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Summary. Measurements of the radial diffusion of 
tritiated water, combined with axial and radial flow 
in an artificial cylindrical membrane,  are examined 
with the aid of a mathematical  model. The results are 
used to assess how far measurement of diffusion of 
labeled water in plant roots may throw light on 
pathways of movement  of water and on barriers to 
flow. 

Diffusion of water labeled with deuterium or tritium 
has been examined in many biological systems to 
throw light on membrane permeability and structure. 
These investigations have included studies on plant 
roots to elucidate the pathways of radial movement  
of water and the location of the tissues presenting 
major  resistance (Ordin & Gairon, 1961; Woolley, 
1965; Raney & Vaadia, 1965; Ginsburg & Ginzburg, 
1970a). Radial diffusion across the roots of intact 
plants to or from the conducting tissues is difficult to 
study since the xylem is not directly accessible to 
measurements;  this consideration has prompted the 
use of detached roots or preparations derived from 
them (e.g. Anderson & House, 1967; Jarvis & House, 
1967; Ginsburg & Ginzburg, 1970a; Clarkson, et al., 

1978), in which pathways of water movement  may 
differ from those in intact transpiring plants. 

We began the present study primarily to help 
interpret experiments on the diffusion of labeled wa- 
ter in roots of intact barley roots (Shone & Wood, 
1977; Shone & Flood, in preparation). In these experi- 
ments, labeled water was supplied to apical zones of 
the roots, and the quantities released by diffusion to 
unlabeled solution surrounding the basal zones were 
measured; there was evidence that a large proport ion 
of the labeled water had been translocated between 
the two zones via the xylem vessels. This implies a 
concentration gradient of labeled water along the 
longitudinal axis of the xylem conducting tissues 
within that portion of the roots in the unlabeled 
solution, accompanied by a net uptake of the un- 
labeled water across the radial axis of the roots. To 
assess the experimental results it was necessary to 
calculate the rate of radial diffusion of the labeled 
water across the root from the xylem to the outer 
medium, but standard mathematical  solutions for the 
conditions outlined above seemed not to be available 
in the literature (e.g., Crank, 1964). We have accord- 
ingly derived an equation for the radial diffusion of 
labeled water from a longitudinal cylindrical source 
of varying concentration when there is net radial 
movement  of water (Fig. 1). The equation was tested 
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Fig. 1. Radial diffusion (2) of tritiated 
water which has entered the lumen of a 
cylindrical membrane (external and 
internal radii r 2 and r:, respectively) at 
a rate of flow F~. and tritium 
concentration C o . Unlabeled water 
passes radially into the membrane with 
a flow R~n resulting in a decrease in the 
concentration of tritium along the 
length I of the membrane. In the 
Appendix, the longitudinal (F:n) and 
radial (Rin) flows are defined per unit 
area as Fo and (-Ro) respectively 
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in a model system consisting of a hollow cylindrical 
ultrafiltration membrane (Amicon, Diafiber H1 P10) 
of approximately the same external diameter as the 
seminal axis of a barley root, but with a single central 
lumen, as opposed to the multiple xylem vessels in 
the root. This membrane had a nominal molecular 
weight cut-off of 104 . Data published by the manufac- 
turers and microscopical examination suggest that 
the effective ultra-filtration "skin" on the internal 
surface of the membrane is about 1 ~tm thick and that 
this is surrounded by a spongy layer of the same 
material about 85 ~m thick, with much wider pores. 
The material is, therefore, inhomogeneous and, by 
analogy with a root, comprises a "free space", with 
wide pores surrounding a thin "endodermis." Experi- 
ments on this physical model lead to some con- 
clusions as to how far effects associated with un- 
stirred layers must be taken into account in compara- 
ble studies on plant roots; the importance of allowing 
for these effects with rapidly diffusing solutes has 
been clearly discussed in reviews by Dainty (1963, 
1976). Using earlier measurements as data (Shone & 
Wood, 1977), we estimate apparent diffusion coef- 
ficients of labeled water in roots in intact, transpiring 
barley plants and examine the relevance of measure- 
ments of tracer diffusion to elucidating pathways of 
water movement. A major difficulty in interpreting 
such measurements lies in the composite nature of 
many membranes and tissues, including those in the 
present study. Apparent diffusion coefficients derived 
from measurements of overall permeabilities may not 
provide information on the permeabilities of the in- 
dividual components of the tissue. 
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Fig. 2. Apparatus for measuring radial diffusion of tritiated water 
and net flow of unlabeled water in a Diafiber cylindrical mem- 
brane. A, burette containing tritiated water; B-B', membrane; E, 
vessel collecting outflow from membrane; G, manometer; H, Per- 
spex chamber; J, magnetic stirrer; K, air line for applying pressure 
or suction to H; S, seals; V, Polythene vessel containing unlabelled 
water 

passed longitudinally through the membrane. At the end of each 
experimental run, a sample of the water in vessel Vwas counted to 
find the tritium content. 
Let F~n =ra te  of volume flow of labeled water entering lumen of 

membrane at B (cm 3 sec- 1) 
C O = specific activity of labeled water entering at B (gCi cm- 3) 

Ri ,=ne t  radial volume inflow of unlabeled water from V 
(cm 3 sec- 1) 

2=ra te  of loss of THO to V per unit specific activity Co 
(cm 3 sec 1) 

C~= specific activity of labeled water emerging at E 
(gCi cm 3) 

Materials and Methods 
Then the rate of mass flow of water emerging at E (Font) =Fin +Rin 
and from the balance of inflow and outflow of tritium 

Diafiber (Amicon) membranes (mean external and internal dia- 
meter 0.039 and 0.022 cm, respectively, and length l) were mounted 
in the apparatus (Clarkson et al., 1978 and Fig. 2). Measured 
volumes of water labeled with tritium (THO, 1.5 gCi ml-1) were 
passed from the burette A through the membrane B-B' which was 
sealed (S) into polythene tubing and mounted in a polythene vessel 
V holding 50 ml of unlabeled water; in some experiments this was 
vigorously stirred with a magnetic stirrer d, 12 mm long and 5 mm 
diameter, rotating at 2 • 103 rpm. Some experiments were also 
made with labeled water in the vessel V and unlabeled water passing 
through the membrane. Labeled water emerging from the membrane 
was collected at E and the radioactivity measured by liquid scintilla- 
tion counting. The tubing between the membrane and E was made 
as short as practicable to minimize dead-space effects. The apparatus 
was mounted in a Perspex chamber H, and a net radial flow of water 
through the membrane was induced by applying pressure or suc- 
tion through tube K; pressure differences were measured with the 
manometer G. In most experiments, about 1 cm 3 water, represent- 
ing about 500 times the volume of the membrane lumen, was 

Fin C o = 2 C O + C t (Fin + Rin ) 

o r  

c/co = (1 - 2~/f~n)/(1 + Rm/F~,,). (i) 

From the model described in the Appendix, a relationship between 
the apparent diffusion coefficient of THO, D, R~n and 2 can be 
derived as follows: 

Rinln(r2/rl) 
D - (2) 

2~lln{1 ln(l +RjFin)'l~n(~ ) 

where l, r 1 and r 2 are, respectively, the length, and the internal and 
overall radii of the cylindrical membrane (Fig. 1). In the derivation, 
it is assumed that the specific activity in the medium surrounding 
the membrane is negligible by comparison with that in the mem- 
brane lumen; this condition was fulfilled in practice under our 
experimental conditions. 
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Results and Discussion 

Estimates of Diffusional Permeabilities 
in the Model System 

Constant values of D were obtained in preliminary 
experiments when 1 and F~, were varied in the ab- 
sence of stirring, both when the labeled water was 
passed through the lumen of the fiber membrane and 
when it was supplied externally. However, when R~, 
was increased by applying pressure to the system at 
K, there was a corresponding increase in D; this was 
further accentuated when the water in the vessel V 
was stirred (Fig. 3). This observation seemed con- 
sistent with the presence of an unstirred layer of water 
around the membrane acting in the absence of stir- 
ring or net uptake of water as a resistance to dif- 
fusion of labeled water in series with the membrane 
itself. The increase in D at larger values of R~, seemed 
consistent with the progressive disruption of the un- 
stirred layer, or its displacement closer to the surface 
of the membrane. 

Stirring seems unlikely to have resulted in any 
appreciable mixing of the solution within the "free 
space" of the membrane, which constitutes the major 
fraction of the total length of the radial pathway 
across the membrane and therefore may govern the 
magnitude of D in the membrane as a whole. For 
values of R~ greater than zero, when Fin ranged from 
2.1 x 10-3 to 0.8 • 10 3 cm 3 see 1 D increased only 
marginally and seemed to tend towards a value of 
about 8 x 10 -6 cm 2 sec- ~ under stirred conditions, or 
about one-third of the self-diffusion coefficient of 
T HO in water ( 2 4 x 1 0 - 6 c m  2 sec -~, Dick, 1966). 
Hays (1968) investigated diffusion of THO across 
cellulose acetate membranes, of structure and thick- 
ness comparable with the Diafiber material, com- 
posed of a thin ultrafiltration skin supported by a 
much thicker porous layer. He showed that removal 
of the skin had little effect on the magnitude of D 
which was about 25 ~o of that in water. He accord- 
ingly concluded that diffusion was rate-limited by the 
thick porous layer and that about one-fourth of the 
area of this layer was open to diffusion. It was not 
possible to remove the ultrafiltration skin of the 
Diafiber membranes but the similarity to Hays' ma- 
terial suggests that the thick supporting layer again 
offered the main resistance to diffusion. 

Neglecting any residual unstirred layer, the cor- 
responding value of the membrane permeability (Pm) 
may be calculated from the relationship (Ginsburg & 
Ginzburg, 1970b) 

P=D/[r2 ln(r2/rl)] (3) 
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Fig. 3. Relationship between apparent diffusion coefficient (D) of 
tritiated water in Diafiber membrane and net radial flow (Rin) of 
unlabeled water. Open and closed circles represent, respectively, 
stirred and unstirred conditions 

whence 

Pro=7.1 X 10 -~ cm sec -1, 

The overall permeability (Propel) in the absence of 
stirring, and when R~n=0 , will be (Eq. (3)) 4.0 
x 10 4 cm sec- 1. An estimate of the thickness of the 

unstirred layer may be made from Ptotai and Pm using 
the relationship (Dainty, 1963) 

1/Ptota 1 = 1/P m + 61/DTHo + 62/DTHo (4) 

where 61 and 32 are the thicknesses of the external 
and internal unstirred layers and DTH o the self-dif- 
fusion coefficient of TH O  in water. Unstirred layers 
in the internal solution are likely to be tess important 
due to the longitudinal flow of water along the lumen 
of the fibre membrane; this accorded with the finding 
that D did not vary with F~n at constant values of R~n. 
Neglecting 62 and taking DTH o as 2.4 
x l 0 - S c m Z s e c  -1 (Dick, 1966) gives b 1 as about 

0.03 cm. 
Although the thickness of the unstirred layer is an 

equivalent rather than an actual dimension, its signi- 
ficance in both physical (e.g., Bircumshaw & Rid- 
diford, 1952) and biological systems is well document- 
ed; depending on the size and shape of the solid 
phase and on rates of stirring, b may vary between 
0.002 and 0.05 cm (Dainty, 1963). The value suggested 
in the present work on a model system of dimensions 
comparable with a barley root lies in this range; its 
significance is discussed below. 

Estimate of Bulk Permeability in the Model System 

Using the diffusion apparatus (Fig. 2) we were able to 
estimate the bulk (hydraulic) conductivity (Lp) of the 
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Fig. 4. Relationship between net radial influx of water (*Iv) and 
applied pressure (A~b) for Diafiber membrane. Open and closed 
circles represent respectively stirred and unstirred conditions 

membrane. In the absence of any difference in os- 
motic pressure across the membrane, this is given by: 

Jv=I~A~ (5) 

where: Jv is the bulk flow of water across the mem- 
brane per unit area (cm sec- a)=Rio/2rcr 2 l; 
L~ is the hydraulic conductivity (cm sec -1 kPa-~);  
A0 is the hydrostatic pressure difference across the 
membrane (kPa), and in the present experiments the 
difference between the applied pressure ( - 1 3  to 
47 kPa) and that attributable to the head of water in 
the burette A (4 kPa). 

The slope of the relationship between Jv and A~p 
(Fig. 4) gives Lp as 0.74 x 10 .4  cm sec 1 kPa -  1; stir- 
ring evidently had no effect on this value. 

By analogy with other artificial and natural com- 
posite membranes (House, 1974; Page, Abramovich 
& Smith, 1974a, b), the magnitude of L e is probably 
governed by the pore size of the ultrafiltration skin, 
whereas that of Pm by the path length and tortuosity 
of the supporting tissues. This precludes making re- 
alistic estimates of pore size from the ratio L j P  m such 
as may be possible in simple membrane systems. 

Application of the Model System to Plant Roots 

Simplifying assumptions must be made in using the 
above model to examine radial diffusion in roots. 
Thus, in barley, the conducting tissues of the 
xylem consist of a large central vessel surrounded 
by seven or eight smaller metaxylem vessels that lie 
within the endodermis; the latter is often envisaged 
as a barrier to the free diffusion of water and solutes. 
In applying the model, estimates of the effective 
internal radius of the root (r 1 in Fig. 1 and Eq. (2)) 
might therefore be based either on the mean cross- 
sectional area of the xylem vessels or on the internal 
radius of the endodermis. The presence on the older 

zones of the main axes of lateral roots, which may 
supply water directly to the main xylem vessels, will 
introduce further uncertainty in applying Eq. (2) to 
these zones. Results are, however, available from 
experiments over a 24 hr period (16 hr day-length), on 
bulk flow of water, axial flow in the xylem, and 
diffusion of THO out of segments of roots of intact 
barley plants, about 5 to 8.5 cm from the root tip, 
and bearing no laterals (Shone & Wood, 1977, Ta- 
ble 8, lines D and E). From this table, values of 2, R~n 
and F~o for pairs of root segments, each 3.5 cm long 
( l=7cm),  were, respectively, 0.164, 0.115 and 
0.183 cm 3 day 1. Measurements on transverse sec- 
tions of the roots gave r 2 as 250 pm and r~ as 85 pm 
(radius of endodermis) or 39 lam (effective radius of 
xylem vessels). In these experiments, the calculated 
minimum concentration of tritium in the xylem ves- 
sels (Cl, Eq. (1)) was ten times that in the medium 
surrounding the roots into which the labeled water 
was diffusing; C o was greater by a factor of over 100. 
On the basis that the external concentration was 
small in relation to that in the xylem, values for D 
were calculated from Eq. (2) (Table 1). Lp was 
calculated fi'om Rin and A ~ (Eq. (5)), using data from 
separate measurements of leaf water potential (A0 
=0.6 MPa). We also compared values for these quan- 
tities in other root systems and in the Diafiber mem- 
brane (Table 1). 

On the basis of Eq. (4), the effect on tracer per- 
meability of an external unstirred layer 0.03 cm thick 
around roots of radius about 0.02 cm (as in barley) 
would be only about 1 ~ if the apparent diffusion 
coefficient were less than 0.3 • 10 .6  cm 2 sec ~; this 
accords with the observation (Shone & Wood, 1977) 
that gentle stirring by aeration had no significant 
effect on the rate of loss of labeled water by these 
roots. The tracer permeabilities (P) calculated from 
Eq. (3) were 6.0 or 6.5• 10 -6 cm sec -~ based re- 
spectively on the stelar and effective xylem radii. 

The values for the apparent diffusion coefficient in 
segments of roots of intact, transpiring barley plants 
are considerably smaller than those reported for de- 
tached roots and preparations derived from them, 
and for roots of plants where transpiration had been 
eliminated; the hydraulic conduct iv i ty , / , ,  was, how- 
ever, within the range quoted for whole root systems 
of various plant species and markedly less than those 
in root preparations (Table 1). In applying Eq. (2) to 
roots, the small value found for D is unlikely to result 
from experimental errors in determining the variables 
in the equation. Thus, a fivefold increase in Rim, with 
the remaining variables constant, would only double 
the value of D. Even if 2=0.99 Fin, the value of D 
would be increased by a factor of less than 2. In our 
experiments with barley, although some of the la- 
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Table 1. Comparisons between estimates of apparent diffusion 
coefficients (D) and hydraulic conductivities (Lp) in plant roots and 
an artificial cylindrical membrane  

Material/reference D / ,  
cm 2 sec i nm sec 1 
x 106 M P a -  1 

Viciafaba root segments 
(Ordin & Gairon, 1961) 1.8 

Zea mays roots intact plants; 
transpiration eliminated 
(Woolley, 1965) 5.0 

Zea mays detached roots 
(House & Jarvis, 1968) 1.9 

Zea mays roots: cortical 
sleeve preparations 
(Ginsburg & Ginzburg, 1970a) 1.2a 

Allium cepa roots: nonliving 
epidermal/hypodermal sleeve 
preparations 
(Clarkson et al., 1978) 2.0 a,b 

89 

6-10 x 103 

Various plant species, whole 
root systems 
(Newman, 1976) 5.4-61 

Roots of intact transpiring 
barley plants, 5-8.5 cm 
from root apex 
(Shone & Wood, 1977) 0.17-0.29 ",b,c 20 d 

Artificial Diafiber membrane  
(present work) 8.0 a 74 x 104 

Self-diffusion coefficient 
of T H O  in water 
(Dick, 1966) 24 - 

" Allowance made for effects of unstirred layers. 
b Calculated from authors '  results on tracer permeabilities. 
r Calculated respectively on the basis of the internal radius of 
the endodermis and the effective radius of the xylem vessels. 
a Based on separate measurements  of water potential difference 
between leaves and solution of 0.6 MPa.  

beled water may have moved longitudinally through 
the cortex, the major proportion had probably dif- 
fused radially from the xylem vessels to the external 
medium (Shone & Wood, 1977). This contrasts with 
some earlier work (Ordin & Gairon, 1961; Woolley, 
1965; Raney & Vaadia, 1965), where rates of dif- 
fusion into the tissues as a whole were estimated by 
immersing the roots in labeled water or by measuring 
efflux from previously labeled roots (Jarvis & House, 
1967; House & Jarvis, 1968). These experiments 
would presumably have provided a measure of rates 
of influx and efflux of THO into the cortical vacuoles. 
By contrast, experiments with detached roots in 
which THO concentrations in the root tissues were 
compared with those in the xylem sap exuding from 
the cut end of the root (Hodges & Vaadia, 1964; 

Anderson & House, 1967) suggest markedly slower 
rates of exchange of water with the sap than with the 
cortical cells. In other work the central elements of 
the root had been removed to give a sleeve of tissue 
about 10 (Ginsburg & Ginzburg, 1970a) and 2 
(Clarkson et al., 1978) cells thick. Note that in the 
experiments of Ginsburg and Ginzburg (1970a) with 
cortical sleeves of maize, there was no significant 
difference between the rates of radial influx and efflux 
of labeled water. 

The pathways of movement of water may differ in 
intact roots and may also vary with environmental 
conditions. Raney and Vaadia (1965) found that 
when roots of sunflower plants were immersed in 
tritiated water, the THO content of the roots ap- 
proached equilibrium with that in the ambient me- 
dium considerably more rapidly with detached roots, 
or with roots of shaded plants, than with those of 
transpiring plants in the light. They conjectured that 
in the latter case most of the bulk flow of water might 
be occurring via the cell walls ("free space") and that 
equilibration of THO was tending to take place with 
this fraction of the water in the roots rather than with 
the total volume, which would include water within 
the cells. Restricted diffusion of water across the 
cortex, which comprises the major portion of the root 
tissue, could thus account for the low value of D. 
Diffusion would then be rate limited by the path 
length and available area as with the composite cel- 
lulose acetate membranes of Hays (1968) and, by 
analogy, the Diafiber membrane. However, over the 
root zone examined in the present experiments, there 
is a progressive deposition of suberin lamellae in the 
endodermis which appears to coincide with a decline 
in the permeability of the root to mass flow of water 
(Graham, Clarkson & Sanderson, 1974). Under con- 
ditions where the resistance of the cortex remains 
constant, a comparison of D for younger and older 
zones of the root, before and after these developmen- 
tal changes in the endodermis, could indicate whether 
the latter presents a high resistance to diffusion. We 
are currently investigating this question. 

We thank Drs. J.V. Lake, D.T. Clarkson, M.C. Drew and Mr. P.H. 
Nye for helpful comments  on the manuscript  and the appendix and 
are grateful to Amicon Ltd. for samples of their Diafiber mem- 
branes. 

Appendix 

Mathematical model of volume flow and diffusion of 
water in cylindrical membrane. 

In Fig. 1, let 
x = distance along axis,/=total length 
r = radial distance from central axis 
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r 1 

r2 

F(x) 

R(r) 

C(x, r) 

D 

= radius of lumen 
=effective outer radius of membrane, which 

may include an unstirred layer 
= longitudinal flux of T H O  along lumen 
= Fo when x = 0 
=radia l  flux of T H O  within membrane,  mea- 

sured in the direction of r 
= Ro when r = r 2 

For a net inflow, R will be negative. 
=specific activity of THO,  = C  O when x = 0 ,  

r = 0  

=apparen t  diffusion coefficient of T H O  in 
membrane. 

Radial Movement 

Consider a cross-section of the membrane of thickness 
d x. Assuming a steady state, let L(x)= rate of loss of 
T H O  per unit area across the outer surface of the 
membrane. Total volume flow of T H O  must be con- 
stant for all r so that 

27cr dx R(r)=2rtr 2 dX Ro, 

i.e., flux 

R ( r ) -  r2 R~ (A 1) 
r 

Total diffusion flow of T H O  in the cross-section at 
distance r from the center 

OC(x,r) 
= - 2~zr dx D - -  

Or 

and, using Eq. (A1), total flow of T H O  

=2rcr 2 dx Ro C(x, r). 

For a steady state 

- 27cr dx D O C(x, r) +2~r2  dx Ro C(x, r) 
Or 

=2rcr 2 dxL(x)  

o r  

OC(x,r) r2R~ c(x ,r )= r 2L(x) 
Or rD rD 

Using the integrating factor r - - -  

C ' "  L(x) . - ,  ,.2Ro 
(x)=~-o +A(x)r  D 

r2 R o  

z) gives 

or, assuming (see page 172) that C 0 when r =  r 2 for 
all x, 

r2Ro 

(A2) 

Movement along Lumen 

Now consider an element of the lumen of length dx. 
Assuming the lumen is sufficiently narrow for any 
radial non-uniformity to be negligible, the specific 
activity m it 

I" 2 R o 

Total volume flow of T H O  into lumen over length x 

=~r2Fo-2~zr2Ro x, using Eq. (A1) 

and flow out 

= ~ r l  ~ F(x) 

so that 

2r2R~ (A4) 
F(x)=Fo r~ 

Total flow of T H O  into element along lumen 

= 7cr~ F(x) C(x). (A4a) 

Total flow in from membrane 

= - 2 r c r  2 R o C(x) dx, using Eq. (A1). (A4b) 

Total diffusion flow out to membrane 

= _ 2~rl dx D ~O C(x' r)~ 
~ o r J  . . . .  

r2 Ro 1 

= - 2 ~ z r l d x / ) -  ~ -  

r 2 R o  

= 2 ~ r  2 r(~2) ~ L(x) dx. (a4c)  

Total flow out of element along lumen 

=~zrl 2 F(x +dx) C(x +dx) 

2 d C (x) 
~-rcr~ F(x) C(x)-{- ~r I F(x)~7-x dX 

- 2 ~ r  2 R o C(x) dx, using Eq. (A4). (A4d) 



M.G.T. Shone, B.O. Bartlett, and A.V. Flood: Diffusion and Mass Flow of Water 177 

For a steady state, equating (a)+ (b) to (c)+ (d) 

r2 ~o 

~rri F(x ) dx+21rr 2 L(x)dx=O 
cIx 

or, substituting for F(x) from Eq. (A4) and L(x) from 
(A3) and rearranging 

r2 Ro 

r 2 D - 1  -~ rZlF ~ 1 7 6  

Integrating, and putting C = C o when x = 0 
l 

rZ Vo ] (A51 

From Eqs. (A2), (A3) and (A5), a general expression 
for the concentration of THO at any point in the 
membrane may be written 

r2 Ro 1 

1 ( 2r2R~ (A6) 
C(x,r)=Co r2Ro 1 r~Fo ! 

Derivation of Eq. (2), p. 172 
Total flow of THO into lumen (at x=0) 

=Tcr~ Fo Co 

and flow out (at x = I ) = ~ r  2 F(l)C(I) 

l 

2r2Rol t_ 
=~r2Fo C O (1 r~Fo ) , 

using Eqs. (A4), (A5) and rearranging so that volume 
rate of loss of THO from outer surface of membrane 
per unit Co is 

1 

!) } 
Putting ~zr 2 F o =Fin , 2 ~ r 2 R o l = - R i  n and solving for 
D gives 
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