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SUMMARY 

T h e  u se fu lne s s  of a t e n s i o m e t e r - p o t o m e t e r  s y s t e m  in i n v e s t i g a t i o n s  of 
w a t e r  f low in t h e  v i c i n i t y  of  a p l a n t  roo t  h a s  been  d e m o n s t r a t e d .  Measure -  
m e n t s  were  m a d e  of t h e  roo t - so i l  i n t e r face  w a t e r  po t en t i a l ,  x y l e m  p o t e n t i a l  
a n d  t h e  d i s t r i b u t i o n  of w a t e r  f l uxes  a n d  roo t  r e s i s t ance  a long  t h e  l e n g t h  of a 
m a i ze  root .  For  a roo t  g rowing  in  sand ,  t h e  rh i zosphe re  r e s i s t a nc e  was  3.5 
to  8 t i m e s  t h e  r ad i a l  r e s i s t ance  of t h e  roo t  a t  a v e r a g e  rh i zosphe re  p o t e n t i a l s  
of - - 2 5 0  m bars .  Fo r  a roo t  g rowing  in s a n d y  l o a m  suc h  rh i zosphe re  r e s i s t ance  
was  n o t  a ch i eved  u n t i l  t h e  a v e r a g e  rh i zosphe re  p o t e n t i a l  is a p p r o x i m a t e l y  
- -  2 bars .  

INTRODUCTION 

The importance of obtaining direct experimental measurements of 
the water potentials and fluxes in the vicinity of plant roots growing 
in soil has recently been emphasised 11 12. At present most of the in- 
formation available has been derived from indirect measurements or 
from mathematical models based on various assumptions. 

Of particular interest is the relative magnitude of the resistance to 
flow provided by the soil and plant pathways respectively. While 
numerous workers have presented evidence to suggest that the rhi- 
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z o s p h e r e  r e s i s t ance  can  be a p p r e c i a b l e  in  r e l a t i o n  to  t he  r e s i s t ance  

in t h e  p l a n t  e v e n  a t  v e r y  h igh  m a t r i c  p o t e n t i a l s  a 5 6 7 s, N e w m a n  

has  q u e s t i o n e d  the  v a l i d i t y  of m a n y  of t he  a s s u m p t i o n s  a n d  in t e r -  

p r e t a t i o n s  used  in p r e v i o u s  w o r k  a n d  has  c o n c l u d e d  t h a t  a p p r e c i a b l e  

r h i z o s p h e r e  r e s i s t ances  g e n e r a l l y  on ly  occur  w h e n  the  soil is n e a r  or  

b e y o n d  t h e  p e r m a n e n t  w i l t i n g  po in t .  

M u c h  of  t h e  d i f f i c u l t y  in r e s o l v i n g  th i s  q u e s t i o n  ar ises  f r o m  the  

l ack  of a su i t ab l e  m e t h o d  of  m e a s u r i n g  the  w a t e r  p o t e n t i a l  at  t h e  

roo t - so i l  i n t e r f ace .  I n  t h e  p r e c e d i n g  p a p e r  of th i s  ser ies  15 the  con-  

s t r u c t i o n  a n d  o p e r a t i o n  of a t e n s i o m e t e r - p o t o m e t e r  s y s t e m  c a p a b l e  

of  m e a s u r i n g  in situ a n d  s i m u l t a n e o u s l y  t he  x y l e m  w a t e r  p o t e n t i a l ,  

t h e  roo t - so i l  i n t e r f a c e  w a t e r  p o t e n t i a l  a n d  t h e  f lux  of w a t e r  i n to  a 

s ingle roo t  g r o w i n g  in a soil  was  desc r ibed .  Th i s  p a p e r  p r e s e n t s  t h r e e  

ser ies  of e x p e r i m e n t s  c a r r i e d  ou t  to  e v a l u a t e  t he  poss ible  app l i ca -  

t i ons  of th i s  t e n s i o m e t e r - p o t o m e t e r  sy s t em .  

MATERIALS AND METHODS 

The construction and operation of the tensiometer-potometer system was 
described in the previous paper of this series 15. Briefly, this apparatus con- 
sists of a tensiometer collar in series with one or more flow collars to make up 
a potometer system, in which a single plant root can be grown. The tensio- 
meter consists of a ceramic cylinder of 0.6 cm ID cemented at its ends inside a 
perspex cylinder leaving a gap between the two materials which acts as a wa- 
ter reservoir. This reservoir is connected to a pressure transducer system and 
a calibrated capillary through a 3-way vacuum tap, such that  it can be ope- 
rated as a tensiometer or a flow collar for measuring the flux of water into the 
root. The inside of the ceramic cylinder of the tensiometer is packed with 
ceramic particles of 0.25-0.5 mm size, leaving a small channel in the centre 
for the root to grow through. The expectation is that  the ceramic particles 
will act essentially as an extension of the ceramic wall of the tensiometer. The 
flow collars which are similar in construction (with the exception tha t  they 
are not connected to a pressure transducer system) were similarly packed with 
either ceramic particles or soil. 

At ectuilibrium the tensiometer will measure the xylem water potential of 
the root. The flow collars are used to measure the flux of water into the root 
under various suctions applied to the collar to simulate various soil suctions. 

The soils used were a silicious sand from Jandakot,  Perth, W. A. and a 
sandy loam from Harvey,  W. A. Plants used were hybrid maize seedlings 
described in the first paper 1~. The transpirational demand on the plant was 
varied by controlling the environmental  conditions of the aerial part  of the 
plant within a perspex cabinet, 



WATER FLUXES AND POTENTIALS. II 463  

Measurement o/ the xylem water potential using the/lux-estimation method 

As t h e  t e n s i o m e t e r  is l imi ted  in t he  range  of m e a s u r e m e n t  to  - 0 . 8 5  bars ,  
it  was  h o p e d  t h a t  xy lem w a t e r  po ten t i a l s  be low --0 .85 bars  could be e s t i ma t -  
ed b y  the  f lux e s t ima t ion  me thod ,  s imilar  to  t he  m e t h o d  employed  by  
B r o u w e r  2 w i th  his p o t o m e t e r s  con ta in ing  n u t r i e n t  solut ions w i th  var ious  
concen t r a t ions  of an osmot icum.  This  would  g rea t ly  enhance  the  range  of 
usefulness  of t he  equ ipmen t .  

The res i s tance  of t he  root  t issues to  w a t e r  f low is k n o w n  to  change  wi th  
t he  suct ions  appl ied  to t he  roo t  s 10 1~ bu t  th i s  change  t akes  some t ime  to  
complete .  The f lux i m m e d i a t e l y  a f te r  a change  in appl ied  suct ions  will con- 
s e q u e n t l y  be sub jec t  to  the  original  roo t  res i s tance  before t he  change.  An 
e s t im a t e  of the  x y l e m  w a t e r  po ten t i a l  can the re fore  be o b t a i n ed  by  l inear  
ex t r apo l a t i on  to zero flux of the  f lux-suc t ion  re la t ionsh ip  given b y  the  fluxes 
measu red  before  and  i m m e d i a t e l y  a f te r  the  change  in suct ion.  Fo r  g iven en- 
v i r o n m e n t a l  condi t ions  inc luding a c o n s t a n t  root  e n v i r o n m e n t  t he  x y l e m  
wa te r  po t en t i a l  will r emain  essent ia l ly  c o n s t a n t  and  unaf fec ted  b y  the  suct ions  
imposed  on a single root.  

Two e x p e r i m e n t s  were  conduc t ed  using a two-col lar  a r r a n g e m e n t  (Exp.  1 
and  2) to  inves t iga te  the  accuracy  of th is  me thod .  One collar was used as a 
f low collar whereas  t he  o the r  was used as a t e n s i o m e t e r  collar to  check the  
accu racy  of t he  f lux e s t ima t ion  me thod .  

Measurement o/ the water potential at the root-soil inter/ace and the root-soil 
resistance to water/low 

These m e a s u r e m e n t s  were conduc t ed  using th ree  collar a r r a n g e m e n t s  con- 
s i s t ing  of a 2 cm flow collar packed  wi th  J a n d a k o t  sand  (sand collar), a t en -  
s iomete r  and  a f low collar packed  wi th  ceramic  par t ic les  (ceramic collar). 

The  f luxes of w a t e r  t h r o u g h  the  sand  collar were  measured  wi th  var ious  
suct ions  appl ied  to the  collar. These  valves  t hus  cons t i t u t e  t he  suct ions  of the  
soil w a t e r  a t  the  ou te r  b o u n d a r y  of t he  soil cylinder.  S imul taneous ly  the  f lux- 
suc t ion  curve for the  same root  was measu red  using the  t ens iome te r  and  cera-  
mic flow collar which  was sub jec t ed  to  var ious  appl ied  suct ions.  As the  re- 
s i s tance  of t he  ceramic  par t ic le  bed  (10 2 m b a r  H R  cm 2) was ve ry  smal l  
re la t ive  to t he  root  res i s tance  (10 4 m b a r  H R  cm-~) t he  f lux-suc t ion  curve  
essen t ia l ly  re la tes  to  t he  f low proper t i e s  of t he  root  only  and  the  appl ied 
suc t ion  is essent ia l ly  t he  inverse  of t he  w a t e r  po ten t i a l  at  the  root  surface.  

The w a t e r  po ten t i a l  at  t he  root  surface t h a t  resul ts  in a f lux s imilar  to  t he  
f lux of w a t e r  t h r o u g h  the  sand  collar can thus  be found  f rom the  f lux-suc t ion  
curve.  Once th is  was de t e rmined ,  i t  becomes  a s imple  m a t t e r  to  calculate  t he  
roo t  and  soil (or sand) resis tances.  

Three  e x p e r i m e n t s  were carr ied ou t  in th is  series (Exp.  3, 4 and  5). 

Measurement o/ the distribution o/ /luxes and resislanees along the length o/ a 
root 

These  m e a s u r e m e n t s  were conduc t ed  using a three-col lar  a r r a n g e m e n t  
cons is t ing  of a t e n s i o m e t e r  collar (ceramic) s andwiched  be tween  two soil 
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collars  p a c k e d  w i t h  a s a n d y  l o a m  f rom tile H a r v e y  reg ion  in W.  A. F l u x  
m e a s u r e m e n t s  were t a k e n  a t  t h e  soil collars  u n d e r  a c o n s t a n t  s u c t i o n  of 100 
m b a r s  a n d  t h e  x y l e m  p o t e n t i a l  was  m o n i t o r e d  w i t h  t he  t e n s i o m e t e r .  T h e  soil 

r e s i s t ance  a t  t h i s  suc t i on  was  v e r y  sma l l  r e la t ive  to  t he  roo t  r e s i s t ance  a n d  
h en ce  t h e  root-soi l  i n t e r face  p o t e n t i a l  m e a s u r e m e n t s  were n o t  cons ide red  
necessa ry .  T h e  l e n g t h  of roo t  t h a t  h a d  g rown  t h r o u g h  t h e  p o t o m e t e r  was  mo-  
n i t o r ed  w i t h  t i m e  so t h a t  a l ly  f lux  m e a s u r e d  could  be  a s soc ia t ed  w i t h  a pa r -  

t i cu l a r  pos i t i on  on  t h e  root .  
T h e  s a n d y  l o a m  was  used  i n s t e a d  of t h e  s a n d  be c a use  i ts  r e s i s t a nc e  to  wa-  

t e r  f low is smal ler ,  i ts  r e s i s t ance  to  roo t  p e n e t r a t i o n  is sma l l e r  a n d  i t  a ppe a r s  

t h a t  t h e  roo t  m a d e  b e t t e r  c o n t a c t  w i t h  t h e  s a n d y  l o a m  thai1 w i t h  t h e  sand .  
Two e x p e r i m e n t s  were c o n d u c t e d  for t h i s  series (Exp.  6 a n d  7). 
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TABLE 1 

Accuracy of the flux estimation method 

465 

Exp. Tensiometer Xylem potential (mbars) measured by flux 
estimation method* 

1 

2 --493 

3 --312 
4 --312 
5 --465 

--410, --416, --420, --426, --436 
--340(69), --483(98), --480(97�89 --440(89�89 
--340(69), 385(78), --430(87), --485(98�89 
-290(93), -360(115), -315(101) 
- -  291 (93), -- 287(92) 
--386(83), --394(85), --290(62�89 

* Numbers in brackets are the percentages of the tensiometer readings. 

1 is the equilibrium flux at a suction of 80 mbars, 2 is transient flux 
immediately after the suction was changed to 300 mbars (after 
allowing 5 min for a drainage equilibrium to be achieved for the 
ceramic particles). 3 is the equilibrium flux at 300 mbars suction 
whereas 4 is the transient flux immediately after the suction was 
changed to 80 mbars. The intercept of line 1-2 or 3-4 with the Y- 
axis should give an estimate of the xylem water potential as meas- 
ured by the tensiometer. The accuracy of these estimations varies 
widely as shown in Table 1. In this table this method was extended 
to include other experimental runs. It  is obvious that  the accuracy of 
this method was not satisfactory as the estimates range from 60- 
1 15% of the true value (tensiometer reading) with the majori ty  be- 
ing below 100%. Thus the method tends to over-estimate the xylem 
water potential. The poor precision and accuracy of this method was 
probably the result of the lack of accuracy of the flux measurements 
immediately after the suction change. Such a change was always 
accompanied by a change in water content of the ceramic particles 
which was completed within 5 minutes when no plant was present, 
and hence the 5 minutes delay before the first flux measurement was 
made. However, the change in root resistance caused by a change in 
suction was usually completed in about 30 minutes for maize which 
is in agreement with the findings of H a y w a r d  and S p u r r  9. This 
allowed only one or two transient flux measurements before the 
change in resistance was complete (approximately 25 minutes) 
which was not enough to make corrections for the first 5 minutes 
period after the change. 

B r o u w e r  1 found that  the change in resistance of broad bean 
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roots  assoc ia ted  w i t h  a s u c t i o n  change  was  c o m p l e t e d  in  3 hour s  

wh ich  al lows a d e q u a t e  t i m e  for r e a s o n a b l y  a c c u r a t e  m e a s u r e m e n t s .  

I t  was  c o n c l u d e d  t h a t  the  f lux  e s t i m a t i o n  m e t h o d  does n o t  p r ov i de  

suf f ic ien t  a c c u r a t e  e s t i m a t e s  of t he  x y l e m  t e n s i o n  of a maize  root.  

The root-soil interlace water pote~ctial 

The  resu l t s  of t h ree  e x p e r i m e n t s  are p r e s e n t e d  in  Fig.  2 where  the  
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Fig. 2. Flux-suction relationships for the roots of Expts. 3, 4 and 5. Dotted 
lines with arrows show the method used for obtaining tF root from the flux 
of water through the sand colurnn. F(100) = flux of water through sand at 
100 mbars suction. R(100) = Tension at the root surface at soil tension of 100 

mbars. 
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and 5. 

f lux was p lo t ted  against applied suction at the root  surface. The solid 
curves  were rep lo t t ed  f rom the regression lines in Fig. 3 which shows 
the root  resistance p lo t ted  against the suction differences be tween 
the xy lem and root  surface 15. 

The f lux th rough  the soil collar under  applied suctions of 100 and 
150 mbars  (F100 and F150) were super imposed on this curve and 
the root-soil- interface tensions were found as shown b y  the do t t ed  
lines (100 and 150 respectively).  

This allows the root  and sand resistances (RI~ and Rs) to be cal- 
cula ted f rom the Ohm's  law analogue 

~x -- tFR qCa -- tFs 
Flux  --  - -  (1) 

RI~ Rs 

where q?x, q ~  and ~ s  are the water  potent ia ls  of the xylem,  root-  
soil-interface and the soil respectively.  
Therefore  the rat io 

Rtt  A~I2root 
- - -  (2) 

Rs AWson 

The  results of the 3 exper iments  in this series are presented  in Table  
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T A B L E  2 

W a t e r  po ten t ia l s  a n d  res is tances  to wa t e r  flow obse rved  dur ing  e x p e r i m e n t s  on J a n d a k o t  s and  

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) 

Rs ca lcu la ted  f r o m  R g  iRs ca lcu la ted  
E x p .  t F x y l e m  ~FsoiI ~ ' r o o t  F lux  of wa t e r  f r o m  A~l~soil 

(at  r = surface  pe r  c m  of 

0.3 cm) root  cc t-IR -1 A~rroot Rroot R s / R ~  Rs Aq~son Rs 
X 104HR • 104HR x 104HR 

c I n  2 CUl-2 Ciii-2 

3 - -312  - -100  - -288  4.8 X 10 -4 24 5.35 7.85 41.9 188 39.2 

4 - -312  - -100  - -285  3.6 X 10 -4 27 7.20 6.85 49.3 185 51.4 
- -150  - -294  2.7 • 10 4 18 6.85 8.00 54.9 144 53.4 

5 - -452  -- 100 - -372  6.0 X 10 -4 80 15.4 3.40 52.4 272 45.4 

- -200  --421 3.0 X 10 4 3l  14.1 7.21 100.4 221 74.0 

2. Rs was calculated from Rg taken from Fig. 3 and multiplied by 
the factor Rs/RR (Column 9) and also directly using the Ohm's law 
analogue (Column 11). The agreement between the two Rs values 
was good, indicating that  the values of ~Fg were valid and accurate. 

A comparison was made between these experimental values of Rs 
with those calculated from conductivity (K) data of the Jandakot  
sand measured separately15. As K is a sensitive function of matric 
potential, it was averaged by the formula given by C r a n k  4. 

W2 

_ 1 FKd~F 
K = ~F2 --  ~F1 J (3) 

W1 

The geometry of the root is not a simple cylinder, as root hairs pro- 
trude out of the main cylinder. However, as the effective root radius 
is not known, maximum and minimum possible values of the aver- 

age soil cylinder resistances can be calculated from K values of 

Equation (3). The maximum average soil cylinders resistances Rs 
were calculated using the dimensions of 0.6 cm O.D. and 0.16 cm I.D. 
which are the diameters of the root cylinders whereas the minimum 
average soil resistance Rs* were calculated using 0.6 cm O.D. and 
0.31 cm I.D. which is the diameter of the cylinder at the tip of the 
root hairs. 

The agreement of the Rs values of Table 2 being the resistance of 

the effective soil cylinder, with the values of Rs and Rs* (Table 3) 
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TABLE 3 

Calculated resistance of sand collar 

469 

Exp. Soil k ~F Rs Rs* 
tensions (10 -7 (mbars) (.16cm ID) (.31cm ID) 
(mbars) cmHR 1) (104FIRcm-2) (104HRcm-2) 

3 100-288 8.1 243 65 32.5 
4 100-285 8.1 243 65 32.5 

150-294 4,3 254 80 40 

5 100-372 5.7 285 130 65 
200-421 . . . .  

was good. Wi th  the except ion of exper iment  5, the values of Rs 

were all be tween the m a x i m u m  Rs and the m in im u m  Rs*. The  root  
of exper iment  5 appeared  to be diseased (brown spots were visible 
on the root  when dismantling) and this m a y  be the cause of the poor  
corre la t ion between root  resistance and suction difference (Fig. 3) 
and the poor  agreement  be tween the  various soil resistance values. 

I t  must  be concluded tha t  with the agreement  be tween the two 

exper imenta l  values of Rs and the calculated values of Ks and Rs*, 
t ha t  the  accuracy  of the measuremen t  of the root-soi l  interface 
wate r  potent ia l  must  be good. 

Higher  suctions were not  used on the sand collar as the fluxes 
became too small for accura te  measurements  due to the rapid re- 
duc t ion  of the conduc t iv i ty  K. 

The  values of Rs/RR ranged from 3.5 to 8 for J a n d a k o t  sand un- 
der suctions of 100 to 200 mbars  applied at a dis tance of 0.3 cm from 
the root  axis. The sand within this area is considered as the rhizo- 
sphere 14. Thus  the  resistance of the  sand rhizosphere was much  
higher  than  the root  resistance. The rhizosphere in these exper iments  
is equivalent  to tha t  of a root  sys tem with a densi ty  of 3.5 cm root  
/cm 3 of soil, ( ~  1/re R 2, R = inner  radius of tens iometer  cylinder) 
where the root  sys tem is assumed to be an a r ray  of parallel  roots.  

N e w m a n l l  12 developed G a r d n e r ' s  model  fu r ther  and predic ted  
t ha t  the deve lopment  of an appreciable rhizosphere resistance was 
rare  at soil suctions as low as 1 bar  and claims tha t  such a high rhizo- 
sphere resistance is only  possible with ve ry  low root  densities such 
as those used by  C o w a n  3 which ranged f rom 0.125 to 0.5 cm/cm 3. 
In his t r e a t m e n t  of the radial  flow of wate r  to a single root,  G a r d -  
n e r 7 gives the solution of the s teady  s ta te  flow of water  in a hollow 
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cyl inder  as 

, (b2) 
AK ~ ' = ~ F a - ~ F b -  4~K in a ~  (4) 

where:  ~Fa and ~Fb are the water  potent ia ls  at r • a (root radius) 
and r = b (outer radius of soil cylinder),  q) ~ volume flux of water  
(radial flow) and K = soil's conduct iv i ty .  

Using this solution and ext rapola t ing  to a soi l -plant  system, 
N e w m a n  obta ined  an expression for the soil conduc t iv i ty  K when 
the rhizosphere resistance becomes appreciable or when the soil 
resistance (Rs) equals the plant  resistance (Rp): 

1 b E b 
K --  In --  in ---  (5) 

2= LAR~ a 2= L A ( ~  --  We) a 

Where  E --  t ransp i ra t ion  rate,  WR and We are the water  potent ia ls  
at the root  surface and evapora t ing  sites in the leaves respect ively  
and LA = length of root  per unit  ground surface area. Therefore ,  
the  value of K is dependen t  on LA. F r o m  his examinat ion  of observ- 
ed LA values N e w m a n  concluded tha t  the rhizosphere resistance 
rare ly  becomes appreciable unt i l  the  soil mois ture  potent ia l  is near  
wilting point  except  at ve ry  low values of LA. 

If  we assume a root ing dep th  of 15 cm for a 3 week old maize 
(actual root  lengths range from 0 to 50 cm) this will give a value 
for LA of approx ima te ly  50 (15 cm • 3.5 cm/cm a) which is within 
the  range of observed LA values 12 (5 to 4000 cm/cmZ). The values of 
in (b/a) in this exper iment  range from 0.66, if the t ip of the root  hairs 
is considered as the root  cylinder,  to 1.40 if the root  cyl inder  itself 
is used. Therefore  a value of 1.00 was used. The  value of Rp of 5 • 
103 days  used by  N e w m a n  was used, considering the leaf water  
po ten t ia l  under  the  exper imenta l  condit ions was approx imate ly  3 
bars and the potent ia l  t ransp i ra t ion  ra te  of 0.6 cm /d ay  which gives 
an R]~ of 5 • 10 a days. Using Equa t ion  (5) K was calculated to  be 
2.7 • 10 -s cm h -1 which corresponds to a suction of 260 mbars  in 
the  J a n d a k o t  sand and approx ima te ly  2 bars in the H a r v e y  sandy  
loam. 

The exper imenta l  results show tha t  at  average rhizosphere suc- 
t ions of 240 to 285 mbars  (Table 3) the rhizosphere resistance is 
several  t imes the root  resistance. The  rat io  Rs/RR would remain  the 
same for a whole root  sys tem as well as a single root  assuming wate r  



W A T E R  F L U X E S  A N D  P O T E N T I A L S .  I I  471 

flows predominant ly  in the radial direction. However, the plant re- 
sistance would be 2 to 3 times the root resistance. Hence, the results 
show that  appreciable rhizosphere resistance can develop at suc- 
tions well before wilting point is approached and this will depend on 
the conductivi ty - water potential  relationship of the soil used. 

The uncertainties in the calculations are the values of LA and Rp 
which are inversely related to K. However the magnitude of the 
average soil potential  is insensitive to changes in the magnitude of 
K. A change in K by factor of 10 a will produce a change in soil poten- 
tial of approximately 100mbars in the sand and 0,9 to 1 bar in sandy 
loam 15. Therefore unless LA and Rp are in error by  several orders of 
magnitude the above conclusion will not be significantly affected. 

Thus N e w m a n ' s  generalisation should be viewed with caution 
and a consideration of the soil type should be included. 

Distribution o/ the flux and resistance along the root 

The results of the 2 experiments are presented in Fig. 4 where the 
flux of water is plotted against distance from tile root tip. These 
fluxes were measured subject to a constant suction of 100 mbars. 
The xylem potentials were not constant, decreasing progressively 
from --645 to - -690 mbars for the first experiment and from --700 
to - -710 mbars for the second experiment over the 3 days of the 
measurements. As the flux varied with xylem potentials, the data 
had to be standardized assuming that  R~ remained constant over 
the relatively small changes of xylem potentials. This was achieved 
by using the equation: 

- l O O  - l o o  

Rg ~- = (6) 
FS Fi 

where : 

Fi, Fs = measured and standardized fluxes of water, 
t I~,  ~F s = measured and standard xylem potentials, and the num- 

ber 100 refers to the suction applied to the collars. 

Thus : 
R -~s --  100 

Fs = Fl Re ~ _ 100 (7) 

The fluxes of the first experiment were standardized to a xylem 
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Fig.  4. D i s t r i b u t i o n  of wa te r  f luxes a long the root ,  

poten t i a l  of - -645  m b a r s  whereas  an average  xy l em poten t ia l  of 
- -705  m b a r s  was used in the  second exper imen t  as the range  was 
smal l  and therefore  the  fluxes were not  corrected.  The  curves were 
f i t ted  to the da t a  using the  po lynomia ls  of the  t ype  Y = a0 -+- a l X  
+ a2X 2 -F . . . . . .  etc. The best  f i t t ing curve  was considered the  
po lynomia l  wi th  the  m i n i m u m  order  t h a t  had  the following charac-  
ter is t ics:  (a) A negat ive  in te rcept  wi th  the  Y-axis  and  consequent ly  
a posi t ive  in te rcep t  wi th  the  X-ax is  as the  root  t ip  would mos t  pro-  
b a b l y  show v e r y  li t t le wa te r  up take ,  and (b) The  mean  square  of the  
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residuals  should not  change s ignif icant ly  wi th  an addi t ional  increase 
in the  order  of the polynomial .  

The  po lynomia l s  for the two curves  are:  
1st exp:  Y = --0.000475 + 0.0019 X - -  0.000275 X 2 @ 0.000012 X 3 
2nd exp:  Y = --0.00028 -]- 0.0028 X - -  0.00053 X 2 -+- 0.000041 X a 
- -  0.0000012 X 4 
where  Y is the flux of wa t e r  into the root  in c m 3 / H R  cm root  and  X 
is the  dis tance f rom the root  t ip  in cm. 

I t  is in teres t ing  to note  t h a t  a l though the  da ta  show a considerable  
a m o u n t  of scat ter ,  bo th  curves  have  the  same shape  except  for the  in- 
creas ing u p t a k e  ra te  at  the base of the  root  of curve  A. This  was un-  
d o u b t e d l y  a resul t  of the  b ranch ing  of the  root  at  the  top  collar 
which was observed  when d i smant l ing  the p o t o m e t e r  at  the end of 
the  exper iment .  Al though the absolute  values  of the  fluxes were dif- 
ferent ,  the  d is t r ibut ion  pa t t e rn s  along the roots  were ve ry  similar  
wi th  a m a x i m u m  u p t a k e  ra te  at  5 to 5�89 cm f rom the root  t ip.  The  
ra te  of u p t a k e  increased sha rp ly  f rom the t ip to the m a x i m u m  and 
decreased slowly thereaf te r .  When  the  root  res is tances  were calculat-  
ed using the  O h m ' s  law analogue,  two similar  d is t r ibut ions  of root  
res is tances  were ob ta ined  for bo th  expe r imen t s  (Fig. 5). Thus  the  3 105] 

F 

0 1 2 3 4 ~ 6 7 8 ~ 1'0 11 12 15 ;4 
Distance from Root Tip(cm) 

D i s t r i b u t i o n  of r o o t  r e s i s t a n c e s  a long  t h e  roo t .  Fig. 5. 
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differences in up take  rates resul ted from differences in root  resis- 
tance as well as observed differences in xy lem potentials.  These re- 
sistances are lower than  those found by  other  workers  on maize 
r o o t s  16. 

The assumption used tha t  the rates of up take  or root  resistances 
were uni form along the root  is acceptable  if measurements  were 
taken  some 4 cm or more  away from the root  tip. In  the preceding 
exper iments  measurements  were not  s ta r ted  unti l  the  root  has pene- 
t r a t ed  past  the po tomete r  by  some 3 to 4 cm. 

In conclusion, it has been shown tha t  the tens iometer -potometer ,  
described in a preceding paper  15 will be a useful research tool in 
plant  soil water  relationships.  I t  is l imited in the range of root  xylem 
potent ia ls  t ha t  can be measured  with this ins t rument .  However ,  it 
m a y  be possible to ex tend  this range by  using the flux es t imat ion 
m e thod  on a root  tha t  requires a longer per iod than  maize to change 
its resistance when subjected to a sudden change in applied suction, 
such as a broad  bean root  1. This ins t rument  is capable of measur ing 
the root-soil- interface water  potential ,  the  xy lem potent ia l  and the 
flux of water  s imul taneously  under  various applied soil water  po- 
tentials.  Therefore  it makes possible the  direct measurement  of root  
and rhizosphere resistances. Note  tha t  in these exper iments  good 
root-soi l  contac t  was mainta ined.  I t  is also a useful tool for measur-  
ing the dis t r ibut ion of wate r  f lux or root  resistances to water  flow 
along the root  length. If  the var ia t ion  of the tens iometer  readings 
during the last exper iments  can be t aken  to be the result  of xylem 
resistance, then  it must  be concluded tha t  the xy lem resistance of 
the nodal  roots  of maize is re la t ively  small compared  to its radial  
resistance. 
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