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The Theory and Practice of Measuring Transport
Coefficients and Sap Flow in the Xylem of Red
Maple Stems (Acer rubrum)
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ABSTRACT
In this paper we report measurements concerning the conductivity of water and ions and the
interaction between the two in excised pieces of xylem of red maple stems under various
conditions. We have also demonstrated that it is possible to detect the flow of solutions through
the stems of maple by measuring the degree of interaction between theflowof water and ions.
In this technique we apply voltage pulses of ± F volts across a length of stem and detect the
unequal current pulses resulting from the greater factional drag when current (which is carried
primarily by cations) isflowingagainst the water stream than when flowing with the water
stream. The hydraulic conductivity of recent maple sapwood ranges from 30 to 90 cm3 s"1 cm"1
(J cm"1)"1 cm; in 2 mM KC1 the electrical conductivity is roughly 3 x 10~4 mho cm"1 and
the electro-kinetic cross coefficient is roughly 4 x 10~5 A cm"1 (J cm"3)"1 cm.
INTRODUCTION

A number of papers concerning some thermodynamic transport coefficients relevant
to electro-osmosis have recently appeared. Some of the papers have dealt with
systems treated as primarily continuous (i.e. without 'membranes'), viz. Nitella
cell walls, Tyree (1968); the xylem of Eucalyptus and Acer, Fensom (1962 and
1963) and Tyree and Fensom (1968); and the phloem and xylem of Heracleum,
Tyree and Fensom (1970) and Spanner (1970). On the other hand, some papers
have treated systems as primarily discontinuous (i.e. with 'membranes') or as
mixed continuous and discontinuous, viz. the leaves and roots of plants generally,
Tyree (1969), and living Nitella and Chara cells, Fensom and Dainty (1963),
Dainty, Croghan, and Fensom (1963); Fensom and Wanless (1967); Fensom,
Ursino, and Nelson (1967); Tyree and Spanner (1969); and Barry and Hope
(1969a, b).
In most of these papers measurements of hydraulic and electrical conductivities
have been reported together with electro-kinetic cross coefficients which measure
the degree of interaction between the flow of water and ions. It has been found in
many cases that these conductivities and coefficients obey certain thermodynamic
relations within the limits of experimental accuracy. In one of these papers (Tyree
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and Fensom, 1968) an electrical technique is suggested by which sap flow in the
stems of trees can be detected. In this paper we further develop and test this
technique with the stems of red maple (Acer rubrum).

AJ = ±fILM*,

(1)

>LEP

where LPP is the hydraulic conductivity of the stem (cm3 s"1 cm~2 (J cm" 3 )- 1 cm)
and LEP is the electro-kinetic cross coefficient (A cm~2 (J cm"3)"1 cm).
Admittedly it is a gross oversimplification to presume that the hydraulic conductivity will be uniform over the cross-section of the stem because there will be
regions of heartwood (with low Lpp) and of sapwood (with high LPP) and transition
zones between the two; the same can be said for LEP. However, equations of the
same form as equation (1) can be derived assuming non-homogeneity of the stem.
This sort of analysis has been previously applied to phloem bundles in Heracleum
(Tyree and Fensom, 1970) and in the symplasm (Tyree, 1970), and it is a simple
extension of the theory of transport across membranes in parallel (Kedem and
Katchalsky, 1963). First we write a set of transport equations for each of the k
elements for k = \,...,n where thefcthelement is chosen such that all the properties
are uniform within the element:
dP
dE
T
Tk
Tk
J
k = «fc LPP -^ + ak LPE -r^,
(2a)
h = <*k L\:P

~fo + <** LEE

-jft.

(2b)

where Jk and Ik are respectively the sap flux contribution (cm3 s"1 cm"2 of stem)
and the current flux contribution (A crn~2 of stem) through the ifcth element
normalized to the total area of the stem; <xk is the area of the fcth element divided by
the total cross-sectional area of the stem; LPP, LEP = LPE, and LEE are respectively the hydraulic conductivity (cm3 s"1 cm~2 (J cm- 3 )- 1 cm), the electrokinetic cross coefficient (A cm~2 (J cm" 3 )" 1 cm) and the electrical conductivity
(ohm- 1 cm-1) of the fcth element; and dPjdl and dE/dl are respectively the pressure
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THEORY
The technique proposed by Tyree and Fensom (1968) involves measuring the
difference of frictional drag between current-carrying cations and the sap flow in
the tree stem when current is passed alternately with and against the direction of
sap flow. This is done by embedding in the sapwood two sets of electrodes about
1 to 3 metres apart which have a low impedance with respect to the stem between
the two sets of electrodes. The difference in frictional drag is measured by alternately applying positive and negative electrical potential differences of equal
magnitude from a low-impedence voltage source and by measuring the differences
in magnitude of the current in the two directions.
Tyree and Fensom treated the stem as though it had uniform conductivity properties across the entire cross-section of the stem. They derived a quantitative
relation between the difference of current, A/* (in A) and the volume flow-rate, A J
(in cm3 s"1) given in equation (1):
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gradient ((J cm-3) cm-1) and electrical gradient (V cm' 1 ) along the long axis of
the elements. The mean sap flux / a n d current flux / through the stem will then
be the sum of all the element fluxes

J=fjk,

(3a)

k-l
k-l

When this summation is carried out on equations (2a) and (2b) we obtain new
mean L coefficients defined by
_
PP

L

t LPP>

(4a)

LEE = 2^kLEE>

(46)

__

a

k-l

_

_

n

n

and
LEP = LPE = J,otk LEP = ^ak LPE(4C)
Carrying out an analysis similar to that of Tyree and Fensom (1970) from this
point we obtain
j
AJ=^fPM+
(5)
which is identical in form to equation (1).
In passing we should point out that a more general analysis can be carried out
in which the effects of the resistance of the electrodes plus measuring circuit are
taken into account too. When this is done equation (5) takes on the more general
Aj

^

LPP[l+{{AIS)(LEEJX)}]{(AiS)(LEPjX)}^^
2LEP

where A is the cross-sectional area of the stem, S is the distance between the two
sets of electrodes, and A is the conductivity of the electrodes plus measuring
circuit in (ohm^1). In maple
—

8

EP

<g ^L

A ^ 8

^EE^PP

A

but since (A/S) LEE is typically 1 to 4 x 10"4 ohm- 1 in our maple steins A must be
kept to at least 10"3 ohm-1 in order to apply equation (5) with reasonable accuracy
MATERIALS AND METHODS
The data given in this paper fall into two major categories. First we report values for the
transport coefficients of the Onsager equations for electro-osmosis in excised sapwood and
heartwood samples using solutions of KCl. Secondly we attempt to employ equation (5) to
detect by an electrical means the movement of KCl solutions driven under positive pressures
through whole maple stems 2-5 to 5 m long and 10 to 15 cm in diameter.
The transport coefficients

The Onsager transport coefficients were measured on small cylinders of wood taken from
Acer rubrum stems. The samples were about 3 mm in diameter and 20 mm long. The samples
were mounted in rubber bungs 18 mm long so that the samples extended about 1 mm beyond
each end of the bung.
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Transport equations (7a and 76) were applied to the samples and it was presumed that each
sample had uniform transport properties.
dP
dE
(la)
J
~Lpp~dJ+LFE•~di'
~di'
dP

dE

(76)

We did not analyse the natural xylem sap and therefore the native solution could not be
duplicated in the artificial test solutions employed.

H

Fio. 1. The improved electro-osmometer used for measuring the Onsager coefficients Lpp,
Lftp, and LpE. Samples were mounted in a rubber bung at o and volume flows between
chambers A and B through the samples were measured by noting the displacement of an air
bubble in the precision-bore capillary F. Voltages can be measured or currents passed through
platinum electrodes c and E. Low pressures can be developed by adjusting the water depths
in chambers A and H or high pressures can be developed by applying air pressures at D.

The test (solutions of pure KCI were prepared to conform to the electrical conductivity of
collected xylem sap samples. The conductivity of the xylem sap of small stems (1 to 2 cm in
diameter) appeared to vary diurnally between that of 2 and 4 mJf KCI; after prolonged periods
of rain (several days) it rose to that of 8 mM KCI. In large stems (10 to 15 cm in diameter),
the conductivity was frequently as low as that of 1 mM KCI. The Onsager coefficients were
measured in solutions of 1, 2, 4, and 8 mM KCI.
The electrical conductivity of the wood samples, LEE, was determined on a standard conductivity bridge at 60 Hz. The other three coefficients were determined in an electro-osmometer
which is a potometer outfitted with electrodes for the simultaneous measurement of J, I,
dP/dl, and dE/dl (Fig. 1). The hydraulic conductivity was determined by measuring J under
an applied dP/dl while dE/dl was held at zero. Lpg was calculated by measuring the electro osmotic efficiency (e-o efficiency) denned by the relation

£ = f£2.
1

h

E

dPfdl=0.
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The ratio J/I was then multiplied by the measured value of LEE. (In these experiments the
hydraulic conductivity of the samples was so large that it was necessary to employ capillaries
of 01 cm internal diameter to ensure that dP/dl was indeed zero when sap was flowing
during e-o.)
In an analogous fashion L^p was determined by measuring the streaming potential by
the relation,
A pressure was developed across the sample using an air pump and the resulting streaming
potential measured on a high input impedance electrometer (typically 1010 fl).
-ijxn.

/AA

Meter.

Level
setting

Applied
voltage
scaling

A I Amplifier
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Current
amplifier

©-[ZH

Mean current
amplifier

FIG. 2. A block diagram of the non-polarizing square-wave generator used
for measuring AT*

According to the reciprocity relationship Lpg should equal Lgp. We have attempted to
verify this experimentally by comparing the cross coefficients which were obtained with the
relationships given in equations (8) and (9).
All the techniques used were very similar to those described in detail by Tyree (1968).
The detection of sap flow in large stenis

In our early work we used a circuit for measuring A/* similar to that described by Tyree
and Fensom (1968). Later we developed a test circuit for measuring Al* which incorporates
a non-polarizing square-wave generator. This is shown as block diagram in Fig. 2 and works
as follows. A square-wave generator produces symmetrical voltage pulses of plus and minus
V volts at 100 Hz which are applied to the stem. The resulting current is amplified and then
fed to an integrator which detects the presence of a net current flow. This signal is then fed
to a comparator which alters the relative duration of the positive and negative pulses (termed
the mark-space ratio) in order to bring the net current to zero. This system keeps the timeaveraged net current below 001 /xA when current pulses of ± 10 /iA are passing. The system
enabled us to use electrodes which would otherwise polarize in the system described by Tyree
and Fensom (1968). The amplified test current pulses were also fed to two recorders one of
which recorded the peak to peak difference in current, A/*, independently of the mark-space
ratio and the other to a recorder which gave the total series resistance of the electrodes and
stem. The electrodes were Ag/AgCl wire coils in double-barrel tubes (Fig. 3). The electrode
tips were embedded in 1-2-cm deep holes bored into the stem; 4 mil KC1 was continuously
circulated. The electrodes were usually placed in two sets of three each, the sets were 2 to 3 m
apart.
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An instrument used for wood impregnation of whole logs known as a Prescap was kindly
loaned to us by the inventor, Dr. Monie S. Hudson, P.O. Box 2451, Spartanburg, S.C. 29302.
The Prescap consists of a metal water jacket which forms a water-tight seal over the end of a
whole log. Solutions of any composition can be supplied to the Prescap from a reservoir and
pressures in excess of 20 atm. can be developed inside using a pressure regulator and nitrogen
cylinder.

3 cm

FIG. 3. The electrode used for applying voltage pulses to trees. Dilute KC1 solutions
continuously flow in at A across the Ag/AgCl coil at c and out at B.

RESULTS
The Onsager coefficients of excised pieces of sapwood and heartwood

Air embolism in sapwood. About once a week a fresh maple tree (about 10-15 cm
diameter at breast height) was felled during a period of low transpiration tension.
A 1-m length of stem was excised and kept in water for 2 or more hours. This piece
was then split lengthwise into quarters with an axe, the bark removed, and the
central 20 cm excised and stored in water for later removal of the outer rings of
sapwood for experimentation.
Initially experimental parameters were observed on sapwood samples in the
following order: (1) LPP at low pressures ( < 0-35 atm m- 1 ); (2) the e-o efficiency
at current levels of up to 100 pA (equation 8); (3) the streaming potential at highpressure gradients ( < 25 atm m-1, equation 9); and (4) the LEE at the AC
frequency of 60 Hz.
We observed in the progress of the investigation that LPP and Jjl, seemed to
decrease in magnitude in the samples of sapwood on successive days after collection.
Furthermore, we noted that the slope of the line relating the streaming potential
to the applied pressure (equation 9) was not equal to J\l (equation 8) as the
reciprocity relation would demand. If, however, we measured J\l after the streaming
potential its value was found to be greater than that observed before and indeed
equal to {dE\dl)\(dP\dl). Lastly, we observed that LPP increased after the
streaming-potential experiments.
Two possible interpretations of these experiments immediately came to mind:
(a) the high-pressure gradients involved in the streaming potential experiments
may cause an irreversible change in the structure of the sapwood vessels which
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in turn causes flow properties to change; or (b) initially the sapwood may have
been partially embolized. (Air bubbles in the vessels would result in low values
of Lpp and .///.) The air bubbles may have been dissolved by large quantities of
unsaturated water flowing by in the near proximity. Even if the test solutions were
saturated with air at atmospheric pressure it would remain unsaturated at higher
pressures at least for a short period.
3 Or
10r
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>
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0

0(1

0-5 10
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FIG. 4. A plot of the observed streaming potentials of a 5-day-old sapwood sample from a
23-year-old stem showing a transition in state by the pressure pulse technique. Solution:
2 mM KC1; Dots: increasing dPjdl; pluses: decreasing dP/dl; open circles: increasing
dPjdl again.
Fio. 5. A plot of the observed volume flow, A J, versus the applied pressure gradient, dPjdl,
for the same sample as in Fig. 4 before and after the data for Fig. 4 were obtained.

With some practice we were able to make streaming-potential measurements
using pressure pulses lasting only 3 s. In Fig. 4 the dots represent the data points
using increasingly higher pressure pulses. The pressure was then decreased (pluses)
and increased again (open circles). The results clearly indicate a change in state
and not a hysteresis curve. Also we noted that the slope of the line in Fig. 4 through
the first four dots nearly equalled J/I observed before the streaming potentials
were determined. The final slope equalled Jjl observed after the streaming potentials
were measured. Fig. 5 represents the volume flows we observed before and after
the streaming potentials were observed; this dearly indicates a distinot change

in Lpp.
We did observe, however, that a few bubbles were extruded from the open
vessels on the down-stream end of the sample. This occurred only with pressure
differences in excess of 0-1 atm ( = 1 0 atm m- 1 ). This alone would increase LPP
and / / / , but even the maximum pressures applied (0-5 atm) would not extrude
air from those vessels which are closed on the downstream end. To confirm that
unsaturated water could dissolve air and increase LPP, we performed experiments
with air-free water. Fig. 6 represents an experiment performed at low pressures
using air-free water. Line A represents the LPP observed initially. Line B is the
Lpp after passing air-free water at low pressure (0-3 atm m-1) for 30 min. Line o
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is the mean LPP after passing air-free water at the same low pressure for an
additional 75 min (dots), for an additional 105 min (crosses) and after streamingpotential measurements (open circles).
Figs. 4 to 6 clearly suggest that the change in flow properties resulted from the
r e m o v a l of a i r omV.nii-am

FIG. 6. A plot of the observed volume flow versus the applied pressure gradient, dP/dl, for
a sample 7 days after collection. Plot A is the initial plot; B is after passing air-free water at
0-3 atm m" 1 for 30 min; and c for 75 min (dots), for 180 min (pluses), and after measuring
streaming potentials (open circles).

The Onsager coefficients in recent sapwood. The Onsager coefficients were measured
on sapwood in air-free solution of 1, 2, 4, and 8 mM KC1. Unless otherwise stated
the samples were always pretreated to ensure that the (presumed) air embolism
was removed. This could be accomplished by passing air-free solutions through the
samples under pressure gradients of 25 atm m" 1 for about 20 s.
In some oases the average number of vessels per square cm of sample and the
Poiseuille mean vessel radius were determined for comparison of the measured
LPP to that predicted by Poiseuille's law. (If r4 is the ith. vessel radius of n measured
vessels, then the Poiseuille mean vessel radius is defined as
n

7

In Table 1 we have tabulated the measured Onsager coefficients for the recent
sapwood of maple stems varying in age from 23 to 56 years. All the samples were
taken from the outermost 4 mm of the stem and included up to five growth rings
(depending on how fast the stem had grown). We generally observed a great deal
of variability for LPP, LEE, LPE, and LEP within any one stem and even more
variability from stem to stem. We feel that the reproducibility of measuring the
coefficients of any one sample were roughly ^ 5 per cent for LPP and LEE,
± 10 per cent for LEP, and ± 1 5 per cent for LPE. Most of the standard deviations
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1. The mean values of Onsager coefficients of sajnoood taken from the outermost 4 mm of Acer rubruni
stems means ^standard deviation of the means

Number of Lpp cm3 s"1
LES mho
samples in cm~*(Jcm~3)~ 1 cm-'xlO*
oach atom cm
6
1
5
4
2
4
6
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TABLE

09±17
33
46±1
92±19
83±7
77±13
50±ll

3-0±0-4
2-52
3-6±0-2
4-22±0-71
40±0-l
5-9±l-0
4-1 ±0-6

LPE cm3 s'- 1
cm * volt"- 1
cm X 105

LEP A cm"1 Number of
vessels per
(J cm-')- 1
cm X 10 6
cm1 x lO"3

4-4±l-5|

4-0±0-8
3-6
3-8±0-2
3-88±0-78
41±0-5
3-3±0-4
2-0±0-5f

3-43±0-86
3-4*
l-7±0-4f

n

6-8±M
7-0
7-6±0-7
6-01±0-41

2-5±0-l

4-8±0-3

2-7±0-l

• One sample only.
t Four samples only.

2-4

2-5±0-2
2-56±0-15

Solution

Approx imate
age of stem
years

2mMKCl
2mM KC1
4mMKCl
4mMKCl
4 mM KC1
8 mM KC1
8mM KC1

23
30
30
33
32
32
54

10
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TABLE

2. Variation of the Onsager coefficients within individual samples versus the
concentration of the KC1 in the bathing medium
a
The hydraulic conductivity, Lppi cm1 s"1 cm"1 (J cm"5)""1 cm
Sample no. Initial
66
68
69
70
71

35
25
13
26
18

1 mM

2 mM

4 mM

8 mM KC1

51
72
69

24
56
42
72
78

27
55
44
72
78

32
60
42
75
85

b
The electrical conductivity, LEB: ohm"1 cm"1 X 104
Sample no. 1 mM

2 mM

4 mM

8 mM KC1

66
68
69
70
71

2-2
2-3
2-6
2-5
2-5

2-9
3-6
31
3-2
3-5

4-4
50
4-7
4-7
5-2

2-0
2-6
1-9

c
The electro-kinetic cross coefficient, LEP: A em"1 (J cm"')" 1 cm x 10'
Sample no. 1 mM

2 mM

4 mM

8 mM KC1

66
68
69
70
71

41
4-2
3-2
41
4-0

3-3
3-3
21
2-8
3-5

2-7
2-7
2-0
2-3
2-6

2-8
3-9
31
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of the mean of each stem and variation from stem to stem are greater than the
reproducibility of our measurements.
The vessel frequencies were determined by counting the total number of vessels
in the sample and dividing by the area of the sample. The Poiseuille mean radii
were calculated from 20 vessel radii measured at random from the sample. Typically
there were 400 to 800 vessels in any one sample. Applying Poiseuille's Law and
neglecting the pressure drop across the pits between vessels we calculate that the
'theoretical' LPP is anywhere from 1-5 to three times larger than the measured
LPP. Since we cannot be sure that every vessel counted was free to conduct and since
the vessels are really more elliptical than circular in cross-section, we cannot be
sure that the discrepancy between the 'theoretical' and measured LPP necessarily
implies that there is a significant pressure drop across the pits joining adjacent
vessels.
From the data in Table 1 we cannot conclude with certainty whether any of the
Onsager coefficients vary with the concentration of the bathing medium. We
therefore performed some experiments in which we measured all the coefficients
on the same sample in 1, 2, 4, and 8 mM KC1. These results are reported in Table 2.
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1.

In red maple LEPjLPP LEE is of the order of 10~8; if LEE remained constant LPP
would have to decrease by nearly a factor of 108 before we could say that LEP
must necessarily decrease.
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In these experiments we first placed our samples in air-free solution and measured
LPP before pre-treatment to remove air embolism; after pre-treatment we then
measured the streaming potential (from which LEP is calculated) then the LPP
and then LEE. After changing to the next solution we again pre-treated the sample
by passing the new solution for 40 s at 25 atm m - 1 in order to replace the old
solution with the new. (In sample no. 66 the LPP decreased after pre-treatment;
this is the only sample out of about 30 in which we noted this to occur; in all others
the LPP increased. Without postulating a leak in the apparatus we are unable to
explain this single uncharacteristic result.)
The LEE seems to be a non-linear function of the concentration of the salts in
the bathing solution; LEE is also always larger than that of the pure bathing
solution. This conforms with finding of residual electrolytes in cell walls (Dainty
and Hope, 1959; Dainty, Hope, and Denby, 1960; Bovis and Briggs, 1968 and
1969), and it has been found in the past that at least some of the residual ions are
mobile and do contribute to the electrical conductivity in both the cell walls of
Nitella (Tyree, 1968) and the phloem and xylem of Heracleum (Tyree and Fensom,
1970).
LEP seems to decrease consistently when going from 2 to 4 to 8 mM KC1. LEP
is either the same in 1 and 2 mM KC1 or is perhaps a bit lower in 1 mM KC1; we
are not sure if the difference is significant.
The Onsager coefficients of samples taken from throughout the stem. In order to
ascertain how LPP, LEE, and LEP varied throughout the stem, we took the stems
of four different maple trees and removed a cross-sectional disc about 8 cm thick.
From the centre of the stem we then drew a radial line in an arbitrary direction.
Beginning with the first 4 mm at the outside we then collected samples 1 cm apart
along the radius going inward. We measured LPP, LEP, and LEE in air-free 4 mM
KC1 in each sample after pre-treatment to remove air embolism. Graphs showing
the radial variation of LPP> LEP, and LEE for stems a, b, c, and d are shown in
Figs. 7A, B, and o respectively.
As might be anticipated, LPP generally decreased towards the centre of the
stem. In stem D there was no discoloured heartwood at all. In stems a and c discoloration began to appear only at radial distances below 1-0 cm from the stem
centre; in stem b discoloured heartwood appeared at radial distances up to 3-3 cm
from the stem centre.
The LEE did not seem to fall as markedly as LPP in the heartwood whereas
LEP was correlated very roughly with LPP in its behaviour along the radial samples.
Certainly we might expect that in those regions in which sap does not flow there
would be less opportunity for interaction between ions and water. But we could not
have predicted this a priori from thermodynamic relationships. The principles
of thermodynamics restrict us only to the inequality
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Fio. 7. The distribution of Onsager coefficients of red maple samples in
stems a, b, c, and d collected at 1-cm intervals along a radius drawn
through the cross section. A, the hydraulic conductivitj', Lpp; B, the
electro-kinetic cross coefficient,LFP; c, the electrical conductivity, LEE.

The detection of sap flow in whole stems by an electrical means

Red maple stems 10 to 15 cm in diameter and 2-5 to 5 m long were collected
during periods of low transpiration tension (either early in the morning or during
a rain storm). We fitted a water-tight chamber (a Prescap) over the basal end of
the stem and supplied it with 4 niM KCl solution under pressure from a pressurized
reservoir.
In these experiments we attempted to demonstrate that it is possible to detect
the flow of solution through a whole stem by measuring the asymmetrical current
pulses in the stem A/*, associated with a symmetrical voltage pulse, AE = ± F .
In order to ensure that the solution passing through the stem was of a known
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conductivity and to minimize electrode polarization due to asymmetric ionic
environments of the interfaces between the electrodes and the wood, we first
perfused the stem with our test solution. During this perfusion process we collected
the solution emerging from the apical end of the stem and measured the conductivity
of 2-nil samples. When the conductivity of the emerging solution had reached a
stable value equal to the conductivity of the solution entering the base, we performed our experiment.

13

9

10
Accumulative clution volume litre

15

20

FIG. 8. The electrical conductivity of 2-ml perfusion samples versus the accumulative
volume of solution passed through a red maple stem : age 64 years, length 2-6 m, diameter
at apex 12-9 cm at base 14-4 cm, applied pressure gradient 5-3 X 10~* (Jem" 1 ) cm"1, mean flow
rate in the course of the experiment 3-5 cm' s"1.

A typical perfusion curve is shown in Fig. 8 and is of interest on its own merits.
The conductivity of a 2-ml sample of 4 mM KC1 in our conductivity cell was
14-9 X 10~6 mho. The conductivity of the first sample from this stem was 9-3 x 10~5
mho; we take this figure as the conductivity of the native sap. After only 1-51
had passed the native sap began to be mixed with 4 mM KC1; since this stem was
2-6 m long and since the mean volume flow-rate was about 3-5 cm3 s"1 (at a pressure
gradient of 5-3 X lO"4 (J cm~3) cm- 1 = 0-53 atm m- 1 ), we calculate that the peak
velocity of sap movement in the largest vessels must have been about 0-61 cm s"1
(~ 22 m h" 1 ). Experiments on other stems using acid fuchsin dye as a marker
gave similar figures at this pressure (0-77 and 0-72 cm s"1) for the peak velocity
as determined by the first appearance of the dye.
After perfusion the stem is not, however, in equilibrium with the 4 mM KC1; if
the stem is allowed to stand for several hours the conductivity of the next eluted
fraction will be below 14-9 x lO"6 mho. Presumably the salt is exchanged with
smaller compartments of the xylem (Donnan Free Space) and/or the living cells
in the stem.
The volume flow-rate of the solution is a linear function of the applied pressure
gradient. The hydraulic conductivity of the whole stem declined with time even
when no solution was flowing. Fig. 9 shows a typical relation between applied
pressure and the volume flow-rate of the eluate, for the same stem as in Fig. 8
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DISCUSSION
The Tneasurement of sap flow in living trees
One of our prime reasons for doing the work described in this paper is to develop
a new technique for measuring sap flow through living trees. In this paper we have
developed the theory upon which the new technique can be based. We have shown
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but after the stem had been standing (in water) for 1 day (during which time no
water was flowing). By interpolation on Fig. 9, it can be seen that the volume
flow-rate at a pressure gradient of 5-3 x 10"4 (J cm~3) cm- 1 is about 2-25 cm3 s"1
whereas on the previous day the rate had been 3-5 cm3 s~x at the same pressure.
We also noted in these experiments that it takes several minutes for the volume
flow-rate to reach a steady state after the pressure is changed. For example, when
the pressure is instantly reduced from plus
2 atm in the Prescap to zero, fluid will
continue to emerge from the apex for 10
min or more. We believe this demonstrates
the elasticity of tree stems and/or the com- 3
pression of previously existing air spaces
in the xylem.
The non-polarizing square-wave generator used for measuring A/* produces
symmetrical voltages AE = ±V at its
terminals. If, however, the probes have
unequal junction potentials then the stem
10
will 'see' asymmetrical pulses equal to
) cm" 1 X 10*
± F plus the junction potential. These
junction
potentials proved to be a major
FIG. 9. The volume flow-rate, AJ, of the
perfusion liquid from the same stem as in
source of error. The junction potentials
Fig. 8 (but 1 day later) versus the applied
are of unknown magnitude and variable
pressure gradient, dP/'U.
with time. They can be compensated for
manually in the measuring circuit at times when it is known that A J equals zero.
But within 20 min the junction potentials are likely to become significant again.
Fig. 10 shows typical A/*'s observed at pre-set volume flow-rates. In stems c
and d the non-polarizing square-wave generator was used with Ag/AgCl electrodes.
Each point is the mean of four readings and the typical uncertainty of each point
is illustrated on d; between each reading AJ was brought to zero and the junction
potential was compensated for. The time between readings was about 8 min. The
results of stem nos. 4 and 7 are also illustrated in the same figure; in these earlier
experiments we had used the apparatus described by Tyree and Fensom (1968),
which has an error greater than in our improved technique. Each point is the mean
of at least ten readings and the typical uncertainty is illustrated for stem no. 7.
The results in Fig. 10 clearly demonstrate that A/* is detectable and that a
linear relation is obtained as predicted by equations (1, 5, and 6). It can also be
shown that the slopes of the lines are those predicted by equation (5) using values
for LPP and LEP from excised wood samples within a factor of two or better.
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that it is possible to detect a A/* which is proportional to the volume flow-rate of
KC1 solution in whole stems. We believe, however, that the rate to be expected in
living maple trees of 10 to 15 cm in diameter is likely to be of the order of 0-2 cm3 s-1,
i.e. it lies at the lower end of our present working range. For this reason and because
of the uncontrolled asymmetrical junction potentials in the probes we feel that our
technique is not yet suitable for routine use in the field. We are, however, currently
trying to modify our measuring circuit so that it can automatically compensate
for the asymmetrical junction potentials.

We consider that our technique is now about as reliable as the heat pulse technique
and, like the heat pulse technique, would be of use on species like Eucalyptus
which have higher transpiration rates. A/*'s up to 2-0 \xA have been observed
in Eucalyptus stems 10 to 15 cm in diameter (Tyree and Fensom, 1968).
The uncertainty in measuring the transport coefficients in excised wood samples
It has been shown that LPP, LPE = LEP, and LEE are quite variable from sample
to sample in any one stem and also from stem to stem. We cannot be sure that the
transport coefficients we measured in any one sample are reliable values for that
piece of wood in situ.
Let us consider our measure of the hydraulic conductivity for a moment. It is
quite possible that in the process of isolating our samples we have introduced some
obstructions to volume flow in the vessels. Like others (Peel, 1965; Kelso, Gertjejansen, and Hossfeld, 1963; Bovis and Briggs, 1969) we have observed that LPP
will decrease in an excised stem while solutions are forced through under positive
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FIG. 10. The observed difference in current A/* from symmetrical voltage pulses AE = ± V
versus the observed volume flow-rate of the perfusion liquid (4 mM KC1). Plots c and d were
obtained from stems using the non-polarizing square-wave generator described in the text;
plots 4 and 7 from stems using the apparatus described by Tyree and Fensom (1968).
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The variation of transport coefficients in situ
There is no reason why we should not expect some natural variation in LPP,
LEP, and LEE in the stems of normal trees. Certainly we would expect a slow
decrease in the LPP of any one region of stem as it undergoes the transition from
sapwood to heartwood. Our experiments on excised pieces of wood suggest that
LEP and LEE ought to vary with the saline concentration in situ; and although
we have no evidence for it as yet, we might expect some variation in LEP and LEE
with ionic species.
In this regard, a thorough investigation into the nature of the non-diffusible
acid groups in the cell walls of maple seems desirable.
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pressure. Kelso et al. (1963) have shown that a decrease of LPP can be eliminated by
pre-exposing the wood samples to high-pressure gradients. It has also been shown
that blockage of vessels can be caused by a fine suspension of particles in solution
(Bovis and Briggs, 1969). We have found two things which we think have not yet
been reported. First, we have shown that air embolism can be removed from maple
stems by passing large quantities of air-free water at low pressure. Second, we
have found that LPP will decrease noticeably with time even when no water is
forced through the stem and when no water is lost by the stem.
We can thus say that hydraulic conductivities measured on excised pieces may
be affected by at least four different factors and as a result of this they may not
be precisely identical with those of wood in situ.
1. Spontaneous air embolism in cut-open vessels may cause a decrease of LPP,
this effect, however, may be offset by the described method of pre-treatment with
air-free water. At the same time we must expect air removal from naturally
embolized vessels which had been cut open by excision of the sample. This would
increase the LPP in the excised piece.
2. Blockage of pits by fine -particles in suspension gradually decreases LPP.
In short-term experiments this is expacted to be of minor consequence.
3. Perhaps most important, by removing a small wood sample from the intact
stem, a relatively large number of vessels are cut open. The resulting error would be
insignificant in the oase of coniferous wood, because the length of the conducting
units (the tracheids, a few mm) is very short in comparison to the sample length.
In 20-mm-long samples of red maple, however, we must expect c. 38 per cent
of the vessels cut open at both ends, according to measurements by Skene
(unpublished: measurements made with the technique of Skene and Balodis,
1968). We do not yet know to what extent LPP is increased by this artifact.
4. The decrease of LPP over a long period of time (several days' storage) is
possibly due to fungal or bacterial growth in opened and thus infected vessels,
resulting in blockage.
These sources of error have been present in all reported values of LPP in the
literature to date. We have observed that the LPP of freshly excised sapwood
samples is always between \ and 1 times the value after removal of air embolisms.
We feel that the in situ value of LPP ought to lie between \ and 1 times our reported
value.
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