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SUMMARY

Over recent years a number of models have been
developed to describe the uptake of lons by plaenis.
Although many models have been proposed, very little
experimental work has been carried out to test the applic-
ability of these models, There is sufficient indirect
evidence from the availsble literature to suggest that N
certain limitations may be placed upon the use of these
models. The present investigetions were carried out into
two aspects important to the use of ion uptske models,
Firstly, the proposed equations heve been solved by delin-
ing the internal ion flux boundary condition as & function
of the ion concentration at the root surface. The
investigations into ehloride ion uptake by wheat seedlings
revealed that under the conditione of the experiment, ihe
ion upteke is a function not only of the bulk solution
concentration but &iﬁﬂ of other environmental conditions.
It wes concluded that plant growth responses to the whole
environment, necessitating the normalization of results,
end the resultant plant-whole environment interactlon
affected lon flow to and through the plant. In genersal
chloride ion flux into the roots increased with water flux
into the roots over a wide range of solution concentrations,
However cautions must be placed upon interpretation of

auech rﬁsulta g8 this may be due %o an indirect effect and




not & direct effect of water flow, Sodium uptake on the
other hand showes little direct response to water uptake
but like chlorlde responds to indirect effecis. Further,
it was found that under the conditions of the experiment,
the plant may offer greater resistance to the movement of
water than the soil, and root length could 1limit unit
transpiration rate, Linear reletions between dry weight
of plant material and the amount of water iranspired were
found end discussed in terms of NAR and UTR. The second
part of the investigations was a study of the applicsbility
of the steady state squation describing combined diffusion
and gonveetive transfer of ions. It was found in satup-
ated soll with axisymmetric radisl flow that the diffusion
coefficient is not constant but depends upon the water

flow veloeity, ineluding direction,




This thegis contains no materisl which has been

sccepted for the award of esny other éegfae or diploma
in any University and, to the best of my knowledge and
belief, it contains no material previously published or
written by snother person, except when due reference is

made in the text.
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1. INTRODUCTION

4 primery aim of egricultural resssrch is to ensure
the most efficient use of both water and nutrients in
plant production, 1t has therefore bescome ﬁsagntial to
understand the processes governing lon and water movement

in soils snd the upteke of these by the plant,

One approach to thié problem has been to propose
general theories or models "to provide a framework for
discussion and expérim@nf and to indicate the parametere
that need to be messured for & complete guantitative

deseription.” (Nye 1966). |

The first section of this thesis reviews the
literature afailable on the various aspects of water and
ion movement thfaughxﬁaila and uytak@ by plants, and '
concludes with a ﬂaacri@tian of the various models which
have been pfapoa@é to desceribe lon uptake by plants from
soils,

The besis of the modele which heve been proposed
hes been that kh@'movement of ions in the soll occurs as

a result of a concentration gradient, i.e. by diffusion,

and an additive component due to the convectlion of lons
along with the mess flow of water. Solutions of this

system under various initial and boundary conditions
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impored by the moll and the plant give ths model,

However two gompounents of the asbove process have received
1ittle &ttéﬂtieﬁ and deserve further study. FPlrstly
there are effects of the environment, which gives rise to
the different water uptake rates, upon the boundary
gonditions imposed by the plant, Becondly there is some
question about the validity of the basic theory to
describe ion movement through solls unéar the influence

of & mags water movement. The present work was therefore

undertaken to investigate these aspects,

The first section of the exzperimentel work was
designed to invaﬁtigata the effects of the environment
ypon the plants' ebility to take up water aend ions. The
second section was designed to develeop a technique for
investigating the appliesbility of the basic theory of ion
movement in soils under thg‘influenc& of mass water move-
ment and varying concentration gradients, and to obtain
some preliminary results on the above movement of ions in

a8 saturseted sand,
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€. REVIEW OF LITERATURE ON WATER AND ION MOVEMENT THROUGH
S0ILS AND PLANTS

It is apparent from Kramer's review (19L49) of the
early history of plant nuirition, that before the twenitieth
@éﬂﬁﬁfy there was much speculaition but littls experimentsal
work congerning the way in which plants obtained theilr
Tioota", During the present century there hss been &
lerge volume of experimental resulte perteining to plant

nutrition, but many conclusions still remain speculative.

The overall processes of lon movement from & point
in the soil, @istagt to the root, up to the root surface
and through the plant are summariszed in Figure I {(after
Fried snd Shepiro 1961). The transport mechanisms

involved are conslidered in this review,

2.1 Weter Movement into and through Plants

Twe terms were proposed by Renner (1912, 1915) to
describe the movement of water into and through plants,
The water movement responsible for "root pressure”

(Hales 1727) he called "active sbsorption”, becsuse 1%
appeared to be dependent upon vital conditions meintalned
by living roots, Water which moved into and through the
plant in response to transpirational loss he called
"gasﬁivé sbsorption' since the role of the root was

passive,







Figure 1, - Dlasgrammatic Representation of Ion

Transfer in Solls snd Plants.
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The sbove definitions have been used by some
workers (Slatyer 1960) while others (Kramer 1955) have
used a ﬁ@fiﬁiﬁi@ﬁ for sctive transport of walsr based upon
the thermedynamic criterion used in ion transport. Thus
a definition equivalent to that used by Kramer would be
that sotive water movement ie the transport of ?aﬁ@@
against the water potential gradient (Certli 1966).

This W&t@f movement would therefore depend upon a supply
of energy possibly from some metabolic process, The
definition for setive transport of water used by Oertli
(1966) that "during an sctive transport or process, the
water potentiasl Quat ineresse and this gsin must depend
on the decrease in free energy in some metabolic process"
and his assertion that water is actively transported when
it moves a8 & result of en osmotlc gradient resulting
from sn sctive transport of ions, seems to complicate the

whole concept of sctive water transport.

it is @rgf@rablsythat the concept of actlve
transyorﬁ be used "in the sense of activation of the
substeance transported" (Levitt 1967) snd teo define passive
transfer of water ss that transfer resulting from water
movement along the total water potentisl gradient. Thus,
active water transfer may be defined as that transfer
not sccounted for by movement along & total water potential

gradient and will depend upon a decrease in free energy in




some metsbolic process scting @@eﬁ the water %rﬁm&@@rﬁaﬁ.
These concepts sre similar to those proposed by Levitt

(1967).

2.1»1 Passive water movement

Enowledge of the mechanisms of pagsive water move-
ment in plant tissue is by mé means complets, but it is
possible to approach the problem of the physical and
mathematical description of water movement in plants ir
myeh the same wéy as the problem of water flow in soile,
(see seection 2.2}, Thus the plant may be considered a2s a
“porous medium" in which the volume flux density, v, l.e.
volume of water passing through unit srea of plant part
per unlt time, is proportional to the gradient of the

total water potential Vg, or

Zm-kaﬁ I X EEX] (ﬁ)

where k is a constant of proportionality or a sgonductivity

funection,.

The total water potential mey be defined asz the
amount of work that must be done per unilt guantity of pure
water in order to transport reversibly and lsothermslly
an  infinitesimal quantity of water from a pool of pure

water at e specific elevation at atmospheric pressure to




the point under consideration, (International Society of
S0il Science 1963). This potentisl, { , at any particular
point in a system 1s equal to the sum of four component
potentials, the osmotic potential (0), the gravitational
potentisl (%), the metric potentisl (M) and a potential

due to external pressure (¢) (I.5.5.8. 1963),

Rose (1966) adds M and G together to define the

term pressure potential (I), i.e,

I =0+ G,

This "sums the effect of all pressure changes on the
potential of" the water "whatever the cause of these
pressure changes may be" (Rose 1966).

Thus the total water potentisl at any perticular
point im the plsnt 1s egual to the sum of three component

potentials, i.e.
=0+ 2+ 1
where all are expressed in erg/gm or erg/cc.
There is very little quantitative information
availeble on the resistance (1/k) of component pathways
of water movement in plants. Gradmann {ﬁ9§8}3.V%ﬂ den

Honert (1948) and Edlefsen (1941) considered the path of

water movement into and through plants as a thermodynanic
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continuum, The flow of water was therefore considered as
movement through a number of “resistances" in seriss,

For any glven water flux, g, the decrease in the toial
potential across any component of the path was considered
tc be proportional to the resistance of that component,
Brouwer (1961) and van den Honert (1948) concluded that
mogt of the change in total water potential ocecurred st
the site of evaporation of water from mesophyl cells of
the leaves into the air spaces of the leaves and in the
subsequent movement of weater vapour out through the
stomates, through the leaf boundary lasyer and into the
air, This implied thet the grestest resistance to water
movement from the aeilﬂthraugh the plant and out into the
atmosgphere was in the leaf-atmosphere region and that the
energy reguired to teke water from the evaporastion cells
wes much greater than that reqguired to teke water from
the soil and through the plant's vascular system in the
"available moisture range®, However Falk (4966) concluded
that 1t wae not always possible to apply the g@n@ral idesn
of & simple catensry process to dynamic systems, Eé
showed that the rate of transpirational wateﬁ loss may
increase even though the rate of water uptake was reduced,
Most water flow in plants is elso of a transient nature
and is time dependent with both diurnal and sessonal

fluvoctuations.
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The flow of water must obey the general principle
of conservation of maltter, which is expressed in the
egustion of continuity ineluding the presence of possible
sources and sinks within the region of the flow, so that

’%ﬁ“w-vn E‘*-ﬁm XEXEX) (2}

or substituting (1) into (2)

32 = V.(xvp) + 4 verees (3)

ﬁh@re A4 1s the rate of production of water per unit volume
of 8pil per unit time, or is the sources minus the sinks,
end 8 ie the plant water content on & volume besis, If
circumstences are such that vapour movement can net be
igma:eé, then another term must be introduced into

equation (1), that is,

Ytot = Yi1q * Yyep

where Viot is the total flux density, Vliq the ligquid

flux density and v the vepour flux density.

ap

When circumstances sre such that vapour movement
cen be Iignored and the rate of production is negligible,
then

%ngv‘(kvy) seeene (h)




Eguation (4) cen also be expressed in terms of potential

slone, becsause

30 I ~

ﬁ%ﬂ%ﬂV.(kV‘”} LI {3}
and thersfore

A;;m—‘ i "

St= q Velk vy corsce (6)

where N, the specific water capacity, is equal to ae/a1.

However for this approach to be useful it is

necesgary that there be & unigue and known relation

between O and I and thet the medium be homogeneous so that

Jt and k are functione of @ (or I) only, It seems that a
gcapacity funetion must be introduced tm deal with trans-
ient flow of water in plents because of observed varie-
tions in turgidity, Coneideration of transient flow is
of primaery importance since plant-environment systems

seldom approach sieady state conditions.

Many workers (Eaton 1943, O'Leary 1965) have
concluded that, in detopped plants the transfer of water
aoross the root and out of the stump was &m@ to a water
potential gradient determined primerily by the osmotiec
potentisl component. However the importance of osmotic

potential gredientes in whole tranepiring plents is




undetermined although it is considered %o be of minor

importance (Slatyer 1960),

- Sletyer (1960), like Kramer (1956), considered
that the most important process causing water to move into
and through the plants was transpirstion, Thie is
substentiated by results obtained by ocareful ringing of
plante in whieh phlg&m but not xylem tissue was severed.
Wiater uptake rates were not affected but ion uptake rates
and presumably osmotic potential gradients were impaired
(Bowling 1965). Both Blatyer (1960) and Kramer (1956)
agreed that even if water transfer was a passive progess,
it would nevertheless be affected by the permesbility of
the protoplasmic membranes and the concentration of
solutes in the xylem, Both the latter can be dependent
upon the release of energy from regpiration, Por
example, Glinks and Reinhold (41964) found that the
permeability of plant membranes to water varied markedly
with changes in concenirations of carbon dioxide, shloro=-
form and azide., All of these substances have been used
te medify respiration Paﬁ%a of roots in order to demonsirate
that water upiake is an active process, Further, ion
transfer into the xylem can be dependent upon the relesse
of energy within the plant (see section 2,3) so that
metabolic activiiy may also affect the ion concentration

within the xylem and hence the total water potential
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gradient via 1ts osmoticcomponent.

4B water eveporates from the mesophyll eells of
leaves 1% diffuses through intercellular spaces and th&m@é
inte the air, via the substomatal cavities and stomaten,
This loss of #at@r from the lesaf @ﬁllﬁ‘i% agcompanied by
& local decrease in the total water @@téﬂti&l in the cells
and water moves upwards through the xylem and scross the
roet to the xylem, The difference in the totsal potential
betﬁ%@a the root cells and the soil causes water to move
from the soll into the root. There is thus s potential
gradient in the water continuum from the source in the

soll to the &tmnsyharia sink,

Hovement of water in the above manner particularly
at considersbly reduced total potentials reguires validity
of the cohesion theory of sap ascent (Dixen and Joly
1895). This theory was fully discussed by Gﬁ@@niég@
(1957). The results of ﬁahéley (1939) were not in ayree-
ment with such sn hypothesis. He hed found that there
was no direct relationship between wilting and ice forma~
tion in the xylem. However Zimmermann (1964 ) repested
Handley's experiments, but with improved sxperimental
techniques, and concluded that there was in fact a close
reletionship between wilting and ice formation in the
xylem, | 7

Different regions along the root have been found




to offer verying resistance to radisl water transfer.
Brouwer (1954) found that at low water uptake rates a
reglon just behind the root tip offered the least resist-
ance to water transfer per unit length. As the demand
of the plant for water incressed and the rate of water
uptake increased, the region just behind the root tip
offered the ssame resistance to water movement ga before,
However the regions further from the root tip now offered
less resistance than the region just behind the root tipe.
Thus different total water potential gradients soross the
root cause changes in the resistance of the water pathway

to waler movement.

- Water can flow across the root to the endodermis
through the cell walls and interstitial spaces (Mees and
Weatherley 1957) or move through the cells (Brouwer 1954 ),
or both (Woolley 1965). At the endodermis water must
move through the cells, as the Uasparian Strip is consider-
ed %o be impermeable to water movement. Once ineide the
endofdermie movement to the xylem can ocgur through the

cell walls or through the cells themselves.

It is concluded then that water in the plent is in
2 state of dynamic beslance, the turgor of the plant cells
- depending at any instant on the interplay of toitel water

potential and osmotic potentisl at any given point in the
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plant, The total potential of the water in the tissue
will therefore be determined by the resisiances toc flow
offered by the components of the flow path and by the

transpiration rate.

Z.1.2 Active water movement

Van Overbeek (1942) and others (Rosene 194k, Arisg
&t al. 1951) proposed that active transport of water
occours across the root and into the zylem vessels, This
ective transport 1s schieved by way of some gecretion |
process accomplished through various undefined mechenisms

{(Osternout 1947, Franck and Hayer 1947).

Most data which have bheen used to demonstrate the
occurrence of an soctive transport system have been obtained
from exudation studies, However Raney and Veasdia (1965)
in their study of sxudation concluded that “"the time
reguired forlongitudinal equilibration in the xzylem during
exudatlon precludes thet the osmoiic pressure of the
sampled exudate will estimate correctly the osmotic
pressure of the xylem sap &t yagnt of entry into the
xylem.® In view of this comment it ie doubiful whetihsr
the conclusions reached by such workers as Arisz gt al.
(1951) are valid since it i1s elesr that insufficient time
was sllowed for souilibrium to be reached. Therefore some
doubt is placed upon the ocourrence of active water uptake

by plants.




Ze2 Water Movement in Solls
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2.2.1 A speciasl case

The Prench sngineer Henry Darey (1856} being unable
to find the reguired ianformation on the downward flow of
water through flilter sands in the eclity of Dijon, resorted
to experimental study of the problem (Hubbert 1957). He
found that the volume, g, of water which passed through a
saturated sand bed; in unit time, was directly proporilonal
to the area of the bed, a8, and the difference Ah between
fluid hepds at the inlet and outlet faces of the bed, and

inversely proportional to the thickness 1 of the bed, l.e.

Q%kﬁ"i"‘

where k& is s proportionality conetant charscteristic of

the bed.

Sinee Darey's proposal,the appliecability of this
eguation has been exemined (e.g., FPhilip 1957a, Lutz and
Kemper 1959, Swartzendruber 1963, Olsen 1965) as well as
the reasons for veristion in the coefficient k (Childs
and Collis-Ceorge 1950, Jackson et gl, 1965). It is
generally accepted that when the water velocity is smsll,
A%P more gpecifically when Reynolds numbers are less than
unity, Darcy's equation is epplicable to water flow in
porous beds (Childs and Collis-George 1950).
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Studies of the proportionality constant k have
shown that 1% varies markedly with molsturse content
(Gardner end Cardnsr 1950) being greatest in satursted
soils and declining with decrease in molsture content.
in feet, water flow can become negligibly small at smell
but finite soil water contents (Childs end Collis«George
1950). The texture of the soil has a considerable
influence on the value of the coefficient k¥ (Ohilds and
Collis~George 1950), In sande ite value is grester than

that in soile of heevier texture at the same water content.

Heny models have been proposed %o permit caloula-
tion of k from more saslly determined properties of the
sall, The most successful model appears to be that of

Millington and Quirk (1960) (see Jackson et al. 1965},

2.2,2 General approach

Buckingham (4907) initiated investigations into
energy relationships of water sbsorption by porous media
end later Schofield (1935) developed the concept of pF to
express the energy with which water was held by the soil,
The term capillery potential, introduced by Buckinghem,
ls the same physical entity as the matric potential
defined in section 2.1.1. The espillery potentisl varies
from zero at saturation to very large negetive values as

the soll moisture content epprosches zero snd is maerkedly
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dependent on soil texture (Richards 1928) for a given

water content.

Edlefsen end Andersen (1943) esnelysed soil-moisture
phenomena by use of the thermodynamic function, free
snergy, wnlch théy took teo be composed of oamotle, matvic
(eagillaﬁyi and gravitationsl components., The magnitude
of the free energy wae relative to & free watap datum,

. e specified in the definition of potential (I.85,5.8.

ol

1963). 1In relation to water movement through the soil
te plant femtﬁ, the gravitationsal component may of ten be
ignored. Wﬁ&n it ie ignored the free energy of aéilv
water iB concepiually similar to the diffusion pressure
deficit but with the slgebraic sign reversed (Crafis gt asl.
1949, pp 76-77).

As waé discussed in Section 2.1.1, the total Wé%@r
potentisl at any point in plants or solls 1la made up of

three components, 1.e.

W' =0+ 7 + 1

where all sre expressed in units of erg/gm. In the case
of & peint in a soll which lies below a water table, 8,
the submergence potential may b@‘aa%é inetead of ¥

(Rose 1966, pp 133-135), although Slatyer and Tsylor (41960)

treated 8 as part of 5.




In general externsl gas pressure can be neglected
in total seil water potential determinations, as sbsolute
Q?ﬁ@ﬁﬂ?ﬁ chenges are negligible and only in special cases
is its use warranted, The %@t&l g0il water potentiasl
is ther@fgf@i@ggﬁl to the sum of only three potentials,
viz. ;

0 = C,RT/o0 which is identical with classical osmotic
pressure, (erg/gm.)
7 = gz (erg/gm.)
M o= m/o (erg/am.)
%hay% | Gi = molar concentration of solute (mole/cc.),
R = gas constant (erg/degree abﬁﬁlutafmalé},

T = temperature (degree sbsolute),

By

= height sbove referense point (om.),

= gravitational constant (sm/a%@.gﬁ,

and

B

E
m = matric potential (erg/cec.),
P = density of solution (gm./ce.),

therefore

@' = CRTo + gz + m/o

or Sﬂ e GIHT + Q0% + W *eeesne {7)

where ¢ = total soil water potentisl in erg/cec,
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The sbove nomenclature has been used as this is
believed to be the moet easlly followed by soll and plant
workers, Other nomenclsture hes been used (Babeock
1963, Noy-Meir and Ginzburg 1967) end ie discussed by
Bolt snd Frissel (1960).,

The rate of water movement is proportiocnal o the

total water potentisl gradient, thus

i”"kv([/ ‘ 0‘.0.; (3)

where v 1s the volume flux aansity of water and k the
hydresulic conductivity. This equation ie formally the
game a8 Darcy’'s Law for seturated flow, However in the
sbove equation, k is not & constant but 1s & function of
water content, Combining equation (8) with the principle

of the conservetion of matter gives

%% =m - Vt(‘kvy) .toooo' (9}
where © is the water content on & volume basis and t is
time (sec.).

For horizontal flow of water and negligible solute

sffects,equation (7) reduces to

f=m
‘ &
and ag‘.'ﬁ WSB'E (k %?é) . LN N (1®}
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For vertical flow
ra) :
%’fm%(pgk'*lﬁ%‘%) ssenes (11)

Solutions of eguations (10) and (11) have been obtained
by expressing the mairic potentisl, m, as a function of

the water content,® ,

Lees e am
dz ¥z "de

end substituting D = k'%% (Klute 1952b). Thus equation

(10) would be
20 3 (p2e A ;
Bt = \ax (E BK) ds609ae (12) i

which is formally the ssme as the well known diffusion
eguation. Diffusion theory can then be used %o obitain
partiaulér solutions, (Gardner 195%b, 5962, Gﬁrﬁmar snd
Mayhugh 1958, Gardner and Miklich 1962, Jackson 1964,
Klute %952@, Philip 1955.‘1@57b,c,‘196@, Philip and Farrell
1964, Philip and de Vries 1957, Rijtema 1959), It must
be noted that any hysteresis in m(p) will éam@li@aﬁa the
vge of equation (12). The veriation of the diffusivity
with hysteresis in m(®) has been shown by Klute et sal.
(196L). The relationship between D and © during W@ﬁtimg
and drying of saﬁpl&g is best descoribed as of "bowtie"

form (Klute et sl. 196L).
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Jackson (41963} demonstrated that at least for one
soll that he worked with, Pachapps loam, and under his
experimentel conditions diffueivity analysis d4id not
"exactly" describe water movement through the soil, as
also found by Nielsen et el. (1962), Bruce and Klute
(1963} and Elriek (1963). Heowever F@ck}(1§6&)re¢na1uﬂeﬁ
that as the diffusivities calculated from transient
sxperiments agrs§ﬁ with those from steedy sitate methods,
the transient diffusivity equation does describe water
flow. . Philip and de Vries (1957) incorporated effects

of a temperature gradient on water movement.

2.2.3 Water movement to plant roots

Gerdner (1960 ) in his discussion entitled "Dynamic
espects of water ﬁ?&ilﬁbility to plants" develcped the
appli@é%iaﬁ of diffusion esnslysis to water transport
’thr@ugh the soil to & root, He considered that the flow
to the root was axisymmetricel and only in a radisl
ﬁir@étiaa and thet the root acted &8 a line sink. The

eappropriste flow equation for such & system is

%
©

l

w%%‘f(rﬁ%‘o‘), 2es B (13)

o
e

with initlal and boundary conditions G=0_, m=m,
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‘ vy 49 -
t =0, r ,Qr<oo and gﬁ%@;(fé};) = 21’1‘3*&}3(5;} =W, P =1

ﬁ’
>0, Here ry ig the radius of the root and w is the
rate of water uptake by the root (ee/em root lengith/unit
time)., The solution given is, for sufficiently long

times,

- W 4Dt ;
mwmoaAEﬂa‘s Tfk (1§1 I‘E Y) péenwas ("iﬁé}
~where y(= 0.57722..) is Eulers' constant, snd m is the

matric potentiel.

From thé ebove solution when » = Ty Gardner
concluded that large varistions in D wau;d éauge only
very small changes in Am and his assumption that D was
constant was not serious. - Similarly variations in
root rafius need esuse only emall changes indm, except
at low suctions when the resistance to weter entry into
the foat might be lerge @amgar@& with the resistance to

water movement in the moill,

From equation (14) Gerdner conecluded that water
moved to a plant root only from distances of a few
gentimeters; that thﬁ'variaticn in k due toAm was no
larger than the uncertainties in the determination of k
and that use o? genstant k was not unjustified for the

infinite system and for not too large t.

Gardner (196C ) also shows that the solution for




the transisent case sbove could be approximated by a series

of steady-state solutions,

2.2.4 Water availability to plants

During the esrlier part of this century the bellef
~wae held that the factor controlling the smount of water
evailsble to plants was the difference between the
"suction" power of the plant snd the soll (Buckingham
1907, Schofleld 1935). Several workers (Lewis et sl.
1935, Richard and Wadleigh 1952, Veihmeyer 1956, @;1153
however pointed out that the ability of plants to obtain
water was determined not only by the @oteﬂﬁiai gredient
but also by "the readiness or velocity with whieh the soil
water moves in to replace that which has been used by the
plant” (Richards and Wadleigh 1952, p.103). Gardner
(i@é@) and his sssocistes (Gerdner snd Ehlig 1962a,b,
196%) concluded that generslly the amount of soil water
evailable to planis was determined by the sbility of the
soll to transmit water to the plant root as repidly as
needed by the plant. Thaet 1e, as s result of water
upteke by the plant, a total water potential gradient is
set up in the soll along which water moves from @@in%&
disgtant from the reoot up to the root, Provided the soil

“can transmit sufficient water to the plant root %o




maintein tﬁg demand by the plant, there will be no delet-

eriocug waler stiress in the plant. However, should the
demand exceed the guaniiiy which can be transmitied

through the seil, then plant water siress can ooccur,

Gardner (1960 ) concluded that the ﬁ%l%iﬁg point
ﬁﬁafﬁha% molsture %@ﬁﬁ%ﬁﬁ‘bﬁlﬂw which the sonductivity of
%ﬁ@laail Qgg too low %é permit water to move even short
distances as rapldly 28 it was needed by the plant,

The wilting point of & sail is therefore ﬁ%@@ﬁﬂ@ﬂ% upon
the uvnaatursated y%mmﬁgkility of the scil, the transpire-
tional demend snd some charscteristics of the plant sueh
as plant growth (Gerdner snd Nieman 496L) and root
aistribution (Gardner 1964 ).

The field capeciiy of &

soll was defined by

- Gardner {13960 ) as the moisturs sontent at which the
capillary conduectivity of the soil was soc low *ﬁha’%, ander
the total potential gradient operating, the redistribu-
tion of water in the @@il profile was w@gligihlﬁm




2,3 Ion lovement in Plante

PRSI

Two basic mechaniems, one active and the other
passive, have been proposed to explain ilon uptake and

transfer processes.

Asg was done in Section 2.4, for waler @evement‘iﬂ
plants, any lon transfer that csnnot be accounted for by
’physiaal forces such ae diffusion along asctivity gradients
or resuliing from viscous flow of solvent (both passive
mechanisms) will be considered to result from an “asctive"
mechanism {ﬁﬁgiﬁg 1957). In the remainder of this
thesis, the term "barrier" is used to describe sny membrane

across which the transport of iocns is zn "asctive" procsss.

Interpretation of @xperimamtal'atudiea of ion
sccumulation and transfer in plants is mede difficult by
the variety of processes which can mcéur, Some jons
or radicals contalning the elements nitrogen, potassium,
sulphur and phosphorus complex rapidly into organia‘f&rms
mtﬁmﬁm root (Anderssen 1929, Tolbert and Wiebe 1955,
Bellard 1957, 1960, Jackson and Hagen 1960), although the
guantity so complexed may be only a small proporiion of
the total guantity taken up. Reeanhly.ﬁiegei et al,
(196€) found chloride in complexed organic form in plants.
Beecause of complexing it is ﬁiffiault to assess wh@thép

ions sre moving with or againet concentration or activity
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gradients. Rerely are experimentsl technigues used
which measure only those ilons which econtribute to the
establishment of chemical activity gradients {(Lopushinsky
1964 ).

Wot only muset sppropriate chemlicsl sctivity
gradlents be determined but it 1ls necessary alsc to
ascertain that the component being measured is in faot
part of the normal transport siream, The results of
Raney and Vaadia (1965}, have already demonstrated that
the concentration of ions in xylem exudates need not
reveal the true concentration at the peint of entry of the
ions into the xylem., Further, Morrison (41965} has shown
that not a2ll of the phosphorus in exuded root sap is p&fﬁ
of the nermal transport stream in whole plants, but is

secreted by root cells in response to a wound stimulus..

Ion adsorpition onto charged surfaces within the
plant (Charles 1953, Hewitt and Cardner 41956, Barber and
Russell 1961, Bell and Biddulph 1963) poses a similar
problem., If the experimentsl technigues employed cannot
differentiste between sorbed and non-sorbed ions estimates

of chemical activity grediente agein are mislesding.

Nessurements of eleciropotential gradiente have
been used by some workers (Etherton and Higinbothem 1960,
Bowling et a8l. 1966) to identify electrochemical activity

gradients, Dainty (1962) however has polnted out that




any charged surfaces near toc the peinits of measurement
of such potentisls modifies the currents obtained,
Charged sites occur throughout the cell welle, cytoplasm
and stele (Knight et al., 1961, Pitmen 1965b, Bell and
Biddulph 1963) and more casuition must be exercised in
interpreting electrochemical activity gradients obisined

by present methods (Brigge et 8l. 1961, pp.106=116).

The conclusiong which have been drawn from electro=-
chemical gradients are that cations are psssively trans-
ferred from the exterier solution into the cytoplasm
(Etherton and Higinbotham 1960) and to the xzylem (Bowling
et al. 1966) as & result of an sppropriste eleciro-
potential gradient set up by the active transfer of

anions (Bowling et al. 1966).

Kinetlie anslysis has slso been used to examine ion
uptake mechenisms., It has been found (Spstein and Leggett
1954 ) that over s limited range of conecentretions, the
relation betwesn the reciprocal of the astesdy rats of
accumulation of ions in cells and the reciprocal of the
external congentration is spproximstely linesr, This
result suggested that lon trensfer systems behaved in a
manner similer to that found in enzymstic resctions and
has leé %o the spplication of enzyme kinetic theory to
ion upiske (Noggle and Fried 1960, E@ﬁtain et el, 1963,
Hodges and Vaadia 1964, Bange et al. 1965). In using




kinetic anslysis %o interpret the effects of ion competi~
tion in fon trensfer processes (Zpsteln 1956, 1962) it

is necessary to assume thet the change in concentration

of the oppositely charged ion has no effest on the combine
ation of the ion with the carrier or on the rate of move-
ment of the carrier, asnd further that the ions compete only
for combination with the carrier (Briggs et al. 1964, p.1u7).
Although ion upteke behsviour of plants can be predicted
from kinetic analyses, many ohserved results can slso he
interpreted in terms of the conmplexing or adsorption and

exchange of ions within the celle (Leggett et al, 1965).

In exudstion studies of ilon transfer in plants
with execised plsnt materisl the integrated dynamic
processes of the whole plant system cannoit always be
adeguately recognized. Phillis and Mason (1940) and
Bowling (1965) have shown that the upieke of ioms into
plante can depend upon the transport of meiabolites from
tops to roots. Bange (1965) however has found that
excision effected only the transfer of ions to the tops,.
Excialon of roote however results in major changes within
the root. Kylin and Hylme (1957) found that the free
space of intzct roote was higher than that of similar
but excised roots (27.5% as compared to 18.0%). This
decline in free spsce following excision conflicts with

the results of Jacobson gt gl. (1958) who found the




?@?ﬁrﬁ&‘%ffﬁ@t‘ Jecobson gt 2l., using whole plants,
found that no free space ogcurred in the stele of the
roots, but in execised plants half of the measured free
space was in the stele, as found by Pléman (1965b).
Ixcision therefors causes changes in the behaviour of
plant parts and cavtion ie needed in spplying results

from excised plant parts to whole plents,

Interpretation of ion transfer processes in
plants requires that the path by whiech ions move across
the root to the xylem be identified, Brouwer (1954)
attempted to define the regions of the root which were
functional in ion uvptake, He found at low water uptake
rates that the uptake of chloride ions was greatest just
behind the root tip, and that the uptake decreased with
distance eway from the root Bipe Uptake could be detected
at least 15 em. from the root tip. Brouwer further
showed that accumulstion wes at a maximum near the root
tip and that transfer to the tops was at 2 minimum in
that region. Further away from the root tip, total uptake
per unit 1angﬁh was somewhat less, and the proportion
eccumulated was very small although the proportion
transferred to the tops was large. At higher water flow
rates, the uptake of lons just behind the root tip ipcreas-
ed only slightly, while éptake in regions further from the

root tip increased to a higher level, Ag water flow
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lneressed so did the proportion of ions transferred to
the tops,. The ineresse in transfer was gresiter in the
region just behind the root tip compsred to the region

beyvond the root hairs,

In view of the foregoing, it is difficult to assess
the relative importance of active and passive upteke and
transfer of anions snd cations. Ions move into the
apparent free space of roote (Hope and Stevens 1952,
Briggs st al. 1961) by diffusion or by convection or
both preocesses, and in this space their movement mey be
influenced by charged sites in the cell walls. Iong
can also move into the root hairs a# epidermal cells
through the plesmalemma which is considered to be =
barrier (Levitt 1957, Arisz 1964, Hendricks 1966), At
low externsl concentrations the cstions ecan move through
the plasmalemme by exchenge with H' lons (Hendricks 1966)
or by "exchange diffusion" down charged pores (Tansda
1966). At higher external concentrations cations enter
the cells by diffusion (Torii and Laties 1966b).  The
anions however are aétivaly transported scross the plasma-
lemma and relsased from their carrier by exchange with OH
~iezm on the interior surface of the plasmalemma (Hendricks
1966). Under most conditions an excese of cations over
anions is found in the root, accumulated in the vacuoles,

Charge balance is required (Bear 1950, De Wit et al., 1963)




and it is believed thie is met by internsl "titration?

of organic acids such as malic acid (Torii and Laties
1%6‘&&}:

The means by which plante distinguish between
ione in the accumulation and transfer processes is gat
known but specific carriers (Bange 1962), exchange-
diffusion down chaerged pores (Tanads 1966) and metabolic
requirements of plants (Evans and Sorger 1966) have been

proposed as possible explanstions.

The anatomy of the plant root is such that parallel
and series pathweys exist between thé Xylem and the
exterior, The exodermis, rarely absent in monocotvledons
(Esau 1953), liss beneath the epidermis snd is slmost
completely suberized after differentistion from the
gortical cells, It may sct as & barrier or at least
be only partly permeable to ions via the passage cells

which ere unthickensd,

Two pathways are poesible for ion movemeni across
the cortex; firstly vie the free space and intercellular
spaces and secondly through the symplasm, Hovenent
along the symplassm is accepted a8 the major or dominant
path todey (Torii and Laties 1966b, Luttge and Laties
1967) and lon accumulation into the vacuoles is looked

upon as & separete process, The accumulation proceszses
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are similar to those for transport aseross the plasmelenma

{(Torii snd Laties 1966b).

The structure of the endodermis is such that for
ieﬂs in the free spece to cross the endodermsl cells
they must first enter the cytoplesm of these cells and
in B0 dolng, psss through the plasmalsmma, Onee inside
these cells the ions can move through the symplasm to
the xylem cells by diffusion or by convective flow with
water along the same path. However wheither this barrier
exisie between cortex and s@ala‘ia gti11l debated (Bangse
1965).  Transfer up the xylem may be by convective flow,
by diffusion coupled with ionic exchange or by surface

diffusion,

Water flow has been shown to affect the total
guantity of ions taken up and transferred by plants,
especially at high external concentrations (Russell and
Bhorrocks 1959), At surfaces which are differentislly
permeeble to lons snd to water (Rapoport 1965) sufficient=—
ly repid flow of solution results in more ions arriving
at such surfaces then can be transported scross them and
ions will accumulate at these surfaces (Barber 1962),

The concentration gradient scross the surface ean become
- Bufficlently large that the need to invoke active transfer

mechanisms is eliminated., This increase in concentra-




tion at the membrane surface could, 1f concentration

determinations are made at some distence from the membrane
surfaces, mislead one into believing that transport
across the membrane has been ageinst s concentration
gradient (see Figure 2), With plants growing in culture
solutions 1% has been Tound that even with vigorous
stirring 1%t 1s impossible to remove a stationary layer

of solutien around the root (Bowen pers,comm,). Thus

if the epidermis or exodermis acts g = diffay@ntially
permesble surface to water and ions, care must be teken
in interpreting resulis whenever ithe gradient is obtained
from the differsnce in concentration of external ﬁeiuticn

and that in the cortiecal cells.

Convection through chsrged membranes presents
difficulties in interpretation. If, for example, the
menbrane is negatively charged, then with water flow,
more cations than anions will be transferred through 1t
end an electropotential, or "streaming potentisl" (Pidot

and Dismond 1964 ) gradient will arise.

The importance of ion sccumulation in vasouolss
upon the total quantity of lons transferred to the tops
is revealed in the resulte of Ruesell and Shorrocks (4959).
They found that when the external concentration was low,
more of the ions taken up were sgcumulated and water flow

had little effect on lon transfer to the tops. At
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intermediate sxternal concentratlons esnd with s suffic~
iently high rate of water flow, accumulation was
relatively smaller snd ion transfer to the tops appesred
to be predominantly passive, At high external concen-
trations passive transport mey ocour st very low water

Plow rates.

Thus for whole plante growing in resl environments
it is not possible to predict what process is dominant
in the %raaaf&r of lons from the s0il to their asite of
use in the plant., The cirveular statement of Steward
and Butcliffe (1959) that "plants grow becauge they can
absorb and secumulate salis; they also acocumulate
- because they can grow" cannot yet be replaced by a more

guantitative analysis of the phenomens,




The availebility of non-sorbed nutrients is
prineipally governed by the movement of ions from poinis
distant from roots up to the surfaces of roots (Jenny
1966)., For ions which are sirongly bound to soil
particles, it may be necessary for the roots to approach
very close to the lon source for contact exchange to
occur., Jenny and Overstreet (1939) suggested that
contact @Xahamgg belween ions on the root surfesce and ions
on the olay particles will occcur when the root snd clay
particles ere close together and theilr electric double
layers intermingle, | They proposed that hydrogen lons,
agsoclated with the pectin material on the root surface,
were exchanged for cations of the soil colloids independ~
ently of the soll solution processes. Lewis end Quirk
(1962) suggested "proximity exchange" would be a more
appropriate term to use and 1s in keeping with the ideas
of Low (1962a). Wellace (1962) suggested thst for iron
this process should be termed “econtact chelation". Jenny
and Grossenbacher (1963) after observing a mucigel layer
between the roots and soil particles, proposed that this
layer would allew mueh mér@ intimate contact between
roots and aaii, which strengthened the notion of contact
exchange,

Recently it has been proposed that root interception




mg?m

mey be of some significance in the uptake of meny ions

(Al-Abbas and Barber 1964, Oliver snd Berber 1966a,b).

Meny soil properties affect ion movement in the
scil and uptske by the planis and in this section conside
eration will be given to those preperties which affect

ion treansfer through the soil.

Tong can move from a point in the soll up to the
root surface by two processes ‘
(1) Diffusion; or mass transfer slong a concentration

gradlent, from regions of high concentration to
regions of lower concentration,
(2) Convection; where the jons are moved by the flow of

water or solution.

2.4.1 Diffusion in moil solution

For ions to diffuse to & root surface the concen-
tration of the ions at the surface must be lower than that
in the soil. Barber (1962) using autoradiograph
‘taehniquas showed that such concentration gradients do
ogeur around roote and that ions can therefore diffuse
te roots.

In bulk solution Fick's first law of diffusion

may be written as

;{ﬁ"l}m gfﬁd G}_ Beoveas (16)
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where J is flux density of ilens, ﬁl is the concentraiion
of diffusing len in solutioen, D@ is the proporticnality

constant or the diffusion coefficient of the lon in water.

In treating ion diffusion in soils the sppropriate

squation describing the flux density is
gm*ﬂglﬁ?@é {}l e sen s 1:‘3?)

where J is the mass of the ion transported per unit time
across unit ares of soll normal to the direction of

flow, Cy; 1s the amnaéntratian of the lon in solution

(mass per unit volume of solution) snd D is %the aspparent
diffusion coefficient for the ion in the soil. Hany
definitions have been used for diffusion coefficients
(Bouldin 1961, Gardner 1965, Nye 1966b) lesding to
ambiguities and errors in interpretation, The definition
a&ave haes been used to maintain uniformity with trestments
of gaseous diffasian in soils, and as so defined includes
all the effecis of soll properties including water content,
tortuosity etc, which contribute to reduction in D with
respect fo DQ.

The eguation of continuity, or prineciple of
congervation of metter, in the absence of sources or

sinks cen be written as

2 __ oatv.g

Y X




=5 G

where C is the guantity of ion in soclution per unit volume
of soil. Substituting equation (17) into this, gives in
one dimensglon,

3¢

-%% &%ﬁ: (}} bx; S 4sesse (13)
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ag C = 0.0 (agsuming © %o be constent with time and x).

The value éf D in soils is always less than the
value of D for that ion (Klute and Letey 1958, Porter
et gl. 1960, Patil et gl. 1963) due to the smeller cross
sectional area avallable, the increased path length
ﬁrisimg from the tortuous nature of the pore space in
solls, and possibly the higher viscosity of adsorbed watler
near yartiale surfaces (Low 1962b). As the moisture
content 18 reduced so is the value of D (Rcmkeés and
Bruce 1964, Place and Barber 196L, Olsen et gl. 1965).
Particle size (Klute and Letey 1958, Romkens and Bruce
196l ), cation exchange capacity of soil (van Schaik gt =1.
1966}, clay content and fixstion (Evens and Barber 196L )

may eslsc affect the diffusion of 1én$ in solls,

In soils it has been found that D can vary

slightly with ion concentration (Letey and Klute 1960,
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Fluce end Barber 4196L4), but this varistion is generally
ignored. The diffusion coefficient is 2lso temperature
dependent and in seils this mey be of some importance

(Grahem-Bryce 4963).,

in order to maintain electrical neutraslity, the
diffusion of any ion is sccompanied by the diffusion éf
another lon of opposite charge. Counter diffusion of
other ions can also osccur in mixed electrolytes, in
some literature, especially that associated with chemical
engineering, 1t will be found that eguation (17) is

written in the form

ﬁﬂl

J‘? 3‘“ B1’2 "é‘;{" BEeRe e (g@)

whers Di,z is the diffusion coefficient for ion 1 when
diffusing egainst ion 2, This effect of the counter ion
can be pronounced (Husted and Low 1954) as can be the
effect of the accompanying ilon (liye 1966a), although
effect of accompenying lon is considered to be small when
jons ars diffusing to plant roots (Nye 1966a)., The
methods of obtaining eversge coefficients sre discussed
by Low (1962a) and Nye (41966a), but since the determing-
tion of the diffusion coefficient in solls involves other
arrofﬁ, consideration of this point is deemed unnecessary

(Gardner 1965),




in mopt soils there is smome intersction beltwesen

certaln ione and soll particles which affects the guantity
of ions transmitted to the root in a cerisin time (Oleen
et 8l. 1965)., When the ion under consideration is
adsorbed or produced in the sell snother term expressing
the source or sink term must be included in equation (18)

end by appropriate modifieation eguation (18) becomes
30
bs%@%-’x(}}ﬁ}')*%% v I EEEREY) (2’3)

Whﬁf&'%% is the rate of production or sdsorption of the

ion. [Eguation (21) mey be expressed in the form

d . d %% 3y
3 T3 3E <3 25y

where G? is concentration of ion per unit velume of soil,

or
A0 3G
103 1
ST T YR (D 53%)
or dC pY
R S | —
t b §§ (D X )
g
~where b m4§§§ (Nye 1966b),

For a linssr adsorption isotherm and © congtant

= GiB and L = EEBGI + constant
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where B 1g the ratio of the number of lons in the adsorbed
phase to the number of ions in the solution phase at

eguilibrium, per unit volume of soil,

QCT
then 37~ = Be+6 =0(B+ 1)
~1
0 &
14y 1
E&Z‘%é bt mmhx {@ Bxiﬁ sesoae (22)

If D is iﬁ@eg&n&eaﬁ of x then equation (22) can be writien

as '
2
30, p_2° (o
"‘S“'E‘W @(B‘Q"’j Bx% $esooa (23}

which is snalagous to that obteined by Gardner (1965)
end Olsen et al. (1965). \

To evaluate the guantity of ions which sre diffug-
ing scross & particular plane at a particular %imé, it is
necessary to solve the sppropriste @quati@n for the
boundary conditions imposed upon the system, There is
8 Tormal anslogy between the mathematics of diffusion
and heat flow, and Cerslaw and Jaeger (1959) provide masny
solutions to the heat flow equations, Care must be
exercised in spplylng such solutlons to problems of ion
diffusion, With definitions used in this thesis, that is,

ag
o - "1
J==D ax
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Substitution of D for X and é% for X in heat flow eguations
will lead to soluticns of diffusion eguatlions in terms of

Gy, where H and K sre defined in heat flow by

3T 27T
and >t =

where ¥ is the flux density and 7 is the tempersturs,

Other definitions of the diffusion coefficient have bsen
uged but the necessary substitutions must be completed by
analogy as ebove to meke use of the many solutions aveil=-

aple to the heat flow egustions,

2.442 Diffusion along selid surfaces

Another type of ion diffusion is possible, that is,
movement along the surface of the soil particles. The
importence of this surface diffusion in scils is noil
known. Lai and Hortland (41961), Graham-Bryce (1963) and
van Schaik et al. (1966) concluded that surface diffusion
may oecur, but Husted andé Low (195L) were unable to detect
any surface transfer for Li, Ns and K even after several

weeks, Should surface diffusion ocour ss an ion




"hopping" process from exchange slte %o exchange site

(Lopez-Gonzelez and Jenny 1959, Lei and Mortlsnd 1961) 1t
would involve movement of cations in the opposlie direec-
tion, but no accompanying movement of snions (ven Schaik
and Kemper 1966, van Schaik et al. 1966). The equstion
desoribing the flux density slong surface could therefore

be written as

’&‘E graﬁ@ I EEEE R} (22««%)

where J_ is surface flux (mole em° aea'ﬁ3, Cg 1s the
concentration of ions on the soll surface and D isg &
constant of proportionality between fluz and concentration

gradient slong the particle surfaces.

2,4.,5 QCombined surface and liguid d4iffusion

Diffusion of ions both in solution and along the
particle surfaces occurs, the appropriate eguation for

the total fiux density, JT, being

JTaJntg

~ ~

8

Hewever the sbove equation sseumes that transport by
surface and liquid diffusion is in parallel. If diffu=
gion also occurse in series, the non steady state equations

becoms very complicated (Hye 1966a).
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2.4.4 Diffusion plus convection

Water moves through the soil 2s & result of a total
water potential gradient. Associated with the movemsnt
or mass flow of weter there will be & movement of lons
in solution {conveetion). The guantity of ilons irans-
ported per unit ares of =0il in the x direction by

convectlion, that is, flux density J, will be given by
J@“«?Ql IR (23}

where v is the volume of water moved per unit ares of
goil in the x direction per unit time, The total flux
JT, will be the sum of the diffueive flux density and

convective flux density, that is,

ac,
Jmlﬂ‘:ﬂm'FVQl sesnes {2@;

dx
(a@samiﬁg surface diffusion is of no consegquence) and
combining this with the egquation of continuity and
assuming that there are no socurce or sink terms, and no

moisture gradient

dC dMv ¢,
.- 1 i T
3t = 3% (DSF) - TTRE eeeens (27

I&

Equation (27) over-simplifies the complex changes
of concentration with time in & mixed éiffusion and

convection system due to the dependence of D on W,
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Bigger and Nielsen (1964) proposed that for a linear

syetem, where D and © are not functions of x that

2
3¢ YO 3C.
1 - 1 Bt
fwmﬂgzqm‘& 3% semese (9*%}

where u is the veloocity of water flow in the x direction

and D is the diffusion cosefTicient defined from

ac
Ji = - Bﬁﬁ i where Ji ig the flux per unit area of

solution. They found that whenever anlall sclution
displaced a solution of different concentretion in a
horizontal system of glass beads thelr results were not
described by egquation (28). Day snd Forsythe {1957)
used a constant or index of dispersion, B, in their \
snalysis, where B = 2P/u, P is Scheidegger's (1934)
factor of dispersion and u is average veloeity of fluid.

This P is defined by squation

2.
> e N

BfXMQtEE

st

= P s (Day 1956).

|

o
e

Taylor (1933, 1954 ) found that,in a single iube,

a2 slug of eslt dispsrsed from the point of injsction and

that the dlspersion was greater than that expected from
a simple diffusion process. Radial variastion in watsr
veloeity scross the tube distortsd sali concentration

gradients and resulted in ion diffusion, scross the tube,
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At a constant outflow rate the narrower the tube, the

greater would be the velocity gredients scross the t&bﬁg

and the greater is the laterel diffusive movement of ions. .

In porous media, with highly tortucus paths snd e
mixture of "tube" sizes, velocity gradients normal to the
direction of flow, would vary mﬁﬁﬁiﬁﬁféblysiﬁ&ﬁi@g %o
major departures from simple summetion of convective and

diffusive fluzes,

Gguetion (28) is not precise when water velocities
are high since the dispersion effect or interaction term

?@fl@@@iﬁg the dependence of D on u is not ineluded. -

| Two main epproaches have been used in recent
attempta to deseribe dispersion due to molecular diffus-
ion snd mecroscopie mixing in flow through porous meﬁia; |
Both methods smploy statistical @%ﬁﬁla, one considering
‘the porous medium itself as & random network of capillar=-
ies (Saffman 1960) snd the other deseribing the motien
of tﬁﬁ fivid se a rendom walk process with snd without
setocorrelation (Scheidegger 1958, Saffmen 1959).
However 1%t would sppear thet the random walk models are
unguccessful in deseribing lateral dispersion (List and
Brooks 1967). Ssffmen's model (1960) which is based
myém & randem network of caspillaries appears to be useful
but only if the flow remains laminar (List snd Brooks

1967 ).
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When the flov is completely turbulent the dispers-
ion is edeguately desceribed by mixing c¢ell models such
as developed by Beron (1952) and Renz (1952). Models
describing flow can thersfore be obtained only for situa-
tions where flow is leminar or turbulent, In the
gituastion of mixed leminsr snd turbulent flow, that is,
when both may oeccur in the medium, but not at the same
point, there is no satisfactory model %o describe the

Tlow,
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2.5 Models Describing Ion Uptske by Plants

The general approach used to describe lon uptake
by plants, has bsen to solve appropriate eguations for
ion movement in soils under the boundary conditions

imposed by the soll and plant.

The first model proposed to describe the shove
process was that of Bouldin (1961). He considered thst
the transfer of phosphorus to the root surfsce was an
exisymmetricel diffusion problem, and that the root scted
a8 & cylindriecal sink in apn infinite unstirred mﬁéium;
8t some initisl concentration CQ, and the eguation describ-

ing concentresition change with time wae

2.
bczl 3764 30,

‘ I S R | ‘
b-t = }}B ( 6?2 + T r.} LN (29)
where ﬂa is defined by eguation J = = 3@ I 0 and J is
the flux density (cc/cmﬁ solution/sec), By solving
equation (29) under the initiel and boundary conditions,
G, = i1 » Tu<rcoo, t =0
o

@01

where r_ is the radius of the root, Bouldin (1961)

‘obtained

N ~Jf ‘i_‘
Q' = Cy I (TN, 3UNE; V)
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‘He also consldered the sppropriate modifications
of the aalutian‘givgn above when there is some reaction
between lon and soil. This 18 of considersble importancs
in phosphate diffusion in soils (Lewis and Quirk 1967),.
The modificetion Bouldin gave 1s similar to that shown in
equation (22), that is, D, ig replaced by 33’ where

B = L/C, end L is the smount of phosphorus adsorbed per

unit volume soll.

The model proposed by Passioura (1963) includes
the additional effecis of root growth and convective flow
of ions on the movement of ions to plants, Such a model
should be applicable to long term studies of ion uptake
by transpiring plants, Passiours assumed that the root

length effective in ion uptake remained constant with time




and that this length moves through the soill at = velocity
u. Recent work (Zlegler et &l. 1963) would indicate

that in regions further from the root tip than the root
hair zone, uptake is msusll and that Passicura's model

is en spt one from this point of view,

Gerdner (1965) has described the uptake of nitrogen
by plants, His model included the boundary condition
that the flux into the plant was directly proportional %o
the lon concentration in solution as used by Bouldin (1961).
Gardner defined the total flux density of ioms, J, in &
80il under the influence of ca@a@ntratién gredients and

convective transport as
ﬁ@l ,
Ja‘- 3(}9"&"{'!“'?&1 T Pe &0 o (50)
where E@ is an apparent or effective diffusion coefficient.

Thus

3t n:&m (D, 9'8- esea (31)

Gardner (1965) transformed equation (31) to the
exisymmetrical form and in so doing introduced w, the

rate of water uptake per unit length of root, as
. : -
V= u0 and ¢ = 5p *

Integraeting sxisymmetricsl form of eguation (31) in the
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where o denotes the rate of uptake of nitrogen per unit
length of root, The sclution of equation (32) for the
specified boundary conditions is

w/zﬂﬁg

{21 = (Qig - %}(?Q} E s % Boeees (333

where @1 is the concentration et some distance T4 from
the root. When the rate of uptske of lone by the plant
18 § = a Cy, With o constant, then Gardner obtzined

¢y wa.£2ﬁ§W/£ﬁBG
2] ’r}a

Q= Py w/2mD,
LIRS [ -
a

where r_ is the radius of the root.

aeees o (5&)

Nye (1966b) haes examined nutrient diffusion snd
mass flow in soils neer planar absorbing surfaces. He
defines his flux density in the medium ag

QQT
J:zéDN rry 4«?91
where Bﬁ is used to distinguish his diffusicn @m@ffi@i@ﬂt
from that of Gerdner (1965), Dy, end that D used by the

author.
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and by substituting b = aﬂ?/aal he obtains

2

¢ ¥°C T
i | o 5
bw’ = b ﬁ}‘a‘ )xg 4 ¥ b.x 2eee e (53}

He solves the above eguation (35) under the initial
end boundary e@nﬁitieﬁs . ‘

t E @’ X) Qg ﬁl = ala

| _ 3¢
Hie solution has the sdvantege of being epplicsble at all
times rath@r than being a sieady state solution as is

Gardner’s (1965).

Hele (1965) and Miles (1965) have extended the
model epproach to the situation where three dimensional
flow to & moving sink is considered. These developments
are not yet at a stage where the models are of any

practical use to the biologist,

2+5,1 Discussion

There are difficulties in understending the deriva-
tion of equations used by Bouldin (41964), for if the flux

J, across unit area of soll is defined by




aa
1
== Dy 7
(this is formally the same as that used by Bouldin, see
his equation (3)), the appropriate non stesdy state

eguation is

2
ac B Cl -4 Bﬁl 2 £
e Bﬁ j;;ﬁ + 5 ST seses (36)

His firet sclution mssumes no intersctlon between soil
particles and ions, and equation (36) may be written in

the Torm,
3, o, [¥%, o ;
% T % |2 trer) e U7

if ® is constant with »r. The only possible way Bouldin
eould have obtained equation (29) from the definition of

D obtained from his eguation (3), that is

] €aw |

was If Q' was the flux scrose @ unit esres of soil solution

&

or if the tresitment spplies solely to uptake from unstirred
nutrient solutions when D should be replaced with Dy
But from his definitions one can only assume that his

eguation (1) should be




and the solution of this esquation under the initisl and

boundary conditions given by Bouldin is

Q= &Gy I(FMNE, e v)

ki 4 §%t

where §H = E?” gnd V = ~ (Bef, relationships on
B raf;

page 50) and By = D 88 used by the author of this review,

There are difflcultise slso with the model of
Passlours (1963), ©Passiocura obﬁain%ﬁ his overall
solution %o lon uptske by plants, by ocombining two equa~
tions with different boundary conditicns (?a@aioura 1965 )
thue invalideting his finsl solution,

Two errors have been drawn to the attention of
Gardner (pers.comm.). Firstly u = 5%%5~ and not gﬁg
@8 published (Gardner 1965) and secondly integrating the
steady sta%@‘eylinérinal form of eguation (31) does not
give 4, but % on R.H.8. of equation (32), Therefore
throughout his eguations, gpahwulé replace w and %«m@@l&@@

4, and one obtains
w/27D,0
8)(=k &
Oy = (Gla - w)(ra) Y

(e.fs egquation (33)). Ulearly solutions given b?
Gardner (1965) are appropriste to the solution of axie

symmetrical form of equation (27), when




W =

S o ) , ;
[:rg w/ 21D ] sevees (38)
r Y - %

Cq W
0

The L.H.8. of equation (38) is the "iranspiration siream
concentration factor"(TSCF) of Russell end Bhorrocks
(1959) if 4 1s the uptske into the tops., Assuming there=-

fore that D has some Tinlte velue, then for

(1) v = a, TBCF = 1

(2) w < ap TECOF > 1

(ﬁ) W D> Uy THOR <'%q
Valueg of TSCF >4 are found when ilon upitake is Yactive",
but casn also be found when ion upteke 1s "passive" but

dominated by diffusion.

For TBOF 1 the deminant process in ion upiske is
convection, The importance of o is obvious in determin-
ing the water flow rate at which convective transport of

ions becomes the dominsnt process,

If values of o, Q@ and W are calculated from Russell and




e
».5‘?..
Shorrocks (41959), then TSCF >4 when w<a, and TSCF< 1

when ¥ > .

Gardner's (1965) model dose not include any uptake
by root extension and his solution, when corrected, is
applicable only to stsady stste conditions which rarely
occur,

The applicability of Hye's (1966b) model is some=-
what difflcult to assess, as 1t relates to upitske of ions
from an infinite planar surfacs, However seversal

comments are pertinent to use of his equation (2), that

Cis, ,
d¢ dC D, %G
bg‘_g‘lav S—il+b f?l seeen (59} 1

which was obtained from

éGT
Jd = = ﬁ% a3 t Y Gl’

Firstly equation (39) is applicsble only if the
edsorption isotherm is linear, When the adsorpiion
ia&thé?% is n¢n~linear, Eﬁ and b are both fngféi@if of
Cp and x, and b must be written as equal to g}?z g%l.

The general form of eguetion (39) is then

d0, dC dC
I Sft:l" m Y "“5{35 +% BH b “‘B%] se0ss (1@{3}
¥Cy Vx
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If ions are considersd to be non-sorbed, asz in most of
Nye's (1966b) discussion, then one can replsce b with ©,
and assuming © and D to be constant with x, eguation (LO)

reduces to

- 2 v
?—::3: - E } Ci o E }E;
8 T W N xg © = *

The water content, ©, may be neasrly constant with
distance from an absorbing rool, when water upieke rates
are small and soll very permesble to water (this can be
shown by caleculation using equation (9)). Howsver, in
relatively dry soils, whose hydreulic conductivity is

emall and when the transpirastion demand is lerge there

can be large gradients in water content sbout sbsorbing

roots, Thus b, ag and © may be functions of Z.

Equation (35), &8s well as Gardner’'s,do not
account fully for the complex changes of concentration
with time in & mixed diffusion and convection system.

Ag previously pointed out, Biggar and Nielsen (4964) found
that for the llpnear systems they used, the displscement of
a less concentrated by & more concentrated solution in

the horizontal system was not capsble of description by
eguations developed by HNye, It does not appear possible
to ilncorporate the effect of dispersion into the defini-

tion of the diffusion coefficient unless U is @mﬁsiéa@@é
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2 fupetion of u or z {or r) since 1% will have s different
value for eamch water velocity (Wielsen and Biggar 1963,
Biggar and Niselsen 196k ),

In the cage of the radial movement of ions
(Gardner 1965) voth © and water velocity vary with radius,

and so should the diffusion cosffisient, Therefore

¥ Y6y W 0y)
s - Iég W}g ‘7;'-+ "é ¥ %

is only spproximate,

1% cah be oconeluded that the eguations which have
besn proposed to deseribe the uptake of ions by ylaﬁﬁ%
from soil are limited imn many wsys. However Nye (4966b)
hes streesed the need for general theories "to provide
a framgwérk for discussion end experiment, and toc indicate
the parameters that need be messured for a complete

guantitative description,”
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2.6 Coneclusions

Degplite the work of plant physiologists on the
upteke of water and lons by plants, and thet of soil
physiciets and chemists on the movement of water and ions
in soils, llttle work has been done on the whole soil-
plant system. One major reeson for examining ion upiske
is 1o understsnd better the mineral nutrition of whole
plants in resl environments, Under such conditions a
number of transfer processes both within the soil and
within the plant will contribute to the inorganie nutrient
uptake of the plant or crope. It is unlikely that =
single ilon transfer process will serve the plant equally

well at all times and under all environmental conditions,

The volume of water transpired by plants is
large, but it iz not known precisely how water movement
in the soll affects the gquantity of ions brought to and
taken up by plants,. In turn, it is not known how ion
movement and upteke by the plant affects the uptake of |
water, Membranes exist in the plant which hehave as
guagl seml-permesble membreanes anﬁ seross which lon
concentration gradients exist. This means that osmotic
potential gradients can operste in moving water from the
s0ill into and through the plant, Thus the steady state

upteke of water and lons, if it ever occurs, follows upon




even more complieated interactlons between water and lon
upteke in the transient state, The models so far

proposed to describe the effscts of water upitake on ion
uptake by planits, do not consider the full extent of the

intersotiong involved,

It is believed that the simplification of the
physical featurss of the soll-plant system has been
necessary to ensble development of preliminsry guentite-
tive descriptions, but the interaction betweenh convection
gend 4iffusion of ions boih in the soil and in the plant

ean no longer be neglected,




3.  EXPERIMENTAL PROGRAMHE

51 Introduction

The aim of the experimenits was to assgertain the
importance of environmentsl varisbles upon the upiake of

weter snd lons by plants,

The "plant” experiment, Section 3.2, was designed
to assess the influence of perisl humidity upon water and
ion vptake by wheat seedlings under various weter and ion

contents in the soll,

The physical study, fSection 3.3, was designed to
measure the effecte of water flux density upon the radial

gxisymmetrical transport of ions scross & soll bed,




3«2 Jater and Ion Uptake by Wheat Seedlings

34241 Experimental materisl and methods

Wheat seedlings were grown in pots of sand in s
controlled environment csbinet, Three yélativa humidity
levels were employed in three g@q@@ﬁﬁi&l experiments,
Three soll water content treatments snd three sodium
chloride concentrations were used in the pots for each
experiment. Harvests were made on itwo occasions and
replications were composed of three replicates in spsce,
Zach run in the controlled environment cebinet therefore
consieted of

1 humidity = 3 sodium chloride levels x % moisturse
levels x 2 harvests x 3 replicates
and 9 fallow pots, 1.8., 3 moisture levels x 3 replic-

ates,

Controlled Environment Cabinet:

The design of the cabinet is shown in Figure 3,
The cabinet was 1lit by 38 120-watt fluorescent tubes
srranged in two benke at the top. A stippled glase
soreen separated the lights f rom the growth csbinet
sectlon giving uniform light distribution. A cooled air
stream asbove the screen reduced the heat losd from the

lights, essisting in maintaining conirolled temperatures







Figure 3.

Design of Crowth Cabinet
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in the growih cabinet itsell,

&ight intengity varied with the age of the tubes,
end as & relatively high level was desired (approximately
3,000 £t, cendles), it was found necessary to renew the
light tubes in the lower bank at the beginning of each run
and to replece the tubes of the upper bank with those from
the lower bank. The tubes moved from ithe lower %o upper
benk had sach been used Tor & constant length of time.

The tubes were 1it for three daye before the pots werse
placed in the growih cebinet, Change in 1light intensity
at pot height (95 om from the glass upper screen) both
during and between runs was very small, dropping 200 foot-
gandles from the initisl level. The initisl distribu-
tions of light intensity at pot hsight sre shown in

Figure 4,

The "lights~-on" period, or day length, was set at

4

16 hours and dark period was 8 hours,

Ths control of tempersture snd humidity was mainte
ained as follows, The pet dry bulb tempersture was
achieved by dry bulbk conitrol of the refrigeration systen
only. During the day, the radiant heat input from the
lights was constant and constituted the major heat load,

During the night eyecle, black strip hesaters in thes air

ducts replaged the hest load of the lights,







Figure UL: Initisl Light Distribution in Growth
Cebinet at Pot Height (ft.-candles)







Humidity control was schieved with e Vonsywell
hair element humidisiat, The control sysienm was pheus-
matie and ineluded @‘@iff%@ﬁmtial pressure control which
actuated either black strip hesters or 2 pan hemidifisp
in the alr duet. When the humidity in the cabinet rose
shove the set point, the sirip hesters, sse Flgure 3,
switohed in,reeulting ipn & riee of dry bulb tempermture.
This wae countered by refrigerstion which continued until
the sei dry bulb temperature was sattained. seoompanying
this counter-cooling, water vepour wae condensed on the
opils snd drained off. By verying the heat load of the
"dehumidification” sirip hesters with othsr components of
the total heet losd, & renge of balancsd conditions could
be chtained, esch cheracterized by & set relative hunidity.

When the relative humidity fell below the set point,the

pan humidifier was activated

2

The variation in tempersiure was only plus oy

- minus 1°F over growin cabinet snd with time, while relative

humidity wvaried at the most plus or minus 4% either side
of mean level,

Frelinminary experimenits had shown that at ?i@F the
widest range in relative humidity obtainable wee 4O 4o

9%%. The set values adopted were L2,5%, 67.5% and 92,8%,
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the humidification system to ensure it was safe and relie
eble( see Figure 5). A microswitch was installed to turn
the humidifier off follawing a failure in water supply

and modifications were made to eliminate condensation in

the mioroswitoh,

A uniform distribution of wind velocity was
difflcult to obtain with the design of the pressent cabinet,
& fan, U Figure 3, with a varisble speed control, providesd
satlsfactory mean velocities, Relatively even distribu=
tion of wind velocity was schieved only after extensive
trials (see Figure 6) using screens and baffles (see
Pigure 3), The baffles were situsted on the return air

duects st the top of the cebinet.

Experience from this work has ensbled & more
efficient system to be designed in whieh the flow of air
lg Torced through a mesh floor at several gentimeters
water gauge pressure into the growth cabinet section

(Bhew 196L4).

Pot FPreparation:

Thwea concentrations of sodium chloride were used,
O.14 mM (= 5 ppm of chloride and 3.2 ppm sodivm), 2.82 mM
(= 100 ppm of chloride and 6L.8 ppm of sodium) snd 28,2 nM
(1000 ppm of chloride and 64l ppm sodium). The highest
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level wae used to ensure that under circumstances of high
water flow not all of the chloride ione resching the root

surface would epter the root.

It was necessary %o have the sand in the pois at
a yniform initial moisture content and preliminary iests
were carried out to devise technigues suiteble for handling
large quantities of E@il end which would sllow reproduc-
ible moisture contents and bulk density of the soll to be
obtained, The most suiteble technigue was to spray the
s0ll with required sodium chloride solution to & constant
moisture content of 4% and then to compaect the soil into
the pots to the reguired bulk density of 1.6 gmn/ece.
For pots requiring higher moisture contents than L%,
godium chloride solutions were added tc the surface and s

drainage period sllowed before the pots were used,

The surface horizon of Golden Urove sand, & podscl=
ized soll, wase sieved to remove stones and éth@r debris,
washed and then leached under suction with five times its
volume of delonized water, The treated soil was then
dried, sieved again through & 1 mm sleve and stored in
a sealed container, Both prior to storage and prior to
use the sand was thoroughly mixed with a shovel and
mechanical mixer. Samples, rendom in space and time

showed that partiecle size distribution, chloride and
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sodium contents were uniform throughout the bulked sand,.
Analysis showed that the sand was low in essential

nutrients, ¥, P, K and 0a, and eontained very little clay

or organle matter.

The plants were grown in iin plste conisiners
10.2 em 1n dlameter and 30.5 om deep,costsd prior to use
with tar-epoxy resin, which did not releass any nutrientis
to solutions in contact with it {Loneragan pers.ooim. ).
The pot size used was smaller than that desired, but was
dictated by the precision of balances available, The pot
size was such that errors in the daily water loss measurs-

ment were less than 5%,

Batehes of sand sufficient for one replicate plus
vf@ar extra pots were mized in a cement mixer, The sand
in the mixer was sprayed with the regquired sodium chloride
solution snd,during the spraying, the mixer wes continuslly
in motion. After mixing tﬁmraughly,‘th@ moistened sand
wae removed Trom the mixer and paocked into the pois,. The
packing of each pot was done in threes sections, esch
section ocoupying one third of the total pot. The
regulred quantity of sand was added to the first section
and packed to the required height with dumping and
compression from a piston at the top. Tha smooth E?@@?

soil surface s0 formed was broken with & piece of wire
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before the nsxt third was added. The same progedure was
repested to compress thie section and to £111 the remsin=-
ing third of the pot. To obtaln the other two moisture
levels of 6% and B% moisture, sodium chloride g@luti@ﬁﬂ
were added to the surface at & rate such as not to deamage
the surface during pouring. A perforated lucite plate
was used to protect the surface during pouring. Some
small channels were formed as air escaped but these
apperently did not interfere with the reproducibility of
the wetting technigue {see Appendix 1a). After addition
of the extra solution, the pois were stored in a consiant
temperature room at 71QF for 15 daye, It was found from
preliminary experiments that there wase very little water
movement after 10 days and no detecisble redistribution
of water sould be found between the 412th and 20th days.
During the storage period, the polts were covered with
black polyethylene covere 0,030 in., thick and & second
cover of aluminium foil. HNo measursble loss of water
socurred durling the storage period. There was some
varistion within and between pots in the disitribution of
water and chloride and in bulk density (see Appendix 1
8,B,¢ ~ also see Appendixz 14 for moisture characteristic

of Golden Grove sand),




Plant Preparation:

The experimental work was designed to enable
sufficlently precise messurements to be cbialined which
would permit examination of lon uptake in = sysiem where
diffusive and convective transfer of ions occurred, In
particular, nutrient effects upon plent growth were
minimized by growing the plents without the eddition of
sny nutrients to the =oil. Initial experiments had
ghown that, without addition of nutrientes and in perticular
nitrogen, the tips of the first lesves turned yellow sfter
sbout thirteen daye and by the end of eighteen days the
whole of the first leaf snd half of the second leaf were
yellow, Addition of various nutrient solutions, via
aplit root technique, elimineted some of this yellowing.
However, 1%t was also found thet with split root feeding,
most of the weter transpired by the plants was taken up
through the roots in the nutrient solution and only a amall

emount from the roots in the sand.

To overcome this yellowing, without using split
root feeding, wheat seeds of high nitrogen content were
germinated on & nutrisnt @élmti@ﬁ. Wheat seeds, variety
Gebo, with a nitrogen percentage of 3.5 (on dry weight
baeis) were used as these had the highest nitrogen

gontent of 8ll eseed availlshle, To reduce varistion
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between plants, only seede whose welghts were 33,0 to
44,9 mgm were used. It was desirsble to use sesds of
more uniform welght but this wae not possible due %o the
restricted avaeilebllity of seeds with this high nitrogen
scontent. Only 0,3% of the original seeds produced
sultable seedlings.

The composition of the nutrient solution which
was found most suitable in the preliminary experiments

ig given in Appendix 2.

The selected seeds were rinsed for twe minutes in
0,4% mercuric chloride solution, containing a wetting
agent, then washed thoroughly in deilonized water, The
washed seede were placed with the embryoc upwards on stain-
less stsel mesh over sesrated nutrient solution., The mesh
was lowered until a fiim of nutrient solution covered
the seeds. After 24 hours, af 71°F, the seeds had
swelled, and the level of the nutrient solution was
lowered until only & thin film of nutrient sclution sover-
ed the lowest portions of the smeed. After 120 hours
soaking, seeds with the cenire root between 1.5 2and 2.0 em
long were taken, Three replicates, each of three seed-
linge were waghed in distilled water and dried between
blotting paper, These Tormed the initiel samples for

wet welght, dry weight, chloride content and seodium




gontent delterminstions.

Otharse of the seeds were encapsulalted in waxed
eylinders (see Figurs 7). The cylinders ensured that
only one root grew down into the sand, This wase done
to maximige the upiake of water per unit length of root
and also to reduce competition between roots for water
and ione in the pots. The oylinderse were cast in two
gections from plaster of psris. The upper half was
drilled to make & cavity for the seed and a smaller escsepe
hole for the coleoptile and later the "stem" to grow
out of the oylinder, The lower half was drilled with a
small cavity end & small hole approximstely 0,65 om in
ﬁi&ﬁ@ter. Both halves wers sosked in hot pareffin wax
to seal the cylinders against water end salt entry.

The small hole in the lower half was also sealed with
wax and then re~bored to give & hole 0.6 mm in dlsmeter,
This diameter permitted one root to f£ill the hole and
‘ﬁié not allow sny of the other roots confined in the seed
cevity to grow down and out of the cylinder into the
sand .

In sowing the plasnts in these small cylinders,
the centre root of the three present at five days, and
which was beiween 1.5 and 2.0 om long was garefully

glipped through the wetted hole in the lower half of the







Figurs 7: Vertical Section through Plenting Cepsule
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gylinder., The top half was lowered over the seed enpur-
ing that the colecopiile was free to zrow through the
prepared hols, The twe halves were sesaled together
with psraffin waex and the cylinder sunk into a specislly

prepared hole in the sand.

A peeding plate and tube (Figure 8) were used to
engure even spacing and depth of sowing for each of the

three plants in each pot,

After sowing, sach pot was covered with 0,003 in,
black polyethylene containing three holes (metching the
planting pattern) which were plupgged with eotton wool,
Oxygen cathode meesurements (Shearer gt gl., 1966) revealed
that the oxygen conteni of the space between the polyvethyl-
ene and sand serface was the same a8 that in the smblent
sir during the elghtesn days growth. Twenty-Tour hours
after sowing,the colecptiles reached the level of the poly-
sthylene covers, 2.3 om above the surface of the sand and

were led through the plugged holes of the pot cover,

With esch run, nine fellow pots, treated in the.
same way as sown pois, were used ito messure evsporation of
water direct from the soll, Chloride content did not
affect the gueantity of weter evaporatad from the pots,
but soil water content had some effect at the two lowest

humidities (see Appendix 3).







fa

D

Croen Seection

Flans View

A. Boring tube, marked to glve
constant sowing depth

B, Holes for boring tube

. Plate

L, Lege which fitted Just
inside of pots ensuring

even distribution of holes
in each pot







o
= J e

Pot Rendomization:

Randomization of the pots was made in relation
to the distribution patterns of the light, temperature,
wind veloelty and humidity in the cabinet (see Figures
4 and 6)., From thess distribution patterns, 1t was
decided to run replicates in =n east-west directlion in
the csbinet with each replicate being two rows by nine
columns (see Figure 9),. Harvests were made after
nine snd eighteen days, which allowed the pote of each
harvest to be randomized using & letin square of ninse
positions (in rows) x nine’ﬁayﬁ. The pote were moved o
new positions within the replicate every twenity-four hours
and each pot of the first harvest (9 days) occupled every
column once during the firet nine days,while those of the
second hervest (18 days) cccupied every column twice.
The row thaet easch pot of & replicate occupled in a
particulsr column was decided by randomizing the pots of
the first harvest beitween row one or two. The row in
which the pots for the second harvest were placed, during
‘days 1- 9, was that row not occupied by & first harvest
pot in that column. TFor days 10=- 18, the pois were
randomized in column positions as sbove but thelr row
position was that whieh they had not ocgupied during
days 1= 9 while in that column.







Figure 9; 8, pFlane View of Pot Distribution in
Growth Csbinet

O  Positions of pots conteining
plants

G Positions of fallow potls

b, EPhotograph of Pots in Growth Csbinet

Hote the position of wind reflector
goreens on bottom of growih
cebinet,
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After the pots for the firsit harvest were removed

at nine deys they were replasced by similar but empty
pots occupying positions not filled by the pots for the

second hervest,

The fallow pois were plsced in positions shown
in Figure 9, These pots were rendomized using a

3 (places) x 3 (deys) latin square,

Harvests:

A% the completion of sowing and before placing
in the growth ocsbinet, the pots were weighed, At various
intervels during the nine or eighteen deys further weighe-
ings were made to measure water loss, The pots were
welghed at harvest end the plants washed onto & Tine
sleve from the pois with & stream of tap water, This
washing ocut process occupisd less than thirty seconds.
The plants on the sieve were immediately rinsed with
distilled water and dried between two sheets of blotting
TEDET . The roots were excised by cutting them off flush
with the bottom of the planting capsule. The remaining
portions of the plani were removed from the cylinder and
the seeds and suppressed roots excised from the tops,
After & second rinsing of the seperated plant psrts with

distilled water, surfece water was removed with blotting
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paper, The wet welghts of the plant parts were obiained
~and the seeds pleced into en oven at 65°C fer 72 hours,
by which time constant dry weights were obtained, Root
gysteme were teken, placed into & shallow bath of distille
ed water, brushed spart to display individual roots and
@ﬁ@ﬁﬂgﬁ&@h%ﬁ (see Figure 10), The roots were then
trensferred to individual beakers of distilled water,

and rinsed three %times. The lapsed time in the shallow
bath and the beskerse was 20 minutss for esch sample,

The roots were then placed into tared weighing bottles
and dried for 72 hours st 65°g. The leaves were %ag@m,
placed onto "Ozslid" light-sensitive paper, covered with
glsss slldes, and expegaﬁ to 3,000 foot-candles of light
for 170 seconds to obtain leaf prints. The leaves wers
then removed from the sheets and dried for 72 hours at

65%0,

Anglyticel Technigues:

The photographs of the roots (Figure 40) were made
into slides, These slides were projected onto white
matt paper, the root numbers noted snd root lengths
meesured with an opisometer (Figure 41). Each photograph
contained a stenderd length to permit conversion of
cbserved root length to actual length of the roots,

Preliminary photographs hed revesled %hat with the







HEigure 10 Photograph of Roots

2, Roots taken at nine day harvest.
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Figure 103 b, FRoots tsken at elghteen day harvest.
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particular eqguipment used there wes negligible distor-

tion of stenderd lengths scattered ithroughout the bath,

The aresa of the lesves wae most convenilently and
acocurately measured by cutting out the leaf silhouettes
developed on the light-sensitive paper, frying them in
sn oven at 65°0 for 48 hours, and then weighing them,
The regression of area on weight was obtained from
gtandard areas, Other techniques for measuring leaf
aress were investipated, including silhouette planimetry
and 8 direci-measuring slecironic plenimeter (Wilkinson
and ﬁilsbgry‘1§éé} but these methods required too meny

replicate readings to obhtain the precision rsquired,

The dried plent portions were ground and bolled
in distilled weter for LO minutes, After cooling to
Qiaﬂ,ﬁh@ contalners plue solutlon snd plant debris were
pl%&&& onto & belence and contente diluted with distilled
water to a known welght. The sclutions were then shaken
thoroughly for an heour and the supernatant poursl off

into storage bottles,

Ohloride contents were determined in a3 darkensd
constant-temperature room at 21°C, using & modification
of the electrotitrimetric method of Best (1929).

Bupporting electrolyte, 1 cc per 10 e¢ of solution, and




titration to a zero point enabled more accurals measure-
ment of the low chloride concentrations (Koltheff and

Kuroda 1951, Johnson and Ulrich 1959).

Apperatus was set up ss in Flgure 12a. The
gilver-silver chloride electrode system was constructed
snd 1s shown in Figure 12b. The silver wire was polish-
ed with fine emery cloth and cleaned by suecessive
immersions in slochol, ammenia and 3 ¥ nitric scid,
Between emsh immersion, the wire was rinsed with distill-
ed water. Approximately 5 om of the silver wire was
immersed in 0,41 ¥ HC1 end connected to the positive pole
of 8 2 volt dry-cell battery. A pletinem wire wase
placed inte the same soluition and connected to the nega~-
tive pole of the battsry. The current was adjusted by
meang of resistamnces until 3 milliamperes flowed through
the circult, After the ilmmersed section of the silver
wire wes covered with & deposit of brown silver chloride
(i.6., after sbout 30 minutes), the wire was removed
from the solution, rinsed with distilled water and then
connected o the galvanometer, The slectrode was stored

with the silver wire immersed in distilled water.

The reference elsectrode is shown in Figure 12b,
About 0,1 gm of guinhydrone was added to the cenire
glass tube and the tube £illed with buffer solution (ses
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Appendix La for composition). The cap containing the
platinum wire was then pushed into position snd the tubse
sealed after ensuring thers were no alr bubbles enitrapped
in the tube. The ground~glass Jjoints were smeasred with
& cnloride-free sesaling gresse to ensure an sir-tight
seal, The outer gless tube, or salt bridge, was filled
with e chloride-free saturated potassium nitrate soclution.
Due to the design of the spparatus, it was Tound necess=-
ary to plece & smell gusntity of solid potsssium nitrate
(4.R, grade) in this tubs. The referencs slectrode

was then pushed into the salt bridge and gealed in plsce
by use of sealing grease on the ground-glass joinit.

This was connected into the ecircult with the silver=
silver chloride electrode galvanometer and a switch key.
The elecirode was stored in a saturated potassium niitrate

solution to reduce the need for refilling the salt bridge.

When the spparstus had been sssembled the silver-
gilver chloride elsctrode waee allowed to age for four

daye before it was ysed,

- Duplicate chloride determinations were made on
each solution, The appropriste volume of sclution et
21°C was pipetted into a besker and made up to 50 ec wiih
distilled watergyand 5 cc of supporting elecirolyte added

(see appendix Lb for preparation), The two slectrodes
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wers placed into 2 zero-point solution at 21°C which
contained 50 co of distilled weater plus 5 cc of support-
ing electrolyte and 2 @F@Q% of a standard silver chloride
suspension,. The stirrer was started, and the key
depressed for short periods of a second or so,and reading
of the end ?@ig@‘ﬁakﬁm after 9% seo, This delaved repd-
ing wes Tound to be essential to obtain both the zero
point and end point for any titrations, as it was found
that the reasding changed rapidly with stirring,only
becoming stesdy efter about 60 sec. After ancther 60
sec. the reasding sgain began to change, 1t appeared
that the initial declins was a@aaﬁi%t&ﬁ with the elecirode
coming to equilibrium, while the later change was
asgocliated with a temperature rise in the solution evid-
ently due to heat conducted from the stirrer motor,

After the zero point was determined, the silver nitrste
solution was calibrated sgeinst standard XC1l soluticns.
Consistent tit?ati@n figures for the sgtandard KC1 soluye
tions could be obtained only in 3 daerkened room, no doubd
because the dilute silver nitrate was affected by light,
Onece the Zero point and stendard were checked 2 run of

20 unknown solutions x 2 replicates were titrated. Eaeh
titfﬁtian gould be completsd within 90 ssc¢ with no
significant variation in the zero point from run o run,

Nevertheless the determinstion of the zero point and the
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normelity of the silver nitrate were always carried out

with eech run,to echeck the egulpment. The chloride

content of the plant-meterial wes caleculsted from nermale

ity, tltre and dllutlion datsa.

The msodium eontent of the solutions was determined

with a Teehtron AA-4 Atomic Absorption Spectrophotomeier,

vesing & coal gas flame, Direct snalyeis of solutlons
was practical in most cases but it was necessary to

dilute some solutions for analysis,

The harvesting, exiraction and anslysle techniques

were checked experimentally to ensure high precision in
the determination of the chloride and sodium aantenﬁs

of the plant paris, The design of this experiment wasg

(Duration of

{am@rme} . |mitia1

conen. washing * lsecond wash | *
treatment lin distilled|
(wa ter I
3 2 L

Duration of {#arvaa%]
gxiraction x
treatment

B 2

Roots from three plants were used for each treatment-
vearisnt, The design for snalysis of top and ssed

material was the same as the sbove sxcept that only one




second waeh with disztvilled webter was made,.

Tope snd

seeds from three plants were used for esch variant,

Treatments for the roois were

Chloride concentration,

Initial washing,

Duration of second wash,

Duration of extraction

period,

Harvests,

(a)
(b)
(e)
(a)

(v)
()
(v)
(e)
(a)
(=)

{v)

(e)

(=)
(B)

5 ppm
100 ppm
1000 ppm
in distilled water for
30 gec.
in tap water for 30 BEC,
dipped twice
5 minutes
10 minutes
30 minutes
5 minutes in boiling
distilled water
15 minutes in boiling
distilled water
50 minutes In boiling
digtilled water
after 9 days growth
after 18 days growih,

For topa, the treatments were the same except for ihe

second washing treatment which wss a stendard single

rinse in distilled water for 8ll treatment varisnts.




The pesds wers gerninsted by the siandard method
and 2% 120 hours transferred %o esbtsinless-steel grids
over the various sodium chloride solutions., The
samples from each harvest were fdrisd sl £5% for 72
hours, weighed, ground and the pupsrnstant from esch

extracet snelysed for sodium eand chloride.

The repults showed

{a) po significant differsnces between the initisl wash-
ing treatmente after g second wash of 10 minuies
or 30 minutes in distilled water,

(b} 415 minutes exiraction in boiling distilled water wes
sdequate, giving the ssme resulis ze 30 minuies
extraction,

{e) thers were no chleride soncentration x itreaiment

interactionsg for plents mentioned in (&) sbove,

2.8e2 FResultis

Fater loss from pote:

Table Z shows the amount of water evaporsted from
the soll surface, BEv, and the guantiiy of waler iransp~
ired by the pleanie, Trv. Table 1 gives the code for the

treatments,




Code Used for Treatments in Tablss 2-9

Treatment

Humidity
of serisl
environment

fater @%mﬁ&ﬂ%r
of ﬁﬁ%ﬁ
(%)

Uhloride

eontent of

golution
{(ppm)

"

5
400
1000

e

5
4100
1000

5
100
1000

5
100
1000

5
100
1000

el el wds sy oods wde ml acls

3
100

B wde e
LD WOIon~d i B 10 o 0 o] O 701 1O =

98 B
ende

1000
5
100
1000

3 P
O

3 B

2
100
1600

r PO B B
g DAY

X

5
100
1000




Table 2

¥Water Loss from Potg = gw

(Mean of three replicates)

Water lost at time of harvests
Treatment 9 day 18 day
Ev e Bv T
1 3.8 €l 79 30,3
2 3.8 B3 79 29.5
3 3.8 La9 7.9 35l
i %D Ge7 8.3 521
5 3.9 8.5 8.3 Lb6,.2
& 3.9 5.5 8.3 L6
7 3.6 7.0 8.2 54.8
3 346 9.4 8.2 59,7
9 2.6 6.8 B,2 L7.7
11 3o 3.0 5.3 23.4
12 5e1 2.2 5.3 28.5
13 3.2 45 5o 3844
1k 2.2 2.4 5.6 36,0
15 3'2 3‘1 5-6 31:?
16 2.9 3.0 5.5 B7e1
17 2,9 B 5.5 38.7
18 2.9 5.9 Ge3 33.1
19 163 1el 25 123
20 1.5 15 2.5 1.8
24 13 1.6 2.5 17 «h
22 13 2.0 2e7 235
2% 1.3 2.1 2.7 20,2
2h 13 1e7 2.7 20.4
25 1.2 2.7 2.6 18.8
26 4.2 2.3 2.6 19.5
27 1.2 2.5 2.6 20.5

The effects of the relative humidity and time on the
amount of water evaporated and transpired san be seen
(slso see Appendix 5a for significance of treatments on
these veriables), The slgnificant reduction in the
amount of water transpired at U% water-content ss compe
ared with 6% and 8% can slso be seen,




,..%}?«'s

Reot lengths:
Teble 3 summarizes the root lengths obtained fron
the slides of the rooibs,.

Table 3
Root Lencoths - em per pot
(Mean of three replicates)

Treatment Root Length
9 day 18 day
4 355 1347
2 7 1554
3 339 1840
L L26 1867
5 L28 1954
& 345 2274
7 289 196l
& 382 2313
9 ‘ 351 2hh3
10 186 1318
11 213 1368
12 192 18416
13 239 160L
14 138 1662
15 239 1736
16 146 161k
17 176 1782
18 i 257 1841
19 118 895
20 162 280
21 149 1466
a2z 114 1207
23 114 1347
2L 130 1835
25 14k 1048
26 : 114 1152
27 63 1287

The effect of relative humidity and time on the root
length should be noted as this has considerable bearing in
the anelyeis of the results (sse Appendixz 5b for signif-

icance of treatmente on the root length).




Root numbers;
Table L summarizes the numbers of rooits cbialned

from the glides of the roots.
Table L
Number of Koots per Pot
(Vean of three replicates)

HNumbers of roots
freatment 9 day harvest | 18 dey harvest
1 239 829
2 198 7ub
3 216 13414
b 224 12L1
5 226 1077
6 206 1242
7 163 1026
8 207 1290
g _209 ; 1427
10 73 835
11 102 625
12 116 1035
13 123 S70
14 66 812
15 117 808
16 87 G851
17 95 376
18 160 994
19 77 L33
20 60 514
21 6l 723
22 65 652
23 53 760
2l 68 800
25 98 542
26 57 625
27 86 622

See Appendix 5o for significance of treatments on the

nunber of roobs.




Arses of leaves:

Table 5 summerizes the total upper-surface arsa
of leaves in sach pot, It must be noted that the yellow
areas formed only parts of whole lesaves,

Table 5

Totsl Upper-Surface Area of lLesves (em? per pot)
(Means of three replicates)

, Harvest
9 day 18 day
Treatment green yellow green yellow
eres arsa area area
1 8ol 0.6 124 0.8
2 8.9 o 13,0 0.9
3 T 0 15.7 Qelt
'{3‘ di‘!c’i Q %7'1/‘% @ﬂéﬂ
5 10.9 Gel 16,9 Os7
? 901 0 16-9 ﬁo@
8 117 o 19.8 1o
9 8,6 0 18.4 0.8
10 L9 Be2 12.9 D.7
11 55 Os 121 1.l
12 Lie3 0 16.0 Oe2
13 72 0 16 o1 0.7
14 Bel e 15.8 0,7
15 6oLy 0 151 Dol
16 5,0 0 153 Oolf
17 6.7 0 1G.9 0.k
18 ! 0 16,6 0.2
19 53 O 8.8 1 ol
20 Le7 0 10.1 241
21 5e1 O 12,8 0,6
22 8.8 G 15,2 1.6
23 6.3 ¥ b4 1.6
2L 5.6 0 14 .8 0.8
25 &Ly o 1262 Te3
26 55 0 13.4 21
27 6,3 o 15.4 1e3

Bee Appendlx 54 for significance of treatments on the

leal ares,
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Weights of plant material:
Teble & spummarizes the wet weights of plant
materisl end Table 7 the dry weighis,

Teble &
Wet Weights of Plant Meterial (mg per pot
(Means of three replicates)

Harvess$
Treatment ,9,§&y , 18 day

tops | seede | roots tops | sseds | roote

9 285 | 143 508 126 72 1035
2 205 112 387 418 71 1050
3 263 | 419 71 566 73 1527
L 340 135 | 568 585 | 100 1560
5 328 | 134 549 579 9y 1676
6 288 | 126 L83 614 | 89 1968
7 295 | 1L5 Lk 575 | 110 1621
8 3471 485 860 63 | 1413 2224
g 297 | 13bL L77 , B4l 53 1887
10 24 | 428 28% b2z | 83 11562
19 240 | 4L2 35 399 | 73 1042
12 215 | 422 %13 L60 | 93 1480
13 273 172 389 L9e 98 1672
ik 230 173 255 485 96 1556
15 273 130 396 L7 | 93 L5
16 2418 iég 282 b7h | 143 1548
17 254 | 4h 318 846 96 1690
18 286 | A7u | 469 486 | 95 | 4782
19 229 | 4182 240 290 98 €70
20 212 | 172 2%@ 335 96 | 891
21 244 | 172 265 hos | 403 1158
22 208 | 447 248 453 | 129 1232
23 242 | 492 265 il | 160 122y
2l 258 | 212 292 W50 | 11k 1361
285 238 | 467 317 361 | 133 1009
26 225 190 259 Li8 | 435 4109
27 2441 475 ' =57 87 | 422 | 1253

Initial wet weight of treatmente 1=9 = 359
Initial wet weight of trestments 10- 18 = L20
Initial wet welght of trestments 19— 27 = 386

See 4ppendiz He for significance of treatments on the wet

welght of plant materisl,




Table
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Harvest
Treatment | .9 dey 18 day
tope | seeds | roots| tope | seeds | roots
1 i1 23 30 86 28 Th
2 43 22 2k 84 26 70
3 36 2k 27 95 26 95
b 47 25 32 104 26 92
5 L7 23 31 107 28 99
6 38 2l 27 114 27 105
7 39 27 25 103 26 8l
3 46 2L 30 113 27 118
9 40 28 26 109 27 105
10 26 | 23 2h 70 25 74
11 27 25 17 63 26 72
12 29 2l 20 69 26 77
13 28 25 21 32 27 79
14 26 28 13 82 25 84
158 31 23 20 h 2k 73
16 2l 27 17 72 26 72
17 30 24 16 77 28 8o
18 32 27 22 77 2k 80
19 33 35 18 L8 25 32
20 29 34 19 - 55 2l L4
24 29 34 23 57 25 B0
22 28 3 12 63 25 B3
23 34 32 17 62 29 55
24 36 36 20 5% 30 58
25 35 27 19 53 29 b4
26 30 33 16 57 25 L&
27 33 33 19 67 26 52

Initial dry weight of trsatments 1-9

= 96
Initizl dry welght of treatments 10- 18 = 95
Initial dry weight of treatments 19-27 = 10

See Appendix BT for significance of itreatmentis on the

dry weight of plant material,
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Sodium snd chloride content of plant materinl:

\
Table 8 summarizes the sodium sontent of the plant

material and Table 9 the shloride cantent,

odiuvm Content of Plant Materisl (mg x 1@2 per pot)
(Means of three replicates)

Harvest
Trestment 9 day 18 day

tops | seedre |roots tops |seeds | roois

1 3.9 Lely 9.0 3.8 5.3 | 29.2
2 2,.h 2.7 22.0 .o 6,8 LA.B
3 13.4 8e3 | 37.8 2l .4 8.4 BL,B
L 562 5.6 13.0 4.5 5.6 | hb.h
5 6.7 k.9 314 |, 6.0 7.5 80,7
& 22,4 1041 b1.5 2L 8 8.7 98.1
? 2:7 i:%.& ?Gé Q,% é;'“‘l 5’5’*5‘;
8 3.5 5.9 | 35.4 6.2 6.6 |106.2
_9 17.8 9.6 | 39,0 212 10.4 979
10 4.2 BeB 5.6 B o6 6.6 28,3
11 205 Egg 120% i&-ﬁ ﬁaa ﬁg\g;{}
12 8.0 6.4 21.0 22.9 9.1 7841
14 2,5 3.2 Ge7 6.6 79 5% 1
15 19 .4 10,8 | 38,4 27.8 10.9 69,9
16 2.2 5.6 769 3e9 7.0 %5.5
17 2.6 8.3 16,9 Te2 | 12.5 6541
18 19.6 9.9 36,3 LT 9.7 ary
19 3.6 6.6 503 3,6 6.2 124
20 3.7 7.5 11.5 3.5 £.9 24.6
21 6'1% 59.2 24 aé 1%.5 '@ﬁn# 2?09
22 L8 6ol 5.6 B2 9.7 B 2
23 T 8.8 133 5.8 9.5 3.0
Qﬁ gag L{rq.ﬁ %oh 5.53 ?‘{3' 3’?@.%
26 109 ﬁogé ?ﬁofﬁ L395 8«? L}‘ge‘i
27 10.5 G eli Bl bt 173 9.9 37.9

Initial sodium content of trestments 1=9 = [,.8
Initial sodium content of treatments 10-18 = L,8

Initisl sodium content of treatmenis 19«27 = L.7
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Table 9

Chloride Content of Plant Masterisl {mﬁzziﬁé Ler i
(Means of three replicates)

o
e}
fadd
p

Harvest
Treatment 9 any orvest 16 day

tops peeds roots tops seeds | roots

1 845 3ol 3.8 .7 Lot 6.7
2 22,6 "%.8 18.0 714 56 772
% 26,2 55 L7.7 1b5.8 8.4 139.9
L 11.7 6.0 L o7 22,5 o7 9.0
5 27 .0 baly B3 9L .6 5.6 136.9
6 :52“2’ f}.? 52.?5 "!LgL;.@ %'7 ‘%5’5%.2
7 8.5 | L5 b ol 3.7 | 5.6 | 15.2
8’ 2@Q® 5409 Egtg "%3}2.@ ?.8 1990%
9 28.0 6e5 L1 el 142,00 | 11.1 194 44
160 é.g 145 . i@.% 1 o5 L%og @ﬁ@sg
11 155 e 18.2 72 ¢4 o3 69.9
12 1847 L8 2247 12h .2 562 129,68
13 8.0 Le2 Bel 194 L2 14 o4
14 131 | 3.9 10,5 873 545 102,14
‘1.{5 gj?!i% 505 361? 1{}!«3-? (ﬁ.@ 132'3
16 8.8 4.5 3ol 13,1 3eH 13.0
17 18.1 be5 16,2 9543 Bl 132.2
18 2042 5.9 b5,.9 98,1 6,2 150. 8
19 8.8 B2 o2 32 01 bed 5.8
20 16.4 6.8 10.6 65,3 | L.9 bl e3
21 20.4 767 28.8 92,8 9.2 B4
22 9.1 6.8 79 L5.6 6.8 25.7
23 13.0 9.4 12,0 8l oy 71 50,5
24 22 131 31.9 91,6 9.8 106,.1
§§ ?a? 5-3@ %aﬁ 2’%205 éuﬁ ?E»’%
27 205 9.6 37l 177 8ol 7L .8

Initisl chloride content of trestments 41=9 = 5,5

Initisl chloride content of treastments 10= 18 = 3,k

Initial chloride content of treatments 19= 27 = 5,5

See Appendices 5 g and h respectively for significance of
treatments on sodium end chloride contents of the plant

materials
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3.2.3 Disocunssion

Previous invesiigators have examined the sffscts
of water uptake by planis wvpon uptake of ions using a
variety of methode inecluding plants growing under
contrelled environments but in culture solutions, detopp-
ed plants and plants growing in the field under naturelly
varying but often unknown snvironmental conditiones.
However 1t was believed thet better snalysis of the
effects of water flow on ieon uptake could be obtained by
studying plants growing in soils under known and controlled

environmental conditions.

The design of this experiment was such ss %o
remove the effects ascribable to uptake of nuitrients
essential to plant growth, by using a single salt, sodium
echloride, whose anion and cation are believed to be non-
limiting for growth even at the lowest concentration to

bes used,

Saﬁium is essential for only a limited number of
plante and ﬁhe guantity reguired is so smell that
sufficient is supplied from the air or from the seed
(Brownell and Wood 1957), i.e. from extrinsic sources,
It has not yet been found to be essentlal for wheat and
80 8 sodlum deficlency is unlikely to be limiting growth

in this expsriment.,
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Chloride ls essential for growith of higher plants
as demonstrated by Broyer et al. (195L) snd Johnson et gl.
(1957) and its role in the photoproduction of oxygen in
chloroplasts has been determined by Arnon et al. (1961).
Chloride deficiency in tomato plsnts, with & high
reqguirement from nutrient solutions, can be corregted
with & solution concentration of only three ppme.
Therefore 1t iz unlikely to be limiting the growih of

wheat in this sxperiment,

Uptake of both sodium and chloride can result in
toxic levels of these loens in the plantes with conseguent
retardation of growth,. It can be seen in Pigure 13
that dry weights of tops, roots and the total dry weilghis
were not reduced at high concentrations of sodium chlor-
ide in thes soil solution. The use of a single salt
solution might affect plant growth, but there hasg besn
little study of this point,

It 1s obvious from Figure 14 that as the total
guantity of water transpired incressed so 4id tnﬁ‘tgtal
guantity of chloride tsken up by the plants. However
it is seen in Flgure 415 that dry weight changes were
coupled with changes in the gquentity of water transpired
by the plants. Thus changes in the growth of the plsnt
itself d4id result from chenges in i1is environment, which
gave rise to veriations in the total quantity of water

transplired by it,
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The three environmental conditions ?ﬁriﬁé in
this experiment were the saturetion deficit of the serial
environment, the moisture content of the soil and the
sodium chloride concentration of the soll solution.

The effects of these treatments and their intersctions
upon the various measured factors are considerable (see
 Appendix 5) but in this discussion only seversl effects
will be disoussed, The presentation is divided into
three sections, The first deals with the effscts of the
trestments upon the growth of the plant and the amount

of water transpired; in the second the effects of water
movement upon the uptake of chloride lons are examined;
in the third the effects of water upiske upon the uptake

of sodium lone are studied,

Dry weight growth and transpiration:

An incresse in dry weight of plants largely
resulte from the excese production of photosynthate in
the leaves compared with the losses due to respiration
in the whole plant, The rate of increase in dry weight
of a plant, dW/dt, can be taken as the product of its
leaf sres, La, and the nett photosynthetic rate per unit
leal ares. The letter is defined as the Neitt Assimils~
tion Rate or NAR (Williams 419L6) and therefore
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‘éf = NAR.La eoses (BU4)
If the HAR is oonstant, integration of eguation (54)
over the time Iinterval t@ - tg gives

. (B2

Wy = W, = ﬁﬁ&lj;1 La 4t  eeese (55)

[ ,
wh@raﬂj;1 La 4% is termed the Leaf-Ares Duration, Lab.
Only two harvests were made in the present experiment and
to caleowlete Lal the growith in leaf ares was assumed to
be linear from time zero to dey nine and from day nine
to day eighteen, Leaf ares growth however is generally
curvilinesr, the slope inereasing with time (a8t least o
eighteen days) and conseguently LaD was overestimated by
the procedure adopted here, The inerease in dry weight
over the perlods O0-9 and 9- 18 daye is linear with total
La

D (Pigure 16a), 1,e, the NAR is constant. It must be
eppreciated however that during the very early period of
growth there is litile or no photosynthate production

and differences in initial weight and weight at nine days
were negetive in most itrestmenis. Thus it would appesr
thet after some short initial growith period the HAR
reaches a constant value, In Figure 16s it is shown
that at 92.5% RH the NAR is lower than that for plants
growing in sn serial environment of 67.5% and L2,5%

relative humidity.
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Figure 16:

of Lesf-ares Duration

Relative humidity (%)

® L2.5
A 675
p 4 92.5

For relative humidites of L42.5% and 67.5%

¥y = 1.63x = 67.2, r = 0.962%*%

For relative humidity of 92.5%

¥ o= 1.03x = 41 J‘-%’ P = Q-%‘Eigx

Differsnce In slopes wes significant at

p = @'QQ‘! L
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It is well known that the NAR of yellowing or
senescent leaves 1s lower than that of younger full grsen
lesves. In FPigure 16b the change in dry welight of the
plants during daye O-=9 and 9= 18 against green leaf-area
duration reveals that not all of the difference beiween
the FAR at 42.5% relative humidity (or 67.5%) and 92,5%
is accounted for by the yellowing of leaves, The plot
used in Figure 16b assumes that the NAR of the yellow
leaves 1s zero which is not necessarily so, therefore
corrections are st & maximum. It is clesr that the eerial
humidity has influenced the dry weight growth of plants
andyusing growth anslyeis concepts, this effect is
asoribeble to a depreseion in NAR by high humidity,
resulting partly from yellowing of leaves and partly from

Bome RRKknown cause,

The relative humidity of the atmosphere can
affect the growih of plants thraugh effects upon the
transpiration rate and leaf energy balance, Linscre
(196L) has assessed the relation between humidity and
leaf surface temperatures., Leal temperatures are depend-
ent not only upon nett radiation and ambilent dry bulb
temperatures (which were constant in this experiment),
but also upon the internal vapour-diffusion resistance
of the leaf, the boundary layer heat-diffusion resistance

(2 function of leaf-air temperature differences, wind
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speed and leaf form), and the smbient humidity of the
serial environment. In this work wind speeds were
constant and no apperent veriation in leaf form, i.e,

in leaf roll or curl, was ohserved between treatments.,
Therefore the depression in NAR at high humidities is
probebly associated with & chenge in leaf temperature
resulting from the effects of relative humidity and/or
from changes lan the vapour-diffusion resistance within
the leaf, Other factors, such as transfer of carbon
dioxide and oxygen tiansfar at the plent surfasces, may
also vary with treatment but it is not possible with the
present date to conclude precisely the mechsnism through

which the humidity affectes the NAR,

The amount of water transpired, Tr, can be
proportional to the leaf area over short periods of time,
provided that no “internal" factors are limiting the

loss of water from the plants,

i.@, %%% @ L& semee (55)

The coefficient of proportiocnality, 3, will then depend
on temperature, light int@nsity, day length, wind

velocity and relative humidity of the environment.

Over an extended period of time, as with this

experiment, the leaf area 1s continually enlarging and
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it is appropriste to anslyse water loss in terms of leafl-

area durstion (LaD), Thus integrating equation (56)
@?2 - TP,.i = B.Lal sosen (5?) []

assuming that 8 is a constant, ‘In this experiment, the
coefficient, &, should be & fuﬁc%ign only of the relat-
ive humidity, 28 all other aerial envirecnmantal

conditions were constant, and will be termed the potente

ial unit transpiration rate, UTH_ . In Figure 17 is

shown the reletion betwssn the aZcmnt of water transgpired
end the LaD over the perlocds 0= 9 days end 9= 18 days,

At low vslues of LaD the sctusl UTR falls below the
potential UTR, It sppesrs that some factor prevents the
attainment of the maximum possible UTR (ETEPB, when Lal
iz small, Also in Figure 17, 1t may be seen that the
potentisl UTR of plénhs growing in & relative humidity
of 67.5% and 42.5% is the same, though larger than that
of plante growing in a relative humidity of 92.5%,

‘ : from iﬁe%eaaing

P
further when relative humidity was reduced below 67.5%.

Thersfore some {actor prevented the UTE

Gardner (1960) has suggested that root length
gould 1limit the ability of plants to absorb a sufficient
quantity of water to meet the demand set by tha'aériﬁl
environment. In Figure 18 (see slso Appendiz 5), the

effects of the treatments on root lengths is given. In
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Figure 19 the dependence of the UTR (ealculated from
glopes in Pigure 17) on the root length durstion is given
ené 1t can be concluded that the root length prevents the
plents during days 0= 9 from ettaining their potentisl UTR,
This limiting root length probably caused the total water
potential within the plant to become more negsiive
(Gerdner and Ehlig 1962) with s subsequent reduetion in
the water loss per unit of leaf ares (see Ehlig and
Gardner 196l4), The feet that root length is limiting the
quantity of water transpired per unit leaf area, implies
that, under the water potential gradients around the rootis,
insufficient water can be transmitted to the root surface
(Gardner 1960)., Thus it should be expected that the
value of the UTR at any limiting root length, should be
greatest at the highest soil water content and leest at
the lowest water content, Figure 17b reveals the

general tendency for this to occur,

The weter uptake per unit root-length duration
(URLD) data (see Table 10) shows only small varistion
with treatment. However the date are in kesping with
the sbove discusslon on the limiting effects of root
length, provided that water uptake per unit root~length
duration is 1néieativé of the water potentiels surrounding

the roots.
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Table 40

Water Uptske per Unit Rooi-length Duration
(g/m=dsay)

(Means of three replicates)

Relative

Chloride

Watey

Humidity Concentra= Content of Days

% tion soil Soil 0=9 G=18
solution (%)
(ppm)

b Ou43 0,32
5 & 0,53 0.L2
8 0,57 Q.46
b 0.3 0.29
25 106 6 047 0.36
) 0.60 0L3
L 0,36 D.32
1000 6 0,38 0.36
8 0.L8 Qo 3L
L 0.29 040
5 6 0.6 O.42
8 0,54 0.5
kL 0.35 D430
675 100 6 0.4k O.L43
8 0.50 O.l2
L 0.25 0.36
1000 6 0633 0.34
8 039 0,32
L 0.32 0,25
5 6 046 0.38
8 0.L7 031
L 0.38 0,28
9245 100 6 0.46 0.30
8 De52 0g32
L 0.36 0,30
1000 6 035 0627
| 8. 0,38 029
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Further discussion on the treastment effects on
the UTR is made difficult by the few harvests. There-
fore sny further investigetions slong the abeove lines

ghould involve at least three harvests,

48 expected, the poitential UTR for plants grow-
ing in a relative huﬁiﬁity of 92.5% is lower than that for
plantes growing in relative humidites of 67.5% and 42.5%.
However as the potentlal UTR of plants in relstive humid-
ities of 67.5% and L2,.5% sre the same and not increasing
with incressed root length, some factor other than root
length is preventing the UTR,, &% L2.5% relative humidity
_ at é relative humidity of 67.5%.

o
Thus it would appear that under certain circumsisnces

from exceeding the UTR

the sbility of the plant to trensmit water from the roois
and up through the plant to the leaves could slso limit
the amount of water which can be transpired by wheat

plants,.

The evaporation rate from a free water surface

per unit ares, EG, may be described by the eguation
EG = f(u)c(?G’ P) seees (53)

where £{u) is a function of the horiszontal wind velocity,
?Q 1 the vapour pressure at the evaporating surface, or
the saturated vapour pressure at the temperature of the

water in the pan, and P is the vapour pressure of water
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in the atmogphere sbove the free water surlace (Penman
1948), It ies slso found that a linear relestion exists
between the amount of weter transpired by plants, per
unit time per unlt leal area, and the rate of evaporation

fraom a free water surface, 1.8,

Tr = v & se2ae (5?)

O

where v is mainly determined by the hours of possible
sunshine (Penman 1948)., In the present experiment £(u),
P, end y should be constant end since P = H.P /100,

equation (59) can be written in the form
Tr = 332(1@@- H)

where Tr is the smount of water transpired over s period

of time per unit leaf area and bg is the proportionality
constant, With non-limiting water supply Tr is the
theoretical potential UTR, Thue the potential UTR for

the threes relative humidity treatments of Qé.ﬁ%, 67.5%

and L42,5% would be expected to be in the proporiions 1:4:8
regpectively. In fact, the experimentally determined
proportions were 1:2:2, Thie might indicate the limitation
of water supply for th@‘tranapiratian process not only in
the L2,5% relative humidity treatment but also in the 67.5%

relative humidity trestment.

Other factors than that above may cause & reduc=
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tion in the theoretical ratlios. Leaf Torm changes with
treatment could reduce the functional leaf ares but
chservations in the present experiment eliminate this
causs, The yelleowing of the leaves might heve some effect
gp@m the meszsured ratios, but Figure 20, whieh is based on
green-leaf ares, when compared with Pigurs 17 shows that
the measured ratios of the potential UTR are not affescted
by the yellowing of the leaves., Changes in lesef tempera=
ture could also heve & pronounced effect on the amount of
water transpired. Assuming that the relative humidity

at the leaf surfacs is 100% or very nesrly so, the water
vapour pressure at the leaf surface will vary with
temperature as shown in Table 11. In 2ddition, consider-
ing that all plant environmental factors are consiant
except for leaf itemperature and the relative humidity of
the air, the guentity of water transpired per unit leaf
srea should be proportionsl %o the difference in the
saturated vapour pressure at leaf temperature and the
vapour pressure of the alr, Table 414 shows the difference
in vapour pressure between the air, 92.5% = 18 mm Hg,

67.5% = 13.2 mm Hg and L42,5% = 8,3 mm Hg st 74°F, and that
st satursation at various temperatures. it is possible from
thie Table to find various tempersiures at whiech a ratlo of
11232 could be obtained, e.g. those marked with an asterisk,

Gongeguently in the present experiment chsnges in leafl




Table 14

The Difference between Ambient Vapour Pressures of the
Experiment and the Saturation Water Vepour Pressure at a
Renge of Possible Leaf Temperatures

T ope Saturation ‘?ggﬂur Prepssure Diffsrence
omp Vapour Amblent 18 ; . o , ,
Pressurs ent 18 mm Hg  Ambient 13.2 mm Hg  Ambient 8.3 mm Hg
(mm Hg) (92.5% at 71°F)  (67.5% at 71°¥) (42.5% at 71°F)
1298 - -@QQ ;405 &
1363 - 0.1 5.0
137 - Ge5 5ely
15,3 - 141 6.0
‘1’40? - 1-5 éot-f:
15.3 el 2;1 ?.{3
1507 - 305 7@&
163.;—% = 3&2 8*1
16.9 - 3e7 8.6
175 '@'05 Le3 = -
18,2 0.2 5.0 -
18,8 0,8 5eb -
19.5 145 6.5 -
20,4 2.1 & 6.9 -
20.8 2.8 76 -

€z}
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temperature preobably gave rise to the meagured ratios

of potentisl UTR,

Combining eguations (54) and (56) one obtains
that

d% _ NAR aTr

)

at g ds

or upon integration and assuming NAR/& is sonstant,

Wy = W

o = Wy = B (mry- ) reeee (60)

In Figure 21, ¢.f. Figure 15, 1s shown the relation
between wz-w1 and Trg-'Trﬂ, the slope being the ratio
NAR/3.  The relations found sre the ssme in contrast to
the separate relations of water loss to leaf-ares duration
end dry weight production to leaf-sres durstion. In the
latter cmses it was found thet both NAR and UTE were lower
in the 92.5% relative humidity treatments, It is cleap
that the relative effect of humildity is the same for NAR
and UITR over a wide renge of conditions, However it is
not clesr why the slope lessens for large values of
iy = W‘! and T,r? - Txal s

Arkley (1963) found a lineer relstion betwesn
yisld of dry matter and the amount of water transpired,
for several cereal crops at seversl sites, By ploiting

data in the form of yield, Y, against the amount of wster
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Totel Dry Weight Production as a Function

of Water Transpired during pericds of

8=9 days and 9= 18 days

Relative humidity (%)

® 2,5
A 67.5
X 92,5
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transpired, Tr, divided by ({00=-mean daily relative
humidity of the atmosphere, ¥) he found the same linesr
relation for all sites for g single crop species.

Figure 22 showe thalt the regression coefficient of Arkley
is net constant in the present work but is dependent

upon the relative hemidity. Arkley recognized that the
coefTicient should be dependent upon the dry bulb temp=
erature variation and concluded that the common regression
for a number Qf gites resulied from some unknown cConpensss=

tion of dry bulb varistion.

In the present work varistion in NAR ang UTR
with relative humidity treatments contributes ito the
variation in dry matter accumulation end ecan account for
the divergence of the regression in Figure 22 (c.f.

Figure 15). The regression equation for Figure 15 is

Y = 3,26 Tr + 70,6, r = 0,982%%%

Similerly, linear relations were obtained between the
dry waight of tops or roots and Tr/(100=H) or Tr, ses
Bigures 23 aspd 2L, The regression eguation for Figure
2he, the relatlon between dry weight of tops and quentity

of water transpired is
Y = 1,55 Te + 27.9, 1 = 0,977%%%

The slope of 1.55 mg/cc approximates to that given by
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Arkley (1963) for the yield (dry weight of tops) of oats,
f.0. 1.63 g/1, but is somewhat lower than that obtained
for wheat on unfertilized soil where the slope was

equivalent to 1.87 g/1,

Summary of Dry Weight Growth snd Transpiration

The uptake of chloride increased with the
amount of water transpired and the dry weight yield showed
8 gimple linear increase in relation to water transpired,
Increase in chloride uptske with increased transpiration
could be due simply to the larger plants offering a

greater ptorage capacity for ions.

However slthough all treatments fell on a common
ragreésicﬁ of dry matter yield on water transpired,
seperate regressions of chloride upteke on water transpir-
ed were found for the three hamiﬁity‘traatmanta and thse

three saslt concentration trestments,

The higher the external salt concentration
the greater was the chloride uptake per unit of water

transpired, This result scarcely reguires comment,

) However chloride uptake per unit of water
tranepired was greatest in the 92.5% relative humidity
treatment for external concentrations of 5 and 100 ppm
of chloride. When the chloride was 1000 ppm humidity

treatmente had no effect.
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Since total dry welght gain was depressed by
the high relative humidity trsatment relative to that
found at L2.5% and 67,.5% reletive humidity, it appesars
that the higher salt uptake with respect to water uptake
is not readily ascribed to greater size of plants and
enhanced storage capacliy. Further discussion of

chloride uptake is given in the next sectlion.

Reduoction in dry weight yield with increased
relative humidity was ascribable to depression in nett
aesimilation rate, Varistion in unit transpiration rate
wes not in proportion to the imposed veriation in relative
humidity. The results suggest that higher leaf temper=-
ature sssocisted with reduced unit transpiration raie
wag coupled with reduced nett assimilstion rete. The
gtronger dependence of respiration rate, compared with
photosynthesis rate, on leaf temperature would give rise

to lower nett assimilation rate sthigher leaf temperatures.

The dominating effect of relative humidity
treatments compared with soil water content treatments
on unit transpiretion rate is due possibly to the
different action of each on the total evaporation process
at the foliage surfaces gluﬁ the dominating effect of
the humidity treatment upon the length of roots, The
iméortanaa of root 1angth in the snalysis of water

uptake by plants is discussed,




Provided plant waﬁer potential differences
have little effect on the resistance within the plant
and provided the first effect of stress is on leaf expan=
sion itself, then unit transpiration rate willrvary
lergely with evaporative demand, It has been shown by
Luxmoore (1962} that seil water content had little effect
on unlt transpiration rate over 60 days but leaf-area

duration was substantially reduced by soil water stress,

Hevertheless plant (or plant~soil) resistance
to water flow was significant in limiting unit transpira-
tion rate, 1t was shown that unit transpiration rate
wes depencdent on root-length duraetion in some cifcumaﬁane&s.
A%t the highest relative humidity, unit transpiration rate
reached & plateau, called the potentiel unit transpire-
tion rate at a lower root-length duration than that
reguired to achieve the higher potential unit transpirs-
tion rate characteristic of the lower two humidity

treatments,

The similar unit transpiration vates found in
the L42.5% end 67.5% relative humidity treatments was dus
‘either to compensatory effects of more repid decline in
seil water content and hence hydraulic conduetivity in
the former and lower evaporative demand in the latter or

due to increased resistance in the plant aseéaiaﬁad with
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a more negative value of the total water potential within
the plant, This domination of plant resistance to water
movement over that of the soll is possible at lower soil

water potentisls (Gardner and Ehlig 1962b),

The near-linesr rslation between dry weight
yi@lﬁ and water transplred was examined in relstion to
Arkley's (1963) and Penman's (1948) work, Some devias-
tione from linearity could be ascribed to lesf yellowing
or senescence which affected NAR but had littie effect on
UTR.

Uptake of chloride ions

A major difficulty in assessing the effects of
water uptake upon ilon uptske is to sepsrate those effecis
due directly te convective iransport of ilons due to mass
flow of water, from indireet effects, arising within the
plant and thamaelvag contributing to the different rates
of ion upteke. The direct effects of convectiion csn
occur in the soll as well ss within the plant snd some
discussion of these has already been giien in the litera-
ture review, In the first part of this section it has
besn shown that the nett sssimilation rate and unit
transpiration rate changed with the relative humidity of
the serisl environment. There was not only variation

in the rate of the physical process of evaporation at
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the leaf surface but there were indlrect effects on growih

and presumably metabolic sctivity of the plant itself,

The effects of treatments and thelr interactions
upon the total chloride ilon upiske and the root and shoot
cemponents are given in Appendix 5. In Figure 25 ithe
dominant effect of chloride concentration in the soil
solution upon the uptake of chloride ions by the plant is
slearly shown and this result hes been found by many
workers, The relatien betwesn tétal water uptake and
the totml upteke of chloride ions is shown in Figure 26,
where total #atay uptake is equal to the sum of the
water transpired plus the water content of the plant minus
the water initislly present in the seedlings. At soll
solution concenirations of 5 ppm and 100 ppm of chleride,
the effect of high humidity was to increase the ratio
of the ion flux to water flux compared with that found
at lower humidities, The effeet of high relative humidity
was to reduce the water loss per pot to about half that
found at L2.5% and 67.5% relative humidity. Root growth
in meters per pot was reduced to sbout 60% of that found
in the lower humidity treatments, Water flux per unit
root=length ﬁﬁrat&en (see Figure 27) thus showe little
variation with relative humidity and the difference in

ratio of ion flux to water Tlux is then due to enhanced







Figure 25: Totsl Chloride Upteke by Plants under

Various Externsl Bnvironmental Conditions
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Figure 26: Totsl Chloride Upteke @s & Function of

Total ¥Water Uptake
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Pigure 27: Total Chleride Uptake e&s & Function of
Water Upteke

(Both veriables normalized %o unit

root-length duration)
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ion fluxz at the highest humidity.

in defining fluxzes based on rool-length duration
it is implied that 211 of the vroot length 1ls egually
available for water and ion upteke or that & constant
but not specified proportion of root length participates
in the uptske of ions. It hes slready been polnted out
in the litersture review that not all of the racﬁ length
need be egually functional in the uptake of water or
jong at 2ll times. It might be assumed that ths
functional root length (ELf) is s product of some constent

length (1) snd the number of root tips (NR), that is

However it is shown in Figure 28 that a linesr relation=-
ghip exists between the root length and the rool number

and no further ineight is gained by use of this varisble,
The results will therefore be discussed only in terms of

root-length duration,

The narrow range of water uptake rates, shown
in Figure 27 reduces the effectiveness of the experiment
in assesaing the direct effects of water flux on lon flux
through the soil and into the plant, The lines drawn in
Pilgure 27 and other subseguent figures are therefore

drawn where possible to indicate trends only,
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At all soll water gonitent treastments, lower
water flux implies lesser gradients in water potential
about the roots and therefore lesser gradienis in water
econtent, Ton 4iffusivity is s function of water content
and although lower water fluxes imply relatively less
convection of lone %o the roots, diffusion of ions should

occur with greater facility.

Provided the ion concentration at the root
surface differs from that at some distance from the roet,
both diffusion and convection of ions oceur with trasnspir-
ing plants,. Increase in weter flux therefore can result
in contrary effects on esch process, provided the ion
concentration incresses with distence from the root.
Ineressed water flux will cause increased ion itransfer by
gonvection but the steepsr water content gredient will be
accompanied by reduction in the "mean' ion diffusivity
about the root and lessensed t ransfer by diffusion although
concentration boundary conditions could conceivably remain

gnchanged.

When the plant cannot accept chloride at the
rate of transfer to the root surfaces by convection,
then the chloride concentration gradient will be in the
reverse direction, that is, the root surface concentration

will become greater than that of the bulk solution, Iin
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this situation, increase in water flux, agaln sssoclated
with sieeper water content gradiente sbout the roots,

is eoupled with = reduction in "mean' diffusivity of ions
sbout the roots but lessened facllity for transfer of

jons by diffusion sway from the roois.

At any particular soilil scluiion concentration,
sbsence of an effect of water flux on ion flux inte the
roote could be interpreted as due to egqual and opposing
sf'fects of wét&r flux on the convective and diffusive
components of transfer. A positive effect, that is an
incresse in ilon flux, might imply & dominance of coavect~
ive over diffusive transfer with or without ion accumula=-
tion at the outer surface of the root. A negative effect
would thersfore imply a dominance of diffusive transfer

over convective transfer,

The general trends shown in Figure 27 could
therefore be interpreted as indiecating thet under the
water potential gradients existing around the roots the

ion transfer to the roots is predominantly by mess flow,

The process of ion uptske however 1s neither
g2 simple passive process alone, nor is it solely the
result of complex, metaboliec, metive processes, Over
8 range of conceniraetions of the external soluition there

is dependence of ion uptake (flux) on externsl concentre=-
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tion whether the uptake mechaniem is active or passive.
This root surface-soil concentration boundsry condition
is determined by both plant and soll characters and ls

the resultant of complex intersecting trensfer processes,

It is shown in Figure 27 that, at the same water
upteke rates per URLD, the total uptake of chloride varies
with the time of harvest as well as with the external
environment, As discussed earlier the effects of lncresas-
ing humidity upon the plant included a reduction in the
nett assgimilation rate and‘unit transpliration rate as well
as root growih. However the reduced total plant welght
(sink size) is apparently offset by the relatively smaller
decrease in root length and root-lengith duration, allowing
grester ion flux/water flux ratios in the high humidity
treatment. The greater uptake during deys O0-9 as
compared to days 9= 18 could be sssoclated with the well-
documented phenomenon of grester upteke in plants of low

chloride status, This same pattern of upiteke was found

in chloride transport to the tops and chloride accumula=-
tion in the roots (eee Figures 29 and 30 respectively).
The similer pattern of total uptske and transport to the
£®@$ with total water uptake and water uptake to the
tops( water transpired plus weter tsken up snd stored in
the topse) results from the dominant effeet of chloride
transport to the tops on the total chloride uptake {see

Table 9), The only major difference in Figures 27, 29 and
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Figure 29:

Chioride Ion Trasnsport to the Tops as &
Function of Water Upiake

(Both varisbles normalized to unit roote-

length duration)
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Figure 29: = Chloride Ion Transport to the Tops 88 8

Function of Water Uptake

{Both verisbles normalized to unit root-

length duration)

ecs At 8 801l solution concentration of

1000 ppm of chloride,.

Figure 30: Chloride Jon Accumulation in Hoots eg &

Fuonetion of Water Upteke

(Both verisbles normalized to unit root-
length durstion)
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Figure 750
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30 ig that the amccumulation of chloride ia the roots
during days 9= 18 is constant for 8ll three humidity

treptnents,

Assuming that the weter uptake per unit root-
length durstion is indiocstive of the water potential
gradients around the roots, the higher ion flux/water flux
ratios in Figures 27, 29 and 30 would indicate, with the
present proposals on sctive lon uptake, that the resplra-
tion rate is higheet in plants growing in & relative
humidity of 92,5%, lowest for plente growing in a relat-
ive humidity of L2.5% and intermediste Tor plants growing
in 8 relative humidity of 67.5%. ‘The reasons for a
decline in the NAR for the highest humidity treatment
have slresdy been discussed in the previous section,sshas
the poesibility that this is due to & hlgher respiration
rate due to higher leaf temperature. The lower molsture
stress within the plant as compared to plants in the other
numidity trestments may also contribute to a higher leaf
temperature, This would mean thet, at least for the
plants in 67.5% and L42,.5% relative humidity trestments,
the photosynthetic rate must also have changed correspond-

ingly to keep the NAR constant.

When the soil sclution conceniration is low, 1t

{15 unlikely that the ion upteke processes of the plante
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wonld become satursaited, consequently sany increase in water
flux should cause enhsnced ion flux into the plant, Al
gsome highser concentration in the sxternal soclution,
saturation of the uptake processes or storage available

in the plant could limit entry into the plant, Satura-
tion of seccumulation mechenisms sppears to have occurred
{see Figure 30) at the three humidity and chloride trsat-
mente for days 9= 18 and consequently any further Iincrease
in chloride ion upteke with increased water upiske would
have to result from some indirect effect within the plant.
The saturstion of the upiske proceas at an externsl
chloride ion coneceniration of 5 ppm (Figure 30 &) is in
agreement with the proposals of Torii and Laties (1966)
who have shown that a2t solution concentreations spproximst-
ing 5 ppm of chloride the relation between the guantity of
chloride esccumulated and the externsl consentration resaches
a platesu stagse, Thus small varistions of conecentration
gbout this level cauge no change in the guantity of ions
accumulated by the plant, Comparisen of the accumulation
at 5 ppm for daye 9= 18 with the produet of water flux

and initial concentration of the soil solution reveals that
the concentraetion at the root surface is very close to

5 ppm. At concentrations sbove 10 ppm of chloride in the
external solution the rate of accumulation sgain incresses

with external concentration and a second and different




upteks mechanism probably accounts for this behaviour
(Torii end Laties 1966). A comparison between accumula=
tion rate in the roots at 5 ppm with that at 100 and 1000
ppm of chloride in solutlon shows & shift in the sbsolute
rate of accumulation, However at the higher concentra=-
tions the concentration at the root surfaces is greater
than thet initially in the soil solution, It cannot be
said how high these concenirations are but it is striking
that the sccumulation rate 1s the same per unit of water

uptake,

Bummary

Compensating responses of the plants to the
lmposed trestments resulted in a narrow range of varistion
in water flux per unit root-length duration, TNevertheless
there was an epperent trend that the flux of ions into
the plants increased with inecrease of the water uptake
rate, However closer analysis has revesled that the
process of lon fransport to the tops and lon sccumulation
behaved in a similar menner and that for initially low
salt stetus plente some change in the plant, posgibly
leaf temp@fatare, gaused differences in the uptske of ions
with different relative humidity treatmente. This

variation in leaf tempersture has been ascribed %o varia=-
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tion in the water loss from the leafl resulting from the
different relstive humidities (water demsnd). 1In
addition, the leaf tempersture mey have depended upon the
spparent resistance offered by the plants to water move-
ment through the vasscular system, supply of water o
mesophyll tissues of the leaves and conseguent development
of leaf water siress, This indirect effect of water
stress on ion uptﬁk@ could likewise epply to the effects
of increassed water flow on lon uptske i.e., by decreasing
leaf temperatures, Consequently any future studies on
the effects of water flux on ion flux must be eble to

distinguish beiween direct and indirect effects.

Upteke of sodium lons

The effects of treatmenﬁs and treatment inter-
sctions on sodlum uptake by the whole plant, roots and
shoots are given in Appendiz 5. The date for total
sodivm upteke is given in Figure 31, All tresitments
effected sodium upiteke which increased with soil soluiion
coneentration, decreased with incresse in relative humid-
ity end inoressed with soll water content, However some

of the intersctions were significant,

The relstion beitween ftotel sodlum uptake and
total water uptske is shdwn in Figure 32. As wlth

chloride, at the lowest external lon concentration, the
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Figure 31: Totsl Sodium Uptske under Various
External Environmentsl Conditions

after 18 days

Numbers in histogram refer to relative
humidity (%)
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total uptake was higher at 92.5% relative humidity.
However unlike chloride upteke, the uptzke at the highest
external sodium concentration wae lower at 92.5% relative
humid ity than that for relstive humidities of 42,.5% and
67+ 5% Also at the intesrmediats sodium concentration of
6.8 ppm the sodium upteke was the same at 81l humidity

treatmentes

In Figures 3% a, b and c, the relations between
total sedium uptake per URLD and total water uptake per
URLD sre given, In Figures 34 and 35 the component
transport to the tops and sccumulation are shown in rela-
tion o the upitske of wailer to the tops per URLD and total
water uptake per URLD, reape@tivaly\\ayg === These
figures reveal the importance of nev&alizing the resulis
on a rooi=length duration basls, for alﬁh@mgh the resulte
portrayed in Figure 32 appesr to gilve an eniirely differ=
ent picture of sodium upteke as compared to chloride
uptake, Figure 33 shows that the total sodlum upiake per
URLD behaves in & similar menner to total chloride per URLD
uptake, One major difference between the figures for
total chloride uptake end total sodium upteke lies in the
close assoclation of total sodlum uptake %o that of
sodium accumulation in the roots, (Table 8 reveals that
the dominating component in sodium uptake is the accumula-

tion in the roots) while the total chloride uptake is
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Figure 335: c. At 8 soil solution concentration of
6LE ppm of sofium,
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Figure s cs Al an sexternsl sedium concenitration of
648 ppm,
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Sodium Ion Transfer to Tops as 2 Function
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influenced considersbly by the uptske to the tope (sse

Teble 9). The reduced transfer of sodium ione te the
tope is & well known phenomenon and indicsies that roois
are sble to act as restrainers to the movemeni of sodiun
ions.

It would eppear that st lesst for the Tirst nine
days the relstionship betwesn sodium transfer to the tops
and water upteke is not me well defined ss that Ffor
chloride although some similsrities do occur, e.,g. at
external concentration of 100 ppm, The almost complets
lack of transfer from dsye9e= 18 suggests that once the
tops and assoclated transfer systems are saturated 1little
extra sodlum lg transferred to the tops. This saturation
appears to occur very readily, for transfer to the tops
ie identical at 3.2 ppm and 64,8 ppm of sodium (Pigures
ZB8aend b) for days Ge 18, 7 The complete lack of effect
of water uptake on the transfer of sodium to the tops is
also apparent, ﬁowﬁv&r &%t the highest soil solution
concentration (Figure 35 o, c.f, Figurss 35 a and b) upiaks
increases sgain indicating that s second transport mechan=
ism is operating which sgein shows little or no response

to water uplake,

Sodium scoumulation in the roots (Figure 3;)
behaves in a gimilar manner to shloride scoumulation in

roots and therefore will not be reiterated,
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Summarys

Comparison of the relstions between total sodium
upteke per URLD and total water upitske per URLD, and total
sodium upteke and water uptake and likewise with total
chloride uptake revezl the imporitence in any ion uptake
experiments of including trestment seffects upon the root
length. This therefore throws some doubt on the interpret=
ation of experiments where ireatment effects could havs
caused some change in root length, but no account of this

chenge ie given,

The restraining power of the root to sodium itrans-
port to the tops is demonstrated and it is concluded that
there are two different concenitration dependent mechanisms,
The first mecheniem which operates at low coneentrations
is readily saturated at very low levels and it is not until
the exterior soll solution concentration is raeised consid-
erably that further transfer of sofium ions oceurs, The
transfer mechanisms would appear to be independent of
water flux but this may be due to the saturation of the
transfer mechanisms such that any further transport to the
transfer site has no effect on the quantity of ionse moving
to the tops.

The accumulation mechanism hehaves in the same way

ag the chloride accumulation mechanism and it appears that
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both are affected by the demand for water by the satmosphere
and the ability of the plant to supply water to meet this
demand . Thuse water stress within the plant could hsve a

pronounced effect upon lon accumulation in the roots,

3,3 Effect of Water Flow on JTon Trangport to & Cylindrical

Sink

There is no data availeble on the effect of radiel
flow of water upon the‘tFanE§gwt of lons to & central sink,
This is approxiﬁatsly the geometry of convectlive itransport
of ions to ylamt roote and Tor these reassons work was
initiated on the problem,. One feature of convectivs
transport in porous sollds which has not been resoclved,
even in the linesr case, 1s the neture of the relation
between water flux density (or maaﬁ'smlution velocities)

and the diffusion coefficlent for the particular lons.

%e5e1 Experimental materisle

There are many preblamé inherent in the develop=
ment of apparatus to measure simuliansocus raﬁia& water
and jon movement through soils. Firstly some means must
be ocbtalined to measure the flux of water and ions out of

the axiel sink, |Next, the physical cheracteristics of
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the sink and the outer boundary membrane enclosing the
soil ocsn greatly modify the flows if they have significant
resistances to water or ion flow,. The calculation of the
diffusion coefficient of the lon in the soil solution
becomes difficult when inner and outer boundsries offer
appreciable resigtances, In this work both the membranes
were highly permesble to water and lons. The outer
membrane was of Porvic grade § snd was resdlly obtalned.
However the innsr oylindricel sink had a further regquire-
ment which limited the &?ailahility of suitable materials,
1% was desirable that ths eink be of a small diemeter,
comperable with that of roots themselves, The only
material found whieh seatisfied sll requirements wae &
cylindrical "Millipore" filter spproximstely L om long with
an external dismeter of 0,29 cm and an internal dismeter
of 0,21 cm, Thie materisl lacked rigidity, was very
fragile and required extreme care in handling. It wae
supported in position on & 15 gauge hypodermic nesdle
modified as in Figure 36, which wae slipped inside the
filter, The millipore fillter was cemented to the hypo-
dermic needle with special cement ("Millipore" Cement
Formulation 1) end the remainder of the filter either side
of the perforated gection of the supporiting needle was

gonled with the same cement.

Minute particles of clay or organic matter moving







Figure 36: Supporting Tube for Millipore Filter

Ao~ Holes cut in hypodermic needle
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with the water could block the filter so aliering its
permeability. To reduce this hazard the prepared soil
used in the plant experiment was tesken and treated to
remove small size fra@ti@nﬁ.‘ The soil was shaken in

1% sodium hexameitaphosphate solution for 8 hours. The
sof lum hexametephosphate and suspended c¢lay was {decanted,
The sand was then traneferred to large conteiners filled
with water. These were thoroughly shaken end=-over-end,
the send allowed to settle for 4 minutes and the waier
and suspended material poured off, After & further

Ly minutes was ellowsed and the supernatant was agaln poured
off, These procedures wers repested until the super-
natant wes free of elays As many a&s three or four full
treatments as above were reguired, The sand was then
leached with distilled water until no sodium or chloride
could be detected in the filirate., The sand was trans-
ferred from the leaching apparatus to a muffle furnsce
and heated to 550°C for four hours to oxidize sll the
organic matter,. The gamples were oooled and stored in a
closed vessel, The moisture characteristic of the sand

is given in Figure 37,

The cell for measuring the radisl movement of

the echloride ilon was prepered in sections (see Figure 38),
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Figure 3a3

Sections of Cells before Assembly
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B
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B
F

Upper lucite plate
Porvic outer membrane
Lusite cylinder

Lucite base platse
Holes for outlet tubes

Groove cut in bese plate for
porvie sylindsr

Hole to take rubber bung conitain-
ing Millipore sink

Iucite outlet tubes,
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The sections were annealed by heating in an oven st 86°C
for 2L hours to stop crezing. The lucite cylinder, C,
wae cemented onto the luoite base plete, D, with "Tensol"
cement No. 7, the whole inverted and a heavy weight placed
upon ﬁhﬁvbaﬁﬁ pntil set, Next the porvic outer membrane,
B, was cemented, with the same cement as sbove, into the
groove, F, ln the base and finally the upper lucite plate,
Ay, with the inside of the hole smeared with cement, lower-
ed into position and cemented to the lucite cylinder, C.
Clamps were applied until the whole wss dry and then all
seals checked to ensure they were water tight, Generally
a further cementing of the porvie membrane to the upper
plate was found %o be necessary, Finally, éh@ lucite
outlet tubes, H, were cemented into the holes, B, in the
base plate, The sbove procedure was important to ensure
the whole was sealed and that at the seme time the porvioe
membrane wes not damaged, The following procedure for
the assembly of the sink or "poot® was likewise most
important snd for the same ressons, A rubber plug, J,

in Figure 39, was made and 8 small hole drilled through
the centire of it with a 16 geuge hypodermic needls., A
larger heole, 0.5 om in dismeter and 0,3 cm deep was then
cut into the upper surface of the bung, 4 15 gauge

needle with perforated walls and with two marks, one







Figure 39:
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O.% om below the boittom of the holed sres and another the
measured length of the filter ghove the other mark was
gently pushed into place in the hole in the bung. The
bung was then placed into position in the base of the

cell with the needle vertical, The bung wes always
inserted so that its top was level with the top surface

of the bsse plate of the cell, The filter was lowered
over the needle until its top wes 1 om below the upper
mark on the hypodermic needle. Bmall-bore plastic tubing
was connected %é the ends of the needle at this time,

The 41 om of needle between the filter and the top mark was
smeared with the millipore cement and the filter raised
over this until the bottom of the filter was level with
the bottom of the perforated section of the needle. The
snnular space in the bung was slmogt filled with cement
and the portion of the needle below the filier was smesved
with cement, The filter was pulled down so that the top
was level wlth the u@@ar‘mark on the needle, Finally
the needle was lowered until the lower end of the fillter
rested on the bottom of the well in the bung. The upper
portion of the flilter was covered with cement elmost down
to the level of the first hole in the needle, end the top
of the needle supported in a clamp (see C, Figure 39).

It was found to be essentisl that the needle he made
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vertical snd outlet tubes be connected at the glages
described for if any movement of the filter occurred after
the cement was dry, the fllter cerinkled and cracked,

After the cement was dry the well in the bung was filled
to the upper surface of the base plate with cement and

the remaining portion of the filter above the perforaied
section of the needle &&aleﬁ with cements, The final
gsaling was carried out after the cement was sllowed 1o

thicken to a very heavy paste.

The cell was suspended in & vacuum desjiccator
over bolled distilled water, After ensuring that one of
the tubes from the filter wes ogpen %o the alr in the
desicecator, so that no differentisl pressures would occur
across the filter, the vessel was evacuated snd the cell
then lowered into the water, When s8ll compariments were
saturated, the cell was placed onto its side in a
container of distilled water. The upper tube was
connected to & calibrated caspillsry tube, B, Figure LO,
and filled with boiled distilled water by spplying a
slight suetion to the calibrated tube, When the systen
wes filled with water, Tep 4 (Figure L40O) and the tube
connected to the bottom of the filter were sealed. The
gradusted tube was raiped approximately 5 cm above the

"root", at time zero the tap opened, and the water flow
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through the filter messured with the calibrated tube,
From measursments of applied hydraulic hesd, the hydraulic
conductlvity for weler in the filter under ithe described

gonditione wae calculated,

The cell was disconnected from the above and
sonnected to an elr preseure line and the air eniry value
of the filter determined to check for air lesks snd to see
if Tilters could be used for unsaturated soils if necess-
ary. In all cases it was found that suctions of at
lesst 100 em of water could be applied without exceeding

thelir sir entry value,

Problems sapociated with the collection of
solution from the filter were such that only the steady-
atate conditlon of water end ion transfer were studied,
Radial flow and axisl inflow wers measured by calibrated
tubes, while axisl cuitflow was measured by weighing

gollection veseels,

Because the velocity of the water changed with
radial distance from the sink, 1t was necessary that
goil samples be taken from the bed in 2 serise of annuli
and messurements of chloride concentration changes with
distence be made on these annuli, The redisl distance
aoross sach annulus should be ms amall as practical and a

compromias was therefore necessary to ensure that the
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chloride contents of the zones could be measured, The
mogt prastical width of ths anmulﬁ~ﬁaa found to be 0.5 om.
The sampler {see Figure 41) consisted of conceniric braes
ringe or steel rings igﬁgﬁ‘f@r the larger dlameters, for
which brasgs wes not sveilable) moldsred onto a brass
nlate, The rings wereé 3.2 om high with & wall thickness
of a@bout 0.5 mm, and were let into grooves in the brass
plate before soldering. The heighte of the rings wers
trimmed in the lathe and the whole sssembly fipally tested

for leaks from one annvlue 1o the next.

One point whi@ﬁ became most importent wes the
length of the calibrated tubes stitached o the filter and
the cell, Dering preliminsry experiments it weas found
necessary to refill the “"flushing® tube {the itube messur~
ing the axial inflow of water) after some period of tinme,
%h%m this wag done the axiel weter flow through the
filter and the radisl flow through the sand bed changed for s
period, salthough bhoth rates eventually returned to the
originel retes, Therefore it became egsential that the
length of this tube be long encugh %o completely flush the
Tilter and outlet tube on 1t, l.e. Prom the filier to
the collection vessel (which therefore hasé to be =as
gsmall as possible) and 4o have adeguate in reserve fo

permit sufflcient steady state Plow measuyrements ioc be







Figure bL1:

Hote seal on one sir outlet,
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ocbtained, Uniform bore capillary itubing waes used both
for the inlet tube to the filier and the inlet tube to the
outer boundary reservolr, Sueh uniform hore tubing was
only seleeted after mercury calibration of numerous lengihs
of stock tube under constant temperature conditions,

Using &‘ﬁliﬁiﬁg scale, lengths of mercury columne could be

measured to 0,01 mm and weights were messured to 0.0001 g.

Fefe2 IHuperimental method

It was decided that investigations would be madse
into three aspecis, namely the effect of water flow rates,
the effect of concentrstion gradienis, and the effectsol
@ﬁgitive‘anﬁ negative concentration gradlents away from |
the eink. In all cases the direction of water flow was
from the ocuter boundary towards the sink, Unfortunately
duplicate runs were not possible, although they were
highly desirsble, because of the difficuities in controll-

ing water flow rates,.

The combinations used were:-

1, Digtilled water flushing the sink, 1000 ppm of
ghloride at the outer boundery and at & low
water flow across the bed,.

2, Distilled water flushing the sink, 100 ppm of
ghloride at the outer boundasry and at s low

water Tlow across the bed,




3. Distilled water flmahimg the sink, 1000 ppm of
chioride at the oculer boundary and at & high

water flow across the bed,

s 1000 ppm of chloride flushing the sink, distilled
water at the outer boundary and at a low water

flow soross the bed,

5+ 1000 ppm of chloride flushing the sink, 100 ppm
of ehloride at the outer boundary snd at a low

water flow scross the bed.

The cell was dried after the air entry test and
placed into the vacuum vessel over the reguired sodium
chloride solution. The vessel was filled with the
required solution ms already deseribed in section 3.3.1,
When the cell was satursted and the cell chamber gealed,
it wea removed from the veocuum vessel snd connectes up
as shown in Flgure L2, The cell was mounted above the
ilevel of the cell-chanmber tubes so that, when the gealing
¢llp was removed from the outlet tube, the sodium chloride
solution flowed back snd filled the cell-ghamber tubes.
Uhetks were made to ensure that no air was entrappsd in
the lines, The two-way tap was olosed and the cell was

lowered until the tubes were a little above the top of







Figure L2: Photograph of Complete Cell Assembly
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the cell, The sxiel inflow tubes wers filled with the
reguired solution, mafe from boiled distilled water, by
epplying & smell suction on the outflow end of the system,.
&11 tsps on this line were closed after the level of the
cutlet tube wse made egual to that of the bottom of the
cell, The reguired weight of the specielly prepared sand
was poured into the bed a@@%i@% of the cell, which had
been filled with solution, end levelled to give a bulk
density of 1.46 g/cc snd a depth of 2 oms. The excess
solutlon in the bed section was removed and the calibrated
tubes lowered so that the axisl inflow tubes were 5 em
below the centre of the sand bed while the tubes connected
to the cell chanmber were placed 0.9 om below the "flushing"
tubes, this height difference plus levelling of the tubes
being done with a cathotometer, The collection outlet
was also lowered to sbout 0.2 cm below the cell-chambsr
tubes, The bed ssciion was covered with 2 thin lucite
plate (see Figure 42, G) which was sealed into place with
adhesive tape. All taps were then turned to required
positions and flows sllowed %o proceed. The collectien
head wes lowered until redial water flow through the sand
bed occurred, at which time the screw vaslve (F, Pigure 42)
on the flushing tube was elosed until the water-flughing
rate was epproximately that reguired, i.2. sbout 10 times

water flow rate through the eand bed. By further
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reafjustment of the collection-hesd and the serew clip on
the flushing tube compromise flow rates were obtained,

It took & considerable time to reach sitezdy-state watsp
flow end further time and check anslyses of ouitflow to
ensure that steady-state ion flow was also atisined, 1t
should E@ noted that the sample taken from the gollection
vessel was in fect that which had existed in the sink

some hours previously and possibly modified by the effects
of flow through the collection tube, Thug it was
sggential that the stesdy-state Tlow of water and chloride
ions be maintained over a considerable period of time to
ensgre thet solution collected and soll sampling were
indicative of the same sltuastion, Thus refilling of tubsse

during this periof was not possible,

During the sampling checks, 1t was found that
unless the head slide was fixed by means of ajhesive tape
some minor iwisting of the slide occcurred which caussd
minor changes in the head and therefore flow rates,
Conseguently once the reguired flow rates were obtained
the head slide was securely fixed, so that further changes

of the collection vessel in no way affected the flow rates,.

When all elements of the system were in a steady
state, the cover over the bed was vemoved, the flushing
tube closed between the connecting tube (J, Figure 42)

and sink and immediately all other taps closed, Fhyte
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down of the system was carried out in this order ss it was
noticed that during sealing of the axisl inflow tube,as
indlcated,a small smount of solution was forced down the
tube. Therefore it was felt thst by leaving the collec-
tion tube open momentarily, this displaced water could

flow out of the collection tube and not back inte the sand
bed. The axial inflow tube was immediately broken at the
connecting tube, the clamp for the sink removed and the
sempler carefully pushed over the axial Inflow tube and
through the sand bhed ocnto the base plate. 4 elrcle had
been marked on the cell to ensure that the sampler was
centrally placed, Seals were placed over the alr escape
tubes of the sampler and the sampler and egell inverted.
Thie entire process from shuit=down %o inversieon took 20
seconds at the mosh, It i Telt therefore thai only s very
small end insignificant change in concentration would occur

in this time,

The sampler was removed from the cell and the

open face covered with a sheet of "Parafilm". This

shest was pushed ontc the sampling rings with the finger,
starting from the centre of the sempler, until seals were
cbtained. A large rubber bung was placed over ihe

sempler to keep the film in place, Immed istely this was
completed the gend remasining on the porvic outer boundsry

was removed with a pslette knife and placed into & sample




bottlse,. Samples of solution from the outer boundary cell

were slso taken, The Parafilm covering the ouier annulus
was removed by rumning a scapel along the outside edge

of the next ring and 1ifting the cut section away.

The sampler was tilted and the send scraped out of the
outer annulus with & fine blade into a sample bottle,

The f£ilm over the remalining snnull therefore fulfilled
three purpossesy firsitly it sealesd the soll zones so
stopping any evaporation from them, secondly it prevented
sny soll from falling out and thirdly it eliminated any
risk of oross contamination. The remaining snnulsar
samples were removed in & similar menner, although as the
distance of the semple smnnulus from the centre decrsased,

g0 the size of the bung held asgsinst the film was reduced,

The soil ssmples were welighed in tared bottles
and dried in an oven at 105°C for 48 hours, after which
no loss of water could be detected, Twenty Tive so of
distilled water wese added to esach bottle and the whole
ghaken Tor 1 hours aliguots of supernstant wers removed
and titrated for chloride, Procedures for chloride
sampling end snslysis followed those described in

section 3.2,

Z.%s% Results
In the following tables, the snnulus number

refers to the ennulus whose internsl and external radii
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rom centre of sink are as given in Table 12, The

irection of water flow in 2ll cases was towards the

Hillipore sink,

Table 12

snnulus Number and Corresponding Internel and Ixternsl Redil

Annulus Vo, Internal Radivs Zxternsal Redius

' {mm) {mm)
1 5.0 10,0
e 10,0 15,0
3 150 20.0
b 2040 25,0
5 25.0 30.8
6 308 3642
7 3642 40,5
8 40.5 L4540

The resuelits for the firset combination of 1000
ppm of chloride at the outer boundary, distilled water
fliushing the sink and at two rates of water flow radislly

acrose the send bed sre given in Tsbles 413 and 1k,




Heasured Water Plows and ¥Flux of Chloride Ion

(means of three four=hourly samples)

Hate of Hate of Total Redial

set Axisl water Hedisl water water Chloride
Flow Flew gollected  Flux through
{ee/nr) (ee/om/hr) {ce/nr) Bed -
(mgx 10°/em/nr )
1 0.1995 0077 02154 155
2 0.256% 177 G.2917 2 .66

samples taken did not very by more than 0.5% froem mean,

Heane of Duplicate Determinstions of

2 per cc of solution)

tions Aeross the Sand Bed (mgx 10

Set Annulue FHo,

1 2 3 b 5 & 7 8
ii %2'@ ?@.@ ??0@ {%‘% (-3 g&ﬁwj &goﬁ 9%08 9%&%
E é%o@ 7@.3 ?%{3.9 @JS 5‘6 %%o? g%o‘i 92'1 gg’»«g

Duplicates did not vary by more than 0.,2% from mesn,

The results for the combination of 100 ppm of

chloride at the outer boundery, end distilled water fTlugh=




ing the sink are given in Tebles 15 snd 16,

Zable 15

Measured Water Flows and Flux of Chloride Ion

(means of three four-hourly samples)

Reate of Rate of Total ﬁi%ii%%@
Axial Water Radisl Water Water Flux through
Flow Flow Colleoted Bed i
(ee/nr) (ee/om/br) (ce/hr) (mgx 10%/cm/hr)
ng X% 2m/ hy
5.2L08 0.0084 0.2573 0.155

Samples taken did net vary by more than 0.5% from mean,

Tabls 416

Meons of Duplicate Determinations of Chioride Ion Concentrs-

tions decross the Send Bed (mg x 1@9 per ce of solution)

Annulus So.

1 2 3 L 5 6 7 8
é;@g ég?g ?'EQ 7-8@ g.*ﬁﬁ &agg g.?@ %t1?

Duplicates did not vary by more than 0.2% from mean,

The results Ffor the combinstion of distilled
water at the outer boundary and 1000 ppm of chloride

flushing the sink are given in Tables 17 and

184




o

[

w4
§

Table 17

Messured Water Flows and Flux of Chloride Ion

(means of three four-hourly samples)

kate of Rete of Total Rad ial

Axial Vater Radial Water Water Ohloride
Hlow Flow Collected Fluxz through
(ec/hr) {ee/em/nr ) (ee/hr) Bed

{mgx 10%/em/ar )

0,.30L6 0.0083% 0e3211 0880

Samples taken did not very by more than 0.5% from mean.

Table 18

18 of Duplicate Determinstione of Chloride Ion Concentre-

s the Send Bed (mgx 1@2 per ece of solution)

annvlus Ho,

4 2 3 h 5 6 7 8

'A6,.90 27.20 21.05 18,15 14,65 42.15 10.20 8,66

Duplicates d4id not vary by more than 0.2% from mean,

The resulis for the combinatlion of 100 ppm of
chloride at the outer boundary and 1000 ppm of chloride

flushing the sink asre given in Tables 19 and 20,




Table 19

Hessured Weter Flows and Flux of Ohloride Ion

{mesns of three four-hourly samples)
%,

Hate of Rate of Total Radisl
Axial VWater Radisl VWater Water Chloride
Flow Flow Collected Flux through
(ec/nr) (ce/om/nr) (ec/hr) Bed

(mgx 10°/en/nr)

0.2%339 00111 0.2563 0.6k

o

taken 6id not very by more ithen 0.5% from msan.

Mesns of Duplicete Determinations of Chleride Ion Concsntra-

s

tions Across the Sand Bed (mg x 10° per cc of solution)

Annulum Hoe
1 e 3 b 5 6 7 8

L5.70 3L.85 30,00 27.15 23,95 20,40 18,80 17.35

Duplicetes did not very by more than 0,2% from mean,

The mean meazursd water gontent st ssturation
wag 0.L45 ee/ce of bed. The variation shout this mean was

less than 0.5%.
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3.5.4 Discussion

Following the corrected procedure of Gardner
(1965), as indicated in section 2.5,

ac,

%ﬁg I’B“&?“"wal TEXE (61}

where § 1s the guentity of ion taken up by the sink per
gnit length of sink, w is the water uptake per unit length
of sink end D is the diffuesion coefficient defined by

ﬂﬂi

g m o= B‘Eﬁr

The radisl distribution of ghloride concentration
was graphed using the mid-point of sach asnnulsr section
as the radisl coordinate, From this curve the change
of concentration with radius was derived and sppsrent
diffusion coefficients &t the various radii éalaul&teﬂ
from equation (62). Thess are given in Table 21,

Such diffusion coefficients include the effects of soil
factors, i.8, hydrodynamic diespersion, moisture content,
etc. The deta show that D is a funetion of radius from
the sink, and therefore models which sre proposed %o
describe redisl ion Tlow through porous medis, where both
diffusion and conveetive transport occur, must include D
as a fuonection of radius,. It has alresdy been discussed

in the literature review that with transient ion or water




Diffusion Coefficients at Various Radil from Sink

Table 21

(x 108 cm%/s&e)

Guter Axisl i)
Boundery Inflow -
Concentration Concentration Annuvlus ¥No,
(mgx 10%) (mgx 102) 1 2 3 Y 5 6 7 8
‘ et 4 3.0 246 2e3% 22 2e3 2.2 2e2 263
1000 0
Set 2 b9 Bl 3e1 2.7 2.6 2.5 2.k Pa
(4] Q,E 2 ols Bel 2% 29 3.0 2.9 2e9
100 1000 2.5 2.6 2.3 268 267 2,8 2.7 2,8
1@52 {3 502 3%1 th 2.‘3 1.& 1.? %Qﬁ ‘305

~Z6 4=
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fluxzes the veleclty of the water flow cen influsnce the
observed diffusion cosfficient through the effects of
miscible displacement. When the diffusion coefficisnts
ebove sre plotted againet the velocity of water at the
radiue eeﬂeﬁén@é, one obtains the relations shown in

Figure 43. The effects of water flow velosity are to
increase the diffuslion coefficient when water flow is in
the direction of the diffusional movement of ions, tut to
reduce the value of the coefficient when the water movement
ig in the rveverse direction to the diffusional movement of
lons,. The increase in the diffusion coefficient as
described above has slso been found during linear movement
of water end ions (Day and Forsyihe 1957, Bigger and Nielsen
1964 ). - However, tc the suthor's knowledge, water £1low
sgainet the diffusional movement of ions hee not heen
previcusly investipated. This situation is significant in
soil-plant reletions since ion sccumulstion can ocaur

a2t roolt surfaces end therefore wherse convective %ﬁﬁﬂﬁpo@t

of lons is sgainet the diffusionsl movement of ions.

Another noticeable feature of Pigure 43 1s the
spperent difference in the diffusion coefficients at low
water-veloclities at different concentrations of the
boundary conditions. These results appesr hard to
reconcile with present tebulsr data of the dependence of

diffusivity on concentration. It could be suggested







Pigure L4%: Effect of Water Flow Velogity on the

External "wiushing"® Water
Chamber Conen, Flow
Conon. ppm Veloeity

ppm of Chloride

— —o 1000 0 Low
® O® 1000 0 High

0 1000 Low

100 1000 Low

100 0 Low




0 5 10 15 20 15
VELOCITY OF WATER FLOW (emxi0’/sec)
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that variation in conecentration has resulted in these
minor differences in the measured diffusion ceeffiecient
at or near zero waler flow, whieh has hesn recorded,
Woreover the variation observed in the velue of the
diffusivity 8t gero water flux (obteined by extrapola-
tion) docee not follow any cbvious pattern. I% is felt
that limitations of the technique coniributed to this
variation at zere flux rather than any physical phenomenon,
The technigues employed in this ezperiment lacked some
precision for comparisons between samples under different
boundery conditione although it is 5&@@35@@@ es being

geeful for studies within one 3ample.

One of the more obviocus modifications $o enhsnce
precision would be to reduce the width of the sampling
zones to at least half thet enployed sbove and so obtain
more sccurate estimates of congentration grafients. The
use of the computer to caleculaite the ourve of best fit
and the concentration gradients would elso ald anslysis
of the resulis, Radiocautography could possibly sise be

of considerable use in studles like that above.

3¢3+5 SBummeary
in any one “pun", that is for one redial water
flow rate‘anﬁ from one set of concentraiion boundary

conditione, the exlstence of the stesly sitate of flow
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wae determined with precision, as were the concentration
distribution datsa, Within this ons set of data, the
calenlated values of D at each radius gave en internally
consistent set on which %o estsblish the relation

hetween D and veloolily.

Relation of D to velocity has been found not to
remain constant at all water velecltiss. If water flow
occurs in the same direction as the diffusional movement
of ions the apparent diffusion coefficileni increases with
inereased water flow veloeities sbove sbout Lx 10~/ em/sec.
If water flow occurs in the opposite direction to the
diffusionsal movement of ions, the spparent diffusien
coefficlent decreases with incrsased water flow veloeclitles

above shout &z:ﬂ@"7 cn/sec,




Le GENERAL DISCUSSION

Yiye (1966b) stressed ths need for general theor-
ies or models to describe the upteke of ions by plants
from solls in order “to provide a framework for discussion
and szperiment, and %o indicate the pasrsmeters that need
be measured for a complete guantitative deseriptien”,
Paul (1965) and Clarke (1966) have shown that the uptake
of ghloride ions snd nitrate ions by wheat plants is
correlated with the diffusion coefficient of ohloride
and nitrate in the soils. However their procsiures were
such 28 1o eliminate any lon upteke effects due to the
upteke of weter. It iz believed that models based on
diffusion only have limited epplicsbility te very speeisl
circumetances. The resl situation in the field reguires
that models must also aceount for the effectes of water

upteke by the plants on ion movement snd uptake,.

All models so fer have assumed that the influence
of water upteke by plants on the transfer of ions through
solls can be sssessed by summing the flux contributien due
to @iffusion with that due to conveetion, It is shown
in this work that the coupled transfer cesn not be treated
in this way when D is constant and that an interaction
ccours betwesn the two, due to hydrodynsmic effects
within pores, The overall sffect, or miscible displace=

ment, gives rise to a situation where the diffusion
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coefficlent is not & constant but varies with the water
flow veloclty and therefore radius., A8 the water Tlow
lncreases so does the apparent diffusion coefficient,
i.2., the eguation for steady-state flow of ilons

J@Mﬁ’gg'ﬂkvul &2 0 9@ (t&ﬁ}

does not fully describe the transfer process scross the
bed. An edditionel sguation defining the funetional
relaetion of U and v is necesssary, Further work upon
thie point will decide the most practical spprosch o

the problem,

ihen D is considered as a function of v (at
rate comparable with those of Gardner 1960) and therefore
& funetien of r, substitution of equation (62) inte the
equation of continulty must show this dependence of D
on r,

The influence of water flow on D found in
section 3.3 has not been extended to unsaturated éyﬂtams
where water-flow velocity varies in & complex manner
with redius due to water=-content gradients around the root
or sink,. Harked water content gradisnts may occur around
the root and microscople water-flow velocities within the
pores near the root surface, may be reletively high indeed,.

This aspect requires considersble investigation before
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modele can be adeguately used, for even with the same
water-uvptake by two plants,{i.e. the velue of w may be
the same for both) the moisture gradient and root radius
differences mey result in very different water flow

veloecities around the roots.

It is believed thet elarificstion of the above
pelints provides s more useful starting polint for develop-
ment of ion uptake models more approprieste than thoss

presently in use,

The first part of the experimental work (Section
3,2) has shown that definition of the root surface boundary
conditlions offers the greatest Ghﬁll@ﬂgé to the use of
roy model, The guantity of ions taken up by the plant
is not eimply a féaatian of the lon concentration st the
root surface but is elso a function of other environmental
condltions which give rise to veristion in water-uptake
rate. These "indirect” effects of water upteke upon ion
uptake were evident in thils work and it ls neecessary to
obtain data on a brosder scale with fewer restrictions
thaen those imposed on the plante used here, The indirect
aff@@ts of other envirommentsl conditions upon ion uptske
through their effects on water uptake deserve further
study,

The development of concepts in sny fleld reguires




progress through the testing of existing hypotheses éﬂé

gubstitution of new hypothesses, 1f necessary, based upon
more soundly estsblished premises. The development of
thought in the fileld of endeavour of the pregent sitvdy,

has proceeded rapidly over the last five years,

Although it was deemed practical to neglect some features
of the systeme to facilitate early progrese, this situation

no longer holds,

Further development and undersitanding of nuirient
uptake by planis in real environments will come only from
fuller recognition of the complexity of the systems,

So much progress has been made thet esch succeeding Torward
step requires inclusion of those fesmtures of the systiem
pr@viaﬂ@iy neglected because of the complexiity they cerried

with thenm.







APPENDIL 1

Cofle Tor Samples Used in dppendix 4

Sample
Uode Desired Water Chleoride Content
Content of of Solution Depth (em)
Pots (%) -~ (ppm)
i O=5
ii 5=10
iit 5 10=45
iv 15=20
v 20=-bottom
vi O=5
vii ‘ B=q O
viii L ' 100 10=15
ix 15=20
x 20=-bottom
xi O=5
xii 5=40
xiiil 4000 10=15
xiv 15=20
XV 20=bottom
xvi O0=5
xvii ‘ 5=10
xviii 5 10=15
xix 15-20
XX

20=bot tom




xxi Oumb
xxiid Bend {7
xxiii 100 10=15
xxiv 15=20
TEY 20=nobtom
b o | (=t
xxvii Hed O
zEyiil 1606 10=15
wEix 1B=20
EEX 20=hotton
xxxi (=B
Zzrxii He=q O
Zxxill 5 0=t 5
xxziv 15=20
S 20=bottom
xExvi Dty
zxEvil B
zxxviiil 100 10=15
Xewix ‘ 4 5m2{)
xL 20=-bottom
x1li U=
x1i1 He=d 0
ziiii 1000 10=15
xliv 15=20
Zly 20=hotton
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The varistion in the remaining samples was similar to that sbove

and therefore they were not tabled,




APPERDIX 1b
Chloride Content of Stored Fallow Pots

Code . v Semple _
Rep 14 Hep 2 Hep 3

Day 5 Day 40 Day 15 Day 5 Day 10 Day 15 Dey 5 Day 10 Day 15

i 5.0 561 5.0 b9 be9 51 5.0 Le9 4.9

11 b.9 49 5.9 5.0 5.4 5.0 b o 5,2 Do
114 5e2 541 5a1 50 .8 .9 5.0 50 5.0
iv 4e9 1.9 o9 51 5.0 540 51 Le9 .9

v 5.0 5-@ 3-%9 53.9 56 §-1 i&-? 5.0 Saed

xvi 98 105 - 95 102 100 98 - 99 103% 101
xvil 104 104 102 99 27 - 99 104 104 104
xviid 104 100 104 97 102 103 104 98 99
xix 97 99 109 102 104 400 10k 103 104
EX 100 - 99 99 103 99 404 100 100 100
xxxi 997 1007 1021 986 976 999 1000 4009 1017
xXxxii 1023 998 1004 1000 997 1007 1008 1019 1006
xxxiil 987 1017 987 965 4004 978 987 992 1004
xxxiv 1006 1027 975 1035 4048 1023 1036 100k 1000
XXV 993 995 1026 1004 10049 Jool 1007 1603 1005

Resulis for other moisture contents are not given as these gave
similar results to those sbove with variations no greater than
5% from desired value and with no time trends,

- ﬁ@g‘




APPENDIY 1e

Code

Rep 1 Rep 3

Rep a Rep b Rep ¢ Rep a Rep b Rep e Rep a Hep b Rep o

i 4 o116 Tel47 1.48 148 1.9  1.43 149 1.45 1046

i1 1.45 1el2 145 140 444 1 oltd 1el44 1eli2 149
ifi 136  d.hh 1.38 139 142 145 1.6 147 1.2
iw 4 1541 4 th? 4 ,L;ﬁ 1 a}g 1 -}35 1 oii? 1:2-36 4 -133 1 -L}é

v 146 1,43 1.39 1.0  4.45  1.48 1.45  1.hbh 143

xvi 1.47 149 1,50 148  1.48  4.49 Tei5 146 1.46
xvii 1 .hk 1.38 Tel43 144 1.k 143 T3 145 Toli2
xviii 1443 143 1.39 143 143 1ol 11 1oLk 1.43
xix 137 1.49 1.46 1.47 147 149 1.8  4.47  1.46
xE 1 152 " oi«}? 1 oé&g 1 u}-r‘ 1 0}4* '3 ¢L§§ 1 o&é ‘ﬁ »L;E 1 0‘48 7
xxxi 152 4,48 1,48 1.48 1.b9  4.48 1.50  1.50 147
xxxii 143 1.4k 141 teli2 4 eh2 1olil 139 1.40 1445
Kmiii 1‘24}4 10&6 ﬁoh_} '1@2-?6 ‘;.Lﬁ@ 1‘&:& 1.}43 «Ena}g 10’42
Xxmiv 1 Q3§ 4 a§6 4 o“@ 4 al-}‘i 4 ogiz-‘i 1 -39 1 uh‘l 1 .?;;0 | 0243
xEXY @ai«%@ ;| Q&S "ihg 1:&& 1:*’4? 4 ehg 4 u!«lu 10246 1-}48







Appendix 4: d. Moisturs Charsateristic of Sand
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APPERDIX 2
Composition of Nutrient Solution

Ten eco of sseh of the following sclutions were

added to distilled water snd the whole made up to one

litre,
Solution 1: K580, 40,087 gn/1
Mg80), + 7TH,0 20,167 gmn/1
Solution 2:  FeCgHg0 . 3H,0 8.925 gm/1
Solution 31  KH,PO, 2.796 gn/1
Solution Lt ﬁa(ﬁ93)2 / 18457 g/l
Kﬁ&ms 181,652 gn/1 ‘

Selution 2 wee alweys stored in 2 refrigerstor
gnd usged as regulred because aftsr some time in the whole
nutrient solution precipitation occurred, Howeaver no

precipitation cecurred during period of seed germinstion,
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APPENDIX b

a., FPreparation of Buffer Solution for Reference Klectrode

10.214 gmv@f potagsium hydrogen phthalate wers
dissolved in 500 e of distilled walter and 148 ce of
0.1 K Egﬁﬁh added to this. Contents then diluisd to one

litre and stored in a stoppered pyrex bottle,

109 gm of chloride free Eﬁﬁﬁ were dissolved in
water and to this 62 co ef‘agne&mtr&teﬁ EE@§ were added,

The whole was then made up to one litre,




A 8plit plot randomized block analysis was carried

out on the data using the Wellesbourne-Waite genersal
statistical computer program {Genstat) of Nelder, J.A.,
Wilkinson, G.N., et 81 (te be published)., Vhen this
analyeis revealed the need for a genersl randomized block -
analysis involving the summation of errors this was cerried

out velng CGensgtat,

In all cases ths data was tresnsformed into
logarithmse, to the base e, 80 as to make the model additive

and to make the veriance belwsen the treatment homogeneous,

Abbrevi

ations used in Tables belaw:

G = So0il solution concentration
H - Harvest
R = Relative humidity
W - Water content of soil
IDF - Degrees of freedom
WME = Hean sqgusre
K8 = Not signifiecant
EMS - Error mesn sguare
2 = Signifiecant at 5% level
#x - Significant at 1% level

5% - Significant at 0.,1% level,
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3§ Qo

Effects of Treatments upon the Quantity of Water
Transpired (g)

Reps: Component oy K3 or Significance
Total 2 26179
Runa: R 9 _—
EMS i 0,320
W 2 EE T
a 2 H&
WxC i NS
. HxW 2 HS
HzC 2 Ng
RxH 2 et
RxW L s
RxC b b=
HxWz( L H&
RxHxW b Rk
RxHzC ] JiEs
ReWzC & Ha
RxHxWzC 8 it
EHg 102 0,0687

y of VWater Evapor-

gﬁa@ fg@m Fat (g)

H@p%z

Component DE M3 or Significance
Total 2 0.9%%%
Runs: R 2 EEE
BUS L 0.2250
Potes H 4 E5E
W 2 EXE
et 2 £
ExH 2 5
RxW b NS
RxHzW kL N5
His {138 0.0043
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b. Effect of Trestments upon Root Length (om)

Rep8:  gomponent DF ¥S or Significance
Total 2 0.918L
Runsa:
R 2 EER
BMS L 0.0882
Potes q 1 J—
W 2 EEE
C 2 E £
W=C iy i
HeW 2 NE
HxO 2 Ns
BRzH 2 HE
RxW i XX
BxC I Ha
HxWx0 ] Ny
RxHxW L Hs
RxHx0 L =
RxWxl 8 ns
RxHzW=0 8 S
EUSs 102 0.0453
G Zffect of Treatments upon Root Numbere
Reps:  Gomponent DF M8 or Signficance
Total 2 2.3510
Rune&s B 2 —
E¥S b 0.,2976
Potg: " 1 s
W 2 BE
C 2 E 4
wWxC Y N8
HxW 2 Hs
G 2 Ng
RxH 2 XX
BxW L HE
RxC L K8
HxWzd L et
RxHzW 4 Ns
RxH=xC L WS
RxWzx0 8 s
BxHeWal 8 ua
NS 102 0.4089
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do 1 Effect of Trestments upon Total Leaf Ares (em@}

Repss Component DF H& or Signifisance
Total 2 0,0865
Fote: R 5 —
E 1 EEX
W 2 EXE
c 2 Hs
WxC i E 1
HxW 2 s
HxO 2 :
ExH z E % ¢
RxW k i
RxC ) s
HxWz0 L Ns
RxHxW L Hs
Ra¥ixC Iy s
RxWxC 8 N5
RxHawWxC 8 Na
EME 106 De 0255

Component oy HS or Significance
Total 2 0.0860
Fote: R 2 EEE
H 1 BES
W 2 EEE
G 2 s
Wzl b F )
Hzxw 2 s
HxO 2 £ 4
BxH 2 EEz
ExW é; Ha
RxO b 18
HxWxC b NS
RzxHzW L ns
RxHx0 L NS
RxWx0 8 Ji$:]
RxHgWxC 8 Jets
TME 106 0,0260




29 B

d. 111 Effeect of Trestmenis upon Yellow Leaf Aves {amg)

As thers were no significsnt differences at
nine days only the results for eighteen days
are given below,

Reps:

Component g HS or 8ignificance
Tﬁtﬁl 2 m’i aﬁ@
Potay R 2 -
W 2 K3
& 2 EEE
WxC L jifs]
Raw L W3
Rx( L wa
RxWx0 8 N8
EUB 52 0.385

upon Total Wet Weight (mg)

8. i
Reps:  Gomponent DR M3 or Significence
Total 2 0.2680
Pots: R 2 ——
H 1 EXZ
W 2 EZE
@ 2 EER
Wz Iy W3
HxW 2 BEZ
HxC 2 Hs
RxH 2 =
RxW L s
BxC I &
HxWxC L E
RxHxW ] NS
RxHxC b N&
RxW=z0 8 s
RxHxWx0 8 Hﬁ
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€ 11  Effect of Treatments upon the Wet Weipght of Tops

Reps: Component oF MBS or SBignificance
Total 2 @.’2{}55
Pots: R o p—
H 4 BEE
W 2 BEE
g 2 X
Wzl L} HE
HxW 2 &
HxC 2 =
BxH 2 Ha
RxW L s
Bxo L s
HxW=zC kL 1
Rz¥zW L s
RxHxC L &
RxW=xC 8 N8
RxHxWzC 8 e
Eug 106 0.0136

€, 1ii Effect of Treatments upon the Wet Welight of Roots
~(mg)

Reps:

Component DF MS or Significeance
Total @ 00,0791
Fots; R 2 EEE
H 4 EEZ
W 2 b 7
c 2 EEX
WxC L i
HxW g F 1
HzC 2 ik
RxH Z #EZE
RxW by NS
RxC N Hs
HxWzC FH H8
RyHzW L s
RxH=C L Mg
HzWxo &8 ¥a
RElxW=l 8 N8
BME 106 0.0kl 9
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Effect of Treatments upon the Total Dry Weight (mg)

Reps:

Component e HS or Significance
Total 2 0.1306
Potes R 2 EEE
H 1 %
W 2 EEXE
Gc 2 E
WxC L Ns
HxW 2 EEE
HxC 2 jifs
RxH 2 Exz
RxW L N8
RxC <] Hs
HxWxC I Ns
ExHxW I HB
RxHxC h NG
RzWxC 8 N3
RxHzWzC 8 s
EM3 106 0,0098

L _the Dry Weight of Tops (mg)

Reps:  component DF M3 or Significance
Total 2 0.,0940
?0%3» n 2 EZE
H 1 EEE
W 2 EEE
G 2 s
Wxl b s
HxW 2 A
HzC 2 s
BxH 2 BEE
RxW L "8
Rx@ L He
HaWzl H it
RxHzW L i
RxHxC 4 EE
RaWxC 8 NS
RxHxW=C 8 &
BUS 106 0.0155
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111 Effect of Treatments upon the Dry Weight of Roots

mng)
Repe:  component  DF ¥S or Signifieance
Total 2 D.75L5
Pota: R 5 AEE
H 4 EEE
W 2 Ha
C 2 E
Wzl L s
HxW 2 xx
Mzl 2 T8
RxH 2 BEE
RxwW L W3
RxC b z
HxWzC L HE
RxtzWwW b na
ReH=Q ] g
RxW=C 8 i3+
HExHxWxC 8 N8
- EES 106 0,0L3%6

iv Effect of Treatments upon the ng Weight of Seeds

(mg)
ReP8:  gomponent F M5 or Significance
Total 2 0,0655
Pota: B 2 po—
H 4 BS
W 2 BB
g 2 Hg
WxC L g
HxW 2 HE
HxO 2 Ha
HzH 2 HEE
BEW L Bs
Rz( L Ha
HzW=0 L e
RaefxW L §a
Bxlixl i Hg
ReVizl 8 ns
RaHxwxl 8 Ns
BHS 106 0.,0248
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e i Effect of Trssiments upon Total Sodium Uptske

;».5@' ﬁ‘g{} )
heps: Component oE H8 or Significsnce
Total 2 0.L965
Pota; R 5 —
H 4 EXF
W 2 EZF
G 2 Ert
WxC L s
HxW 2 BS
Hx( 2 ZER
RxH 2 Er 71
RxW I s
RxO L ==
HxWxC L %
R=zHzwW 1] Hs
RxHxC L H3
RxW=zC & HS
RxMxi=C 8 I
BMS 106 0.,0928

'm(mgg{1g'}

Reps: Component DF NS or Bignificance
Total 2 0.030
Fots; R 2 -~
H 1 EBE
W 2 E v o
& 2 EEE
Wes b EF
HxW 2 E £
HxO 2 s
BxH 2 Ha
Rxw H NS
RxC L &
HxWzC L =
BaHzW b ks
BxHz0 b HE
RzWxC 8 HS
RxHxWxC 8 Wa
o B 106 0.167
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gs 111 [Effect of Treatments upon Sodium Accumulstion in
Eoote (mgx:1@2}

Reps: Component DF M8 or Significance
Total 2 10585
Pots: R 2 —
H 4 EEE
W P EEE
G 2 EEE
WxC L s
Hz¥ 2 Ha
Hx( 2 Ex3
BxH P EEE
Bz b us
RxC L #
HxWxo L NS
BExiizW L &
BxHzC L Ha
ReWxl 8 Ha
RxHzWzC a HE
B2 106 04108

he 1 Effect Qf Ireatments upon the Total Chloride ﬁpt&

Repss (mg x 10°)
- Component oF ¥S or Sigﬂifia@n@@
Total 2 0.7470
Potss B 5 xﬂav
" 4 BER
W 2 EFE
5 Z ExE
Wxo b Ns
HzW 2 s
HxC 2 7
HxH 2 ¥3
BxW L ®
RxC 4 EEE
HxW=l I XL
RxHxW 4 FTs
ExH=zC H EEE
ReW=zC 8 "y
RxHzWzC ) bk
BMS 106 0.0 81
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h. i1 Effect of Treatments upon Chloride Transfer o Tops

(mgx 10° )
Reps: Component g M3 or Bignificance
. Total 2 0.5985
Pots: R 2 j—
H 4 ==
W 2 E ¢
s 2 F £ £
WxC L N3
HzWw 2 Hg
HxC 2 Ex3
RxH 2 F
Raw i ]
- RzC L BEE
HxWz0 k ]
ExHzW L F £
RxHxC b EEE
RxWx0 8 W8
RxHxWx0 8 Hs
EME. 106 0.0476

111 Zffect of ?r@atm nts upoen Chloride Agcumulation
in Roots (mgx 10% ) '

Heps:

ﬂomyaneﬂt DF M3 or Bignificance
Total b, 0,9765
Potag ) 2 po—
H 1 Ezs
W 2 F ety
g 2 EER
WxG L Hg
HzxW 2 EXE
HxC 2 E++ 4
RxH 2 EEE
RxW b Ex%
ExC L EXZE
HxW=g L N5
RxHzxW L EF
RxHxC ] g
RExWzC 8 1
RxHxWxC 8 EX
s 106 0.0806
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Effect of Trestments upon Toial

Quentity of Water

Held in Plants (mg)

Reps: Component oE M8 or Significance
Total 2 0,2885
Pots: B 2 p—
H 1 EZE
W P EEE
G 2 Exz
Wz L N3
HxW 2 EZF
HxO 2 Hs
RxH 2 £ ¥
RxW L s
RxC L HS8
HxWxC L F 5
RxHzW Ly E
RxHxC b K&
RaWzo 8 s
RxHzWz0 8 s
EME 106 0.0497
Effect of Trestments upon Quantity of Water Held ‘

in the Reots (mg)

Reps:

ke

Component
Total

Pote: R

H
W
G
Wx0
HxW
HxC
RxH
Rxw
BxC
HxWxC
RxHxW
RzH=l
RxWx0
RzHeW=d
Bys

LT o B o o o = NE S RGP ol SR G RN ST

N
O

H3 or dignificancs
0.80358

EEX
IZE
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111 Effect of Trestments upon the Guantity of Water

Reps:

Component o M3 or Signifiesnce
Total 2 0.1105
Fots: B 2 —
H 1 EEE
W 2 zEE
C 2 EE
Wzl i s
HzW 2 B
Hz0 2 4
RzH 2 B
BaW i s
BzC L us
HaxW=z0 L HE
heh dsedi] L s
RxH=C L us
8 Hs
V a NS
BYS 106 0.0146
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