iﬁ .17 06 019 ola 017 003
100 - 125 25 W24 22 .03 23 W26 24 «03
125 - 150 027 .27 023 .05 ~26 027 025 005
150 e 175 .31 131 028 04 029 03“ .30 033
175 - 200 130 .3@ .29 ‘03 .29 939 030 -06

22 wk

0 — 10 ¢07 234 ull 27 .09 30t '0‘ .09 .Og .09 ‘91
19 - 25 W13 evr 14 974,13 443 (04 A4 14 .13 .02
25 - 50 WdBaz (15 7T 570 05 L8 .16 .17 o832
50 - 75 3840 013 #43,15 soov !0‘6 16 015 .15 .02
75 - 100 o2 75 (AT 570 AT S5 S0k e 1% .18 .18 .03
lﬁﬁ - 125 QZ& L 023‘7:.1 .22 75" .32 .22 .22 024 nak
125 - 15@ ‘27 92 .25 £ 025 iy -03 = 1By 626 a26 OZ& 003
150 = 175 30 '29{"-’“'“" « 29 54 o2 .48 29 - 30 03
175 -~ 200 03010 289 (28 a5+  L,03 .28 .29 .29 «U3

Where important interactions occur 3 x 3 tables are givenm in the text.

lﬁr.‘ﬁ'
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sppendix Table 5

Analysis of variance format

Source of wvariation d.£.

Rep stratus 2

Rep®*Main plot stratum

Seadrate 2
Residual (a) 4
Total 6
Rep*Main plot®Sub-plot stratum
N Z
Seedrateti 4
Residual (b) 12
Total 18

This format has been used for all Analyses of
Variance relatiog to the Main Experiment.



Analysis of variance tabls for 08,, ..p

st each time of measurement after emergence (wk)

Appendix Table §

The Main Expsrisent

Source of Varistion 8 wk | 13 wk 18 wk 20 vﬁ 22 vk .
' M.8. 3 M.S. ¥ M.8. ? H.8. M.8. 4
Rep 7%.6 11.47 33.5 1.86 18,1 2.50 &8.5 3.53 38.5 2.43
Rep®igin plot
Ssedyate 15-‘§ 1.65 49.7 55.73 $7.3 6.28 5501 5.09 52.2 11.%
Reaidual (s) 9.3 1.44 0.9 0.03 15.% 2.14 10.8 0.79 4.4 0.27
Total 11.4 1,75 17.2 0.95 2.8 5.9 25.6 1.86 20.3 1.27
Rap®Main plot¥Sube-plot
N 15.2 2,33 8.6 0.48 3l1.4 4.34 5.2 0,38 1.3 0.08
s‘ﬁd"&tﬂm 90’- ’-n‘!‘ 1&@3 19@2 ;555 2;25 lﬂ.l 1.32 26‘0 1.59
Residusl (b) 6.5 18.0 7.2 13.7 16,0
Total 8.1 17.0 11.8 13.8 16.1

“01°¥



Appendix Table 7

The WMain Experiment

Root length per unit volume of soil Eﬁ (en'z)
at different times after emergence and at different depthe

Seeding Xate Hitrogen Xate s R+
Depth *
) 81 52 83 LOSOBC ﬁo Hl Hz LoSnDn Intﬁraction
(P=D,05) (P=0.05) {P=0.05)
8 wk
0~ 190 4.60 6.00 6.11 628 5.27 5.15 6.30 724
25 =« 50 .55 3% 1.17 «311 .81 .85 .64 .148 L
50 ~ 75 28 .25 -39 Dol .32 32 .28 N.8,
75 - 100 .02 02 06 NeBe 02 05 03 4% 1
13 wk
0 - 10 Bo57 1&;36 9»‘7 e8> 90“8 8@60 10'69 i.ﬁzs
16 - 25 1-15 1‘30 1.80 BB 1.19 1.‘7 1-58 1.8,
25 = 50 .7‘ 088 .91 BeBoe 096 .82 .73 0153 ®
50 e 75 .43 .99 103‘ .k03 189 : 100‘ 092 N8,
75 - 100 .19 063 -56 -394 056 .‘5 035 B.8, ®

Continued. .

@II .??‘



Appendix Table 7 {(continued) i
Root length per unit volume of soil R” (em *) at different times after emergence and at different depths

18 wk
0~ 10 10.75 12.16 10.33 BeB. 10,31 10.50 12.42 1.477
10 - 25 3.01 2.92 4,24 1.,81% 2.79 3.88 3.51 .633 »
25 - 50 1.22 1.35 2.03 Rebao 1.45 1.54 1.61 DeS. *
50 - 75 090 2.13 2.11 0539 1-66 1-37 lu&l NeSs @
75 - 100 +28 .97 +85 +589 .87 70 <33 n.S,
10{! - ‘25 .01 005 028 feBo .12 006 016 j: ¥ ™
20 wi
G b 10 31.21 13.6‘ 12.61 Dale 11.92 12¢13 13’.‘1 Nells
IG - 25 “031 5.08’ 5.00 L 7% 1 ‘.59 5.‘7 ‘.75 | %
25 = 50 2,85 3.57 3.4 D8, 2,65 4,00 2.90 .931
50 = 75 1.43 3-19 3-10 N8 2,39 2,98 2.35 lﬂO‘S
75 - 10ﬂ 4&6 1.‘9 1.’.9 | 7% 1:1‘ 1¢23 077 .553
100 L] 135 010 02"5 0‘-5 Naello -15 021 Ol& eS8
22 wk
0 - 10 11.40 12,63 11,27 n.s. 11,68 11.54 12.07 B8,
10 L 25 4.89 “;12 5'19 LeBe 4'21 5-19 4-86 GeBs
25 had Sﬁ 4.G6 3013 3078 1369‘ 4;2‘1 5012 ﬁ.25 Bale
50 L 75 1.5}. 3;06 2.69 1.‘5! 2.41 2.59 2026 BeBs *
75 - 106 &5 1.71 1.32 1.231 1.21 1.48 0.80 «359 *
100 - 125 .18 .30 .21 HeBe .20 30 .20 BB
125 - 15¢ .11 14 <13 DS 14 .08 10 N.8e
+ Where important interactions occur 3 x 3 tables are given in the text.
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Appendix Table §

The Main Experiment
Analysis of variance table for root length per unit area of ground surface

R, (en")) at 3 times after emergence

& wk 13 wk 18 wk 20 wk 22 wk

Sourca of Variation
M.8. ¥ M.8. 4 HS. ¥ ¥.8. 4 M.8. ) §
Rep 518.3 4.2% 2410,6 4.19 $170.0 4.50 24609.0 10.34 0.23 0.08
Rep®Main plot
Saadrate 7209.6 21.71 8110.4 18.20 18118.0 4.07 i8209.0 2.01 1.48 0.83
Residual (a) 3.1 i1.n 443.7 0,78 4456.0 3.47 18975.0 8.13 1.78 0.61
Total 2624.6 21.52 3000.6 S5.22 8010.0 7.02 23387.0 10.88 1.68 0.58
Rep*ain plot®Sub-plot
B 41.2 0.34 597.5 1.04 1798.0 1.40 1350%.0 5.7% 7.26 2.4
Ssadrate®l 246,7 2,02 1331 .4 2.66 17%0.0 1.3 12017.0 5.15 2.61 0.%0
Residual (b) 122.0 574.7 1283.0 2334.0 2.90
Total 140.7 289.8 1453.0 $722.0 3.5

1V



Appendix Table ©

The Main BExperiment

The mean rate of root growth per unit volume of soil 5&5/6#

at different soil depths for each interval between samplings (x 103 = cu~2 day")

Seeding Rate Hitrogen Rate -+
Dapth §x N
(cm) Sl Sz 53 L.S.D. HO ﬁl NZ LoSeDs Interaction
(P=0.05) (P=0,05) (P=0,05)
Emergence to 8 wk
-« 10 82.2 107.2 10%.2 11.2 94,1 91.9 112.4 12.9
10 = 25 14,5 17.1 36.3 14.0 24,2 23.9 22.8 TeBe
25 = 50 8.8 10.5 20.9 5.54 14.6 15.3 il.4 2,64
50 - 75 5 1 4'4 700 NeBe 5.8 507 5.0 D8, ®
75 - 100 0.3 0.3 0.1 D.8. ﬂ.‘l 0.8 O.S D8,
8 to 13 wk
O - 10 107.2 117.1 9.8 Roloe 103,0 83.4 118.7 DeSe
10 - 25 9.2 9.2 «10.9 B.8. - 4.4 3.7 8.3 BoBe
25 - 50 403 7.8 - 609 11.9 3-8 - 1.1 2.4 T8 &
50 - 75 5.2 20.2 25.8 13.8 15.2 18.7 17.2 N8,
Continued,.

‘H1°V



Appendix Table 9 (continued)
The mean rate of root growth per unit volume of soil GHv/St at different soil depths for each

interval between samplings (x 1073 = cu2 day~1)

13 to 18 wk

0 - 1@ 66.@ 55.2 28.§ TeBoe 3702 5102 52.6 NeBo
10 - 25 56&1 4901 76.2 N.8, 48.1 7301 58.3 NeBo
25 bt 50 1506 14.3 33.9 N8> 1541 22-0 2608 [ % -1
50 - 75 12.7 34,5 23.2 15.3 23.4 26,0 21.0 D8,
75 - 100 3.3 10,4 8.6 NeBs 9.4 7.7 5.2 NeBo

100 o 125 0.3 106 805 .8, 306 1.8 4-9 ReBo
18 to 20 wk

0 = 16 3108 105-6 156.1 DeBo 115-1 10706 70.8 NeBo
10 == 25 92.8 16891 54@3 NeBe 93:6 113.0 88.7 N8,
25 - 50 - 115.9 15806 79.1 - ¥Y- 85.8 175.9 9109 .14
50 - 75 38.3 75.4 70.8 1.8, 52.3 75.3 5208 ReBe
75 o 100 12.6 37:3 24.6 Telle 1900 3758 17.6 NeSe

100 - 125 607 13.1 = 901 Nl 1.9 10.6 - 108 NoBe
20 to 22 wk

0 - 10 11.4 «63,0 -83.5 NeBa -14.8 «36.6 ~83.7 NeBe
10 .= 25 35.0 ‘5112 11;6 fie8o 7.& ‘1705 504 N8
25 haed 50 11303 9704 3907 NeBe 96!3 69.8 84.2 N8B
50 bl 75 ﬁ.? - 7-8 -25.7 HeB, 1.3 ‘23.9 - 508 NeBe
75 - 100 LS 0.5 13.6 8-5 DeBs 4.# 15.5 1.6 NeBe *

100 - 125 4e5 4.3 3.8 N.B, 3.3 5.5 3.8 NoBoe
125 - 150 6.7 8.5 8.4 .S 5,3 9.0 9.3 N.3.

+  Where important interactions oceur 3 x 3 tableu are given in the text.
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A.16.
Appendix 10

PROGRAM AKCALC(INPUTsOUTPUT)

AKMAR=HYDRAULIC CONDUCTIVITY CALCULATED ACCORDING
TO PRINCIPLES OUTLINED BY MARSHAL (1958)

DIMENSION H(50) s AKMAR(50) yNDEPTH(50) s DELTHTA(50)

$MM(50) s SUCT (50)

FORMAT (1615)
FORMAT (11F7,0)
FORMAT (1H1//10Xs#CALCULATIONS AT DEPTH#,5IS.% CMS#//10X

SovNRoSX g RDEL THETA#9 14X 9 #AKMAR (CM/MIN) #42X#SUCTION#*/)

FORMAT (10X 9T295XeF6e495X9F16.2913X9F10.2)

READ 100+sNMDEPTHs (NDEPTH(1) 9 I=19sNMDEPTH)
NMDEPTH=NUMBER OF DEPTHS
NDEPTH=ACTUAL DEPTH AT WHICH OBSERVATIONS WERE
MADE

IF (NMDEPTH.EQ.0) GO TO 999

READ 1009 (MM(J) 9o J=1+15)
MM=NUMBER OF POROSITY CLASSES

NUMRUN=0.

NUMRUN=NUMRUN+1

N=M=MM (NUMRUN)

READ 110e (H(J) o J=1eM)
H=SUCTION VALUES

DO 2 J=1.M

KKK=M=J+]

SUCT (KKK)=H(J)

W=0.,05% ) ‘
W=SIZE OF POROSITY CLASS INTERVAL

S=0,0

DO 30 I=1eN

S=S+(2#1=-1D) /(H(I)Y#H(TI))

AKMAR(N)= 270 ,.8Suyna2 0460,

AM=M

DELTHTA(N) =N=W

N=N~1 v

IF(N.EQ.0)GOTO SO

DO 40 I=]eN

H(I)Y=H(I+1)

GOTO 20

PRINT120 +NDEPTH(NUMRUN)

PRINT 1309 ((Ny DELTHTA(N) s AKMAR(N) s SUCT (N)) sN=19M)
TF (NUMRUN.LT.NMDEPTH) GO TO 1

GO 7O 7

sSTOP

END



A.17.

Appendix’ 1L

PROGRAM RANDOM (INPUT. OUTPUT)
RANDOMLY PAIRED NUMBERSs ONE COORDINATE ORDERED

DIMENSION MX(10920)
INTEGER T
IX = 863259885639
DO 9 LY=1+20
PRINT 1
1 FORMAT (36H10RDERED RANDOM NUMBERS FROM 0 TO S0)
DO 3 J=1,10
DO 4 L=1,20
CALL RN2(IXeR)
MX{JeL) = R®50,
4 CONTINUE
3 CONTINUE
DO 12 LX = 1420
12 PRINT 13s (MX{JolLX)s J=1410)
13 FORMAT (1Xs 1018)
DO 11 J=le10e2
N=20
Nl = N=l
DO S5 I=1eN1
VMIN = MX(Je1)
KMIN = 1
I1 = I+]
DO 6 K =11sN
IF (MX(JeK) .GE. VMIN) GO TO 6
VMIN = MX(JeK)
KMIN = K
6 CONTINUE
IF (KMINLEQ.I)Y GO TO S
T = MX(Je 1)
MX(JeI) = MX(JeKMIN)
MX(JeKMIN) = T
5 CONTINUE
11 CONTINUE
DO 7 L = 1,20
7 PRINT 8¢ (MX(JeL)e J=1410)
B FORMAT (/ 1Xs 101I8)
9 CONTINUE
STOP
END
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Appendix 12

BROARAM ORTARE (TNPUTOUTRUT)

CALCUL aTTON OF WATER wITHDRAWAL RY RNOOTS USING THF
YETHAN OF ROSF AND STFRN (19&7)

NATMENSTON NDERPTH(LIN) e TH{Z200303) «HO{(20003a3)

ATHZ2 (2006363 eHI(200a3a3) aHP(20Na3e3)eNIFF(200493¢3)
NTYENSTON X{(200) aPHOB(Z00e3) o PHORD(1043)P(200)
DIMENSTON SUF(AL2)YsRBUFZ(612)YeTHI(2000393)eA(1063)

(109 3)

COMMON/RRC/DFPTHMND
SOMMON/DEF /AR
DEAD I0GeMDeDAYLaNAY20 (UEPTH(TI)aT=1eNND)
SRl (T4«Z2F4/10FALY)
NO=NOe OF DEPTHS AT WHTICH MEASUREMENTS WERE MADE
NAYJ e NAYZ2=TTIME OF MEASUREMENTS
DERPTH=NEPTH AT WHICH MFASURFMENT WAS MADE
DELAT LG e {{RHNRO(Ted) o 0=i03) e T=10aND)
FORMAT (AXe3FR,4)
RHOBO=ORSFRVEND VALUES OF BULK DENSITY
NG I=1s196
s{]Yy=T+4
X=DEPTH FROM SOTL SURFACE (OMF CM TNTFRVALS)
T P20 J=1e3
20 Tz el R3
PR T a Y =ALMTERP (X () o RHOBD (1 e U))

ConT TR

PRz INFARLY INTERCOLATFDR VALUFS OF RBULK DENSTTY
P e (I (Tr(Tadarn)aK=1a23) e )Tl e3) e {(HO(TaJeK)eK=1 0973}

Jo3)al=Ter}

MAT (RXeGFR,3/82%e9F8,. 1)

TH=NRSFRVED VALUFS OF THFETA
HO=0RSERVEDN VALLES OF UNLOADFD SUCTION

POTRT 1083eNpY]

FOP=AT ([HO/«ANXe JBHREFSULTS FOR NAYeF4)

DOINT 104

FORMAT (jrle 74X e 2aHOBSERVED VALUFS OF THFTA«43Xs 3HORS
17=80YED VALLFES OF k)

ROINT 105
FORMAT (1R {lateTHALOCK 1614Xe7HRLOCK 2e14Xe6HRLOCK
| c L3 )

DRDTYSY j0h

ENERNAT (ZXSHNFPTHe2XA (53R e2HN] o5 X a 2HNZ2 e B X « 2HN342X) )
PRTNT (07« (PERPTH(T) e ((TH(TeJeK)eK=1e3) o =T e3) e ((HO(TW.)
CeYaK=je3)ad=le3)aTl=1aMD)

FORMAET (22X eFReZR¢OF7,3e49F7)

Gy 4 =i e3

[y

@ _j
[

Tl >



A.19,

Trp tledo®)SALNTERPAYX (T)YaTH(1aJeK))
Tei=L INFARLY TWTERBULATFED VALUES OF THETA
TF{TI.FNei)Y 171K
ERRLTED PRESSURE P DUF TO OVERBURDEN TS CALCULATED
FY THE METHOO OF 2058 ET AL. (1965)
17 205 3ew=0Rr01 e J)+THT (e JaK)

0 To 7
IR R AEGREGHD S (RHOR (=16 J)=FHOR(TeJ) +THI(T-1eJeK) +TH]
iTeJed}
‘

L M

TY=RE Ge L3333 FPHOR(T o JY+EHOR({(T=1 e J) =RHOR (2 J) +H
(P el lieder i =TH](1=laJekK)=THI(PeieK)+THI (16 JsK))
COAT T gE
AN 3 R it
T e Ja )AL NTEFRD(X(T) aHO (T e JaK) ) =0, 15%#P(T)
=y =aCTiiAl AILUFES OF SUHCTTON
4 CONT INUE
DRIMT 108
PNR FNEMAT ((HOZZX«2RBINTERPOLATEDR VAUUFES OF THFEFTA+39X.
I #aATNTEGRPOLATED VALUES OF )
CRINMT {05
DRINT 10A
GROINT 1072 (¥ (T)a ({THI(T1oJekK)aK=]1a3) eIl a3) e ((H](TeJeK)
Terd=1e3)aJd=lea3)al=1a1873)
LROVE CALCULATTIONS AKE RERPFATFN FNOR SFCOND TIMF OF
DRGERVATTON
PEAT il el ((TH(TedeK)ark=a3)e J=TeR3) e ({HO(TeoJoK)eK=14e3)
Fedmial3)eizienD)
BRTUT L 03eDaYY
=12 R SN 104
R EMT L0R
SCIMT L0E
ERTMT 07 (NFPTELT) o ({TH(TeJet)ak=}e3)adz=e3) o ( (HO(T e
L )eX=]ad) ed=1e3) 3‘::10'\5[))
Y7 =3
a7 w=jely
TiIM T =S e THZ =0,
SLEG=,
N 5 [=fe1H3
TR (TedeKI=A|NTERR(X(T) e TH(la JeK))
SUMTHI=SUMTHTI +THL (Te oK)
Qi TR =S THZ + THZ (T e JaK)
TTFF (L edem ) =QUAMTH]L =GUMTHZ
TF(lerfial) Pla?’Z
21 Pig)=RmOE (e ) +TH2 (1o Jei)
a0 T0O 5
2P AREARSAREGHUEBH (RROBIT~] e J)=RHOH(Te ) +THZ (T~T e JeK) +TH?2
#1tejeK))
DUTY=ORFGe o 333338 (FHOR(T « DN 4PHOR(T=1eJ)=RHOB (2« J) +RH
A (La Y+ THI(Tede ) =TH] ([=1eJeX ) =THI (2aJaK)+THI (leJeK))
e THZ (ToJeK ) =TrHZ2(J=]l e oK) =THZ(1eJaK)



EH

1i=

|

2R
75

13

AI :o’

CONT TRILIE
N0 A Ix=jeiR3
(T e aK)=ALMTERB(X(T) eH0(1aJeK))=0413#P(T])
CONT TNUE
PRIWNT 10K
PRINT 105
PDEINT (06
PEINT 107 (X(T) e ((TH1(TeJeK)eK=1e3)eJ=1e3) e ((HI(TeJeK)
hew=]e3)eJ=]1e3)el=1e1R3)
PRINT (15
FORMAT (1HO/S%Xe ZRHDIFFERPEMCFS TN WATEFR CONTENT )
ORTNT 112X AT e ((NIFF(letak)eK=103)e =143)9I=191R4)
VAL UES FOR LOG CONDUCTIVITY VERSUS 106G THETA
GRADHS ARE InNPUT
PFAD 102 (((TH({TeJeK)YeK=]1a2P) e =1 03) e ((TH(T s JeK) e K=Re4
I)eJ=1a3)aT=1aMD)
FORMAT (RBXe3(FQ,1F7.3))
COFEFFICTENTS FOR CONDUCTIVITY ESTIMATION ARE
CALCULATED
NG 25 K=1e4
ne 26 Jd=143
N 26 T=leND
TH(TeJeKISALOGID(TH(T e JeK})
CONT INUF
NO 9 J=13
NN = T=1«ND
BT o I=(TH{T+Je ) =TH(TeJs3))/(TH(TeJe2)=TH(TeJa4))
AT e} =TH{ToJel )= (T i) ¥TH(TeJe?)
COMTTHMUE
OPIMT 11Re ((B(Te ) eT=1aND)a(R(Te I}oIzleMN)ed=193)
FOAPMAT (1X:GF15,.5)
O 15 J=ie3
NN ja K=1ae3
1R T=le1HEA
TH(] e ek )= (THE(TaJeK)+THZ (TeJeK)) /2,
HO(Tadex)=(HI(TajeK)+H2(TeJeK)) /P,
TEHI(T o JeKIY=CONDYC (T e JaTH(T 9 JaK))
Tc(IoEQ.l)lQ!ll
HEm,
T =
HATHO (T=j e JeK)
ST e JakKI=(THI (1aJaK)+THI(TaJaK)#(HD(TaJeK)=H3) )} #(NAY?
f=NAY L)
T2 (Tadaxk )= ((DIFF{Tedak)=rHI{(TeJak))*I0,0)/(AY2=DAY])
NIFE(TageK)=rHO(JTedaK) =3
(B (T _ FNei) 13alék
el le o ) =TT ek ) =THa(T =6 JeK)
TOWT ML
HE{) e ey =Ho AP e Ja¥)
TOMT Trpide



A.21.

= T Ter
MW TH=MEAN VALUE OF THFTA OVFR TIMF TINTERVAL
ROw HOzMEF 4N vAILLE OF ACTUAL <SUCTION OVER TIME
TNTERV AL
THI=CONDUCTIVITY
4y =SEFDAGE
THZzSMNUNT DF WATER SEMOVED AROVE DEPTH X (1)
,;-—-;;., T,—. ne ,]ﬂTC‘D 'QE_,M()V,’.‘.U
T
v (1RO /e AR rMEAEN VBLUJFS NF THFTA«4TXe
sre M Y ELUFS OF M)
SnTaT 10=
DTINT O
TH T el AT e (TH (Todex)eK=laB3) e j=103) o ((HD(To dek)
Ler=ie e dT e e I=TelRY)
EoTMT 15D
AT (1m0/00%« p #»HCONOUCTIVITY)
I licel2(0)a((THI(TedeK)aK=]1a3)eJ=1aR)al=10184)
T {P2XeFRe2XeQE14,.9)
il
11 ¥0&AT (IHG/A0X e THSFFPAGF)
DN k&wk(\(T)'(( HI(TedoK)eK=1e) 9 dx1a3)eT=]10184)
el & T il
T osnReaT (lH‘)/‘*QJﬂo?!iP,?)
OOTNT 117e (X {I) e {(TH2({ToJeKlak=1e3)ed=laT)al=10e1R4)
DSTNT 14
I A PRI o (LHn/ﬁnr.JHLITTLE Rp7)
PETNT §lae (X{T)Ye ({ HP2(TodeK)ek=143) e J=le3)el=10184)
CANS OUES BELNOCES ARF CALCULATFEFD
27 r=ie3
TN JifeH
EOLUAT (1 e atA»HTENSTTY Ne 1)
S =g e g K7
Tl T wief )= {TEi{Teie)+THI(TaZerk)+Tri(T23aK)) /2,
Sl {Telen)=( Hi(Talak)+ H}(TezaeK)+ HI1(Te3eK)) /3,
TS (T el ard )= (THZ{Telek)+THZ2(Ta2eK)+THZ(1a3sK)) /3,
2T e ek)={ HZ(JelaK)+ H2(TaPek)+ HZ2(Te3eK)) /3
DLTNT 147 aX{T)oTHI(Tel oK) oeHI(Talek)aTHZ2(TeleK)aHZ2(T14s1
» )
2T CONT TAIE
R TasE aMD “ATE NOF UPTavF akF PLOTTEN AGAINST
NFBTH
’*aL L2 aRIN(RUFea]e])
ML e GRID(RUF?e1 1)
'HF( y=RUF201)=0,
SIE () =RGEF2(2Y=2010,
SOF(3) =0,
S 4y =0
W2 ==0,005
ME2 ()= ,07

B

Forpke A

SR INT



AT

P
'

MR A S)y =R 2 (5 )Y ==-16000,

ol LY PLOT(RUF eXoTHZ (1 elelk)eaiHIe]e]lH)
(BUFZaXeZ2{lolek)elR3e]e]Hi)

CALL P OUT (8UF e THENFETH  aH%R 7 41 955

oLl LR OUT (BUF2«7HEDEPTHR « 1 1H® TTTLFE R7#%40e55)

CrlLl LP PLOT

SANT TMUFE
1AL

Pl \
e

SeniCr T Or CORDUC{T e e THETAY
COMBOM/DEF /78010743 a(1i1a3)

=2

TF (l.LTe %)
Mo P
TF (lelTe 272)

ta

i
ad

(TalTe 47)

[

T4

i

1lal.Ts 77)
o~
(T T, 97)
ooy

FE ATt T 1P22)

7

8 e R e
T

x
H

2 '-'L.Toi“'f'?)
F QEIOE-T‘ 5'.,;)

(31)

o1

230

610

GO

(30)

G0

50

TH=AL G0 (THE Tay
S =K JYRTHAA (Ko )

FONDUCT] 6, #3E X

SETIIS

MY

FUMCTTON ALNTFRP
CPIMENSTON YY (PD0)

COMMOMN/ARC/DEBTALLG) o D

W=

FE Y, LEFPTHI(K))

A= N |
TE {x LT M)

=0

Fo

(AN
TO i
T0 1
TO 1
o1
T0 O}
TO
TO
{XeVYVY)
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Appendix Fig. 1.

The mean extent (maxiwum spread and depth) of the root
systens of individusl plants at 8, 13, and 18 wk. The values
at 8 and 13 wk are the means of the 3 replicates, but the

values at 18 wk are for replicate ! oaly,
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