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lastid Summary. In the tomato plant water flows through primary xylem in accordance
teture with Poiseuille’s law. This relation and-the analogy between Poiseuille’s and Ohm's law
v 1 were employed to calculate rates of flow and differences in pressure within vascular

bundles when transpiration rates from individual leaves were known. The resistance of
vascular bundles to flow was calculated from a modification of Poiseuille’s law and from
neasurements of vessels in all bundles. The rates of flow in all bundies were derived
from'a set of simultaneous linear equations of flow, written to correspond with the nature
of the vascular network: Values of the difference in pressure associated with flow in
bundles were derived from resistances and flow rates in individual bundles. These agreed
_substantially with values observed in a comparable plant.

In large bundles, vessels occur in a frequency distribution that is approximately normal
with respect either to the logarithms of their radii or to the fourth power of their radii.
“I'he largest vessels in a bundle transport most of the water when they are. functioning.

The tomato plant contains 2 types of vascular bundle. The large bundles of the stem
form a network by joining above each node in combinations of 2 at a time. The small
bundles of the stem and petiolar bundles are independent of other bundles from their
origins at junctions to their termini. The small bundles offer high resistance to flow,
whereas the resistance of large bundles is low. The average conductance of large
hundles decreases from the base to the apex of the stem. That of small vascular bundles
remains low and more or less constant throughout the plant.

Only a small difference in pressure is required to maintain flow in large bundles.’
For lower leaves, the driving pressure required to move water to-the base of a petiole is
considerably less than that which moves water through petioles. The difference in pres-
sure that maintains flow increases steadily for successively higher nodes. However, the
pressure that drives flow to leaves is not always greater for higher leaves than for inter-

— — _—mediate ones._For_.the.plant..examined,,,_thc___highg_s__t__Je_gy_e_§ _qgggi_reg_g_smaller amount of
: energy to nove water from the ground than intermediate leaves did. This was also true
} . of the power expended in moving water to individual leaves. . ‘
i In the large network bundles, significant cross transfer of flow occurs at junction points

from one bundic to another. Because of the interconnections between large bundles.
pressure and flow relations are apparently not greatly altered when localized dysfunction -
occurs in the vessels of large bundles. In small, independent bundies, 2 localized dysfunc-
tion in vessels produces a significant effect on pressure and flow relations..

" Temains the same as van.den Honert (7) proposed.

Water moves from one point to another at a rate

- that is proportional to the difference in potential and

inversely proportional to'the resistance to flow be-
tween these points. Gradmann (4), van den Honert
(7), and Bonner (2) have each contributed to this
concept, and recent studies on water movement in
plant tissues reflect their ideas, This relation takes
"‘ l'orqu quite analogous to Ohm'’s law of the flow of
electric current  through a conductor. Even in the
movement of water across layers of parenchymatous
cells, where Rawlins (9) has shown that resistance
cannot always be considered constant, the relation

ese studies have all considered the movement of
\:ater throu‘gh parenchymatous tissues of roots and
aves to he a steady state process, proceeding at a
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rate that is equal to the rate of absorption from soil,,
of transport through vascular tissues. and of trans-
pirational loss. ' .

In xylem, transport of water occurs through a
capillary system in which resistance to flow is much
less than by alternative pathways between roots and
transpiring tissues. Moreover, in xylem, resistance

" to flow is apparently constant over the range of flow

rates that exist in the living jiant (12,18). In this
simpler situation, flow occurs in response to a gradi-
ent in pressure, and the rate of flow is inversely
proportional to the resistance that is characteristic of

"the pathway.

The present study considers the flow of water
through vascular bundles of the tomato plant as a
hydraulic process. The total flow through internodes
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and petioles was determined from megsurements of the
rate of transpiration of individual leaves. The in-
dividual xylem bundles in the vascular system were

" ijdentified and the resistance of each was calculated
for an individual tomato plant from measurements of
radii of vessels in each bundle, under the assumption
that flow follows Poiseuille’s law. Rates of flow
through each bundle have been calculated from a set
of simultaneous equations. based on the nature of the
vascular network of hundles. In addition the differ-
ence in pressure required to move water at the rate it
is transpired has heen determined from the termini of
petioles to the ground. Over portions of the path-
way, calculated pressures have heen compared with
measured values, determined for these same rates of
flow. The 2 sets of values agree substantially.
Power consumption for water movement through
xylem is estimated. Quantitative statements about
rates of flow and pressure differences associated with
flow in xylem bundles permit a better understanding
of the process.

Materials, Methods, and Measurements

Nature of the Vascular Nctwork. The analysis
of flow is based upon the characteristics of the vas-
cular network. Ludwig (8) has described the pri-
mary vascular network of the tomato plant. Except
for details of phyllotaxy, this system is similar to
that of the potato, as described by Artschwager (1).

An internode contains 6 vascular bundles, 3 large
ones that alternate with 3 small ones (fig 1:A). One
small bundle emerges from the stem as a central
petiolar bundle at each node. Lateral petiolar bun-

e le%"drise “a§ hranches~from the 2-large bundles that
These branches arise .

lie on either side of the petiole.
below the node, usually in the upper internode. In

the vicinity of the node, one of the large hundles

branches successively. The major portion passes
into the next internode. A minor branch forms the

nodes stem bundles petwole
f abcgdef .

W

3

Frc. 1. Diagram of vascular bundles of lower tomato
stem and petioles, shown as though the cylinder of the
stem were unrolled to a flat plane. A, (left), Diagram
showing displacement of bundles in vicinity' of nodes and
branching of large bundles. B, (right), Model em-
ployed in present study ignores displacement of bundles
and considers lateral right and left hand group of petiolar
bundles as though they were each single bundles.

~—all-petiolar -bundles supplying- leaf 4
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small bundle that replaces the one emerging from
the stem as a central petiolar hundle. Other hranches
constitute lateral petiolar bundles. The remaining
branch connects, just above the node, with the second
large bundle that lies on the opposite side of the
petiole. The third large bundle passes through the
node and in the next internode it forms. the same
types of branches, successively forming the small re-
placement bundle of the stem, the connecting branch
to a large bundle, and lateral petiolar bundles.

The large bundles, therefore, constitute a network
whereby 2 of them are interconnected in the vicinity
of each node and all 3 participate equally in the net-
work. The small bundles are not interconnected,
but constitute independent pathways of flow from
their origins as branches of large bundles to their
termini in petioles. Thus, the 2 types of hundle,
large and small, have different functions. At each
node, bundles are displaced laterally. This displace-

ment gives rise to the phyllotaxic pattern.

Analysis of the problem of flow is simplified if
one ignores the lateral displacement of bundles at
nodes and the precise locations where branches arise.
The present study is based upon a model in which
these factors are ignored and which also treats each
group of-lateral petiolar bundles as single bundles.
one to the right and one to the left of the central
bundle. .

The model, and the vascular system itself. con-
tain a repeated unit design. A portion of the model
containing such a repeating unit is shown in figure
1B. The unit begins at the junction of bundles b and
d, just ahove node 1, and extends to the next junction
at node 4 (fig 1B). This unit includes bundle ¢ and

In the lower stem, only the upper portion of the
repeating unit is represented. The large bundles
join just above nodes 1, 2, and 3. These. and the
small bundles. have common- connections in the root.
just below the transition region (6,8,16.17). In
the root, the xylem is exarch. Vessels in the upper
root are contiguous. Through the transition region,
the xylem divides into groups that emerge in the stem
as vascular bundles.

The following conventions were adopted to iden-
tify vascular bundles. In any internode, the small
bundles were designated as a. c. and e, whereas large
bundles were designated as h, d, and f. A specific
large bundle in internode 1 is designated as d,, and
a small one as c¢,. The bundles of petioles were
similarly identified, with the central bundles desig-
nated- as y. the left hand lateral bundles as x, and the
right hand lateral bundles as z. The small bundle of
the stem, c,, hecomes y,, whereas e, extends into the

* next internode as bundle e. and emerges in petiole 2

as y, (fig 1B).

Theory of Vascular Flow. In the vascular sys-
tem, flow of water is laminar rather than turbulent
(18). Laminar flow in a capillary follows Poiseuil-
le’s law, which states that a driving pressure, p. is re-
quired to move a fluid with viscosity, ), at a rate of
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" » ml per second through a capillary of radius r and

length /, according to the relation
p= Blnv)w o 1

A vascular bundle contains many vessels. " These
are in parallel and their radi differ. As applied
to such a bundle of capillaries, Poiseuille's law takes
the modified form '

p = (81n v)/m Z(nr) 1I
where '
3 (nmrt) = myry? + ngrat L.t gyt 111

and 1y, Hay Mgy« + 5 O designate the number of ves-

" sels having radii of ry, 7o, 73 - -« Fme

The working relations expressed in equations (II)-

and (III) permit one to determine the difference in

pressure, p, that exists at the ends of a vascular bun-
dle of length, /, when water flows through it at a
rate, v, and when values of 7 and 3. (nr*) are known,
Further, when allowance is made for branching of
the ‘bundles, one can compute the total difference in
pressure necessary to raise water to leaves. Accord-
ingly, these values were measured for a healthy to-
mato plant. .

Procedure. 'The tomato plants (Lycopersicon es-
culentwan Mill.) used in this study were of the Bonny

. Best variety, grown in sand in a greenhouse and fer-

tilized with Hoagland's -solution plus trace elements.

Calculated Values of Rate of Flow and Pressure
in the Vascular Svystem. The viscosity of tracheal
“fluid was. measured with a viscosimeter. Samples
were collected from decapitated plants, the first drops
being discarded. This material had the same vis-
cosity as water, viz,, 0.01 ‘poise at 20.2°.

healthy plant, bearing 16 leaves. Leaves and inter-

nodes were numbered, starting- at the base of the -
_plant. The first internode terminated at node 1.

The length ‘of each internode was measured to -the
nearest millimeter. -

The objective of this study was to determine the
_pressure and flow relations in bundles when trans-
"piration proceds at a stated rate. Therefore, ap-

proximate measurements of tlie rates of transpiration
of individual leaves suffice. . . _

The transpiration rate of each leaf was estimated

by measuring its rate of loss in.weight when sus-
pen'dcd from the arm of an analytical balance (3).
This operation required  no more than 60 seconds
from the time when. the leaf was removed from -the
plant. By this method, the estimated transpiration
rate is considerably less then when. leaves are sup-
l’hl:‘d with water through the base of the petiole for
a time prior to making the measurement (3). Leaves
were removed in random order, one at a time, and
the rate of loss in weight was determined on one be-
fm‘s the next one was detached.
. j‘hes:i d.at'a defined pot only  the transpiration
ates of individual leaves, but also the rates at which

water moved througlt corresponding petioles. The
rate of movement of water through an internode is
the sum of the rates of transpiration of all leaves in-
serted above. :
For each leaf, the center of area of leaf tissue was
calculated from measured areas of leaves and tracings

‘of leaf and petiole cutlines. Petiolar length was de-

fined as the distance along the petiole from the node
to the center of area of leaf tissue. '
Determination of the value of the function
S, (nrt) required. a number of steps. Evaluation of
this function,-as defined in equation (III). requires
that the frequency distribution of radii of functional
vessels be determined in each vascular bundle within

~each internode and petiole throughout the plant.

First, it was necessary to determine which vessels
are functional in plants of age and size comparable
to the plant on which measurements were to he made.
‘A number of such plants were cut under water at the
ground line and the cuttings were quickly transferred
to dilute basic fuchsin solution. These were allowed
to absorb the dye through the cut end for half an
hour, Microscopic examination of thin, fresh cross
sections, cut freehand from these plants, revealed that
the walls of all vessels in vascular bundles were
stained with dye, but that no vessels were stained in
the developing secondary tissues outside of the bun-
dles (10). Therefore, measurements of radii of ves-

sels were limited to functional vessels, those contained-:

in the vascular bundles.

A number of plants of comparable size and age '

were employed to determine the range of the radii

"of vessels, from the base of the stem to its apex.

This was done by examining a number of thin, free-
hand cross sections, cut from the first internode and
from the -apical -internode and petiole. The largest

All-calculations—arebased-on-measurements-of-- a——and-»smallest.vessels.were_located_ and.these were meas-.
ured with a calibrated ocular micrometer.” A distri-

‘bution of vessel radii having this range was then
established, having class limits based upon equal in-
crements of rt, : )
A preliminary study had shown that the radii of
vessels and also the value of ¥ (nr*) for a bundle

‘vary along the axis of an internode or petiole. In

order that measurements of these values be compar-

able from one sample to another, all measurements

were made upon cross sections, cut from the center

_of an internode or petiole with respect to its longi-

tudinal axis.

Measurement of radii of vessels was a-time con-

suming process. Until measurements were made on
each internode and petiole, samples were preserved
in a 2.5 9 solution of formaldehyde, which had pre-
viously been shown not to alter the radii- of vessels
in samples. = - _
Finally, the identity of each vascular bundle had
to be maintained throughout the process of dissection
and measurement. This was done with the aid of 2
stripes of dye, one red.and the other blue. applied side
by side along the stem and each petiole. Sketches

of the course of bundles and their position with re-
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spect to the dye markers, before afld after dissection,
aided as well. The dye marks also aided in mounting
cross sections on slides so that orientation was mor-
phologically upward.

The experimental plant was dissected. Samples
of each internode and petiole were labeled and pre-
served.

Samples were prepared for measurement, one at
a time. A series of cross sections was cut from the
central portion of the sample, normal to the longi-
tudinal axis. These were mounted on a slide in
their proper morphological orientation. One was
selected for measurement and all bundles were iden-
tified by means of a diagram. For each bundle, the
radii of all vessels were measured with a calibrated
ocular micrometer. All internodes and petioles were
examined in this manner. -

Calculations. Vessels in each bundle were as-
signed to the appropriate class in the frequency dis-
tribution, and values of ¥ (urt) were calculated by
means of equation (III). This was done for the 6
bundles in each internode and the bundles in each
petiole. Measurements from lateral petiolar bundles
were pooled, so as to calculate a value of 3 (nrt)
for 1 bundle to the right and 1 to the left of the cen-
tral bundle. )

In order to simplify calculations, use was made of
the analogy between Ohm'’s and Poiseuille’s laws. A
potential difference, E, across the terminals of a con-
ductor is analogous to the difference in pressure. p,
across the ends of a capillary system; the electrical
current, I, is analogous to the rate of flow of fluid,
v: The resistance of the conductor, R, is analogous
to- the. composite term .(8. In) /w3 (nr?)

PLANT PHYSIOLOGY

ance. \Tessels constitute leaky iubes of considerable
length. Especially in the case of annular, spiral, and
scalariform elements, secondary thickening of the
wall is absent over a high proportion of the surface.
At points, the primary wall may be perforated where
plasmodesmata existed when the cell: was living. In
a bundle, vessels are not separated from one another
by xylem parenchyma along their whole length,
Where vessels are contiguous. water may iwell pass
from one element to another and net resistance to pas-

sage may be low because of the number of oppor-

tunities for passage. This will lead to a common
pressure gradient for vessels within a bundle, over
unit length. -

Second, the pathways that constitute junction-
between bundles are short and are assumed here to he
negligibly low in resistance. Water is further as-
sumed to pass through such junctions freely in either
direction.

Third, each leaf is assumed to be at a uniform
water potential, so that the pressure gradient in
lateral petiolar bundles is the same from their origins
in the vicinity of a node to their termini.

Subject to the foregoing assumptions, the path-
way of flow (fig 2) from the junction at node 1 over
b, + by + by -+ x, is parallel with the pathways ¢, +
cs + ¢, + y, and d, + dy + d, + z,. In addition,
pathway b, + by + by is parallel with d, + d; + d,.
and x, is parallel with z,. Comparable parallel path-
ways exist in the repeating unit associated with each
node in the plant.

The network involving all the 16 internodes and
petioles was considered as a whole. A series of inde-
pendent, linear equations was written, embracing

\Vhen pressure is expressed in atmospheres, and
rate of flow in ml per second, the resistance of a
bundle to flow is given by the expression

R = (81 m)/mC3 (nr*) =

251317 X 1078 /5 (mr*) v

where C is the conversion factor from dynes per cm?
to atmospheres, 1.01325 X 10° dynes per cm? per at-

‘niosphere and 7 is the viscosity of the liquid contained

in vessels, 1.0 X 1072 poise at 20.2°.

The resistancé between nodes or through a petiole
of each vascular bundle was calculated by means of
equation (IV) through use of the corresponding
values of 2 (nr*) and /.

With the above operations complete, analysis of
the flow rates in individual bundles throughout the
system could be undertaken. To facilitate and sim-
plify the analysis. an electrical circuit diagram was
drawn that was analogous to the entire vascular net-
work. A portion of this diagram, corresponding to
therrepeating unit of the vascular system, is shown in
figure 2. .

Use of an electrical analogue for the hydraulic sys-
tem involves a number of assumptions. First, one
assumes that water can pass laterally from one ves-
sel to another within a bundle. Such transfer is as-
sumed to occur freely and to encounter little resist-

“each unknown current in the individual conductors

of the network. Additional equations defined the
total rates of flow through petioles and internodes.
This system of equations was solved simultaneously
for the currents by the substitution method (19).
employing essentially the procedure used for calculat-
ing unknown direct electric currents in conductors
and making use of Ohm's and Kirchhoff's laws per-
taining to electric circuits. For example, the follow-
ing equations apply to the network shown in figure 2.

=L, R,
4 4

Iy Ry
4 4

and

I,(R, + Ry, + IR, + I R, =1I, (R, +
2z 3 14 4 4 2 2

R, + R +I,R, =1I,R; +
3 4 4 4 2 2

[d (Rd+Rd) + [sz-
3 3 4 4 4

The loss in potential from point to point in the net-
work was calculated just as [R drops are determined
for individual conductors in an electric circuit.
Here, appropriate values of rate of flow and resist-
ance were employed for each vascular hundle. These
products are equivalent to differences in pressure rt
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ploved to determine the difference in pressure re-
quired to move water through the sample at the rate
of the transpiration stream. The experimentally de-
termined differences in pressure were then compared
with calculated values.

Plants of identical age and size comparable to the
plant on which calculations were based were employed
for these measurements. By methods already de-
scribed, lengths of petioles and internodes were de-
termined. Then leaf blades were removed, the stem
and" petiolar stubs remaining attached to the undis-
turbed root in its pot. WWhen samples were to be
removed, they were cut under water with a razor,
The 'length of each sample was determined to the
nearest millimeter. ‘The initial samples were several
internodes long with petiolar stubs attached. Later,
individual internodes and petioles were employed as
samples. All samples were from the same plant.

The flow meter consisted of 2 parts. The upper
part consisted of a burette 1 cm in diameter, mounted
vertically. It was tapered at the lower end to a
diameter of 5 mm. Rubber tubing was attached to
the lower end and a pinch clamp was used to close
the tubing. The ‘glass tube was filled with water
to a measured height. The column of water pro-
vided a known head of pressure. \ ,

The lower end of the flow meter consisted of 1
mm heavy-walled glass tubing in the form of a tee .
that in turn was closely connected to a calibrated
capillary pipette. The stem of the tee, constituting
the side arm, was tapered at the tip. A tight-fitting
rubber cap was placed over the tapered end. The
capillary pipette readily measured volumes of water

Lo

as-low.as 0.01 .ml .

_ F. 2. Electrical circuit cbrrespondiﬁg to the repeat-
ing unit of the vascular system of the tomato plant.

quired to move water at the stated rates through the
bundles of internodes or petioles.

All ¢alculations were carried to 6 decimal places
to avoid errors arising when interpolated values are

multiplied by large numbers. Entries in tables carry.-

in some cases, a large number of digits because the
value of each entry depends upon the value of every
O_ther, as it must in a simultaneous solution. Reduc-
tion in number of digits in tabular entries will make
impossible the cross checking and balancing of the
values given for. flow and pressure relations in the
plant as a whole.

Measured Rates of Flow Through Stems and Peti-
oles at Known Differences in Pressure. For purposes
of comparison, the rates of flow through samples
of stems and petioles were determined experimentally
When a known difference in pressure was applied to
}he ends of the samples. The pressure applied to the
input end of samples was always sufficiently low that

flow through the hundles was laminar (18). The re- -

sulti .
ulting relation of pressure to rate of flow was em-

Submerged in water, the morphologically upper
end of the sample was fitted by means of rubber tub-
ing to the tee tube and capillary pipette. Connections

_were made so that they neither deformed the tissue

by compression nor leaked. The morphologically
lower end of the sample was similarly connected by
rubber tubing to the bottom of the burette containing -
water. The sequence from top to bottom was bur-

. ette, sample, tee tube, capillary pipette.

The rubber cap at the stem of the tee was pinched
to introduce a small bubble of air into the vertical
capillary tubing below the sample of tissue. The
pinch clamp was removed at the base of the burette.

‘Movement of the bubble through the capillary pipette

‘was timed. This operation required only a few sec-
onds per sample. All measurements were repeated.
Unless the first 3 measurements were in ¢close agree-
ment, the sample was removed, the edges trimmed,
connections were remade, and a new series of 3 meas-
urements was taken. From the resulting data, rates
of flow in ml per second were computed.

When samples consisted of several internodes of
stem, the principal flow was through the stem, but
small amounts of water were delivered through peti-

* olar stubs as well. .Only"the flow through the mor-

phologically upper end of the stem was measured in

this case because this situation is analogous to the
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one on which calculations werd” based.. Measure- ous equations describing flow in the entire vascular
ments were made first for lengths of stem consisting network. These are given in table IIL
of several internodes, and finally for samples consist- The difference in pressure required to move water

ing of individual internodes and petioles. through each large bundle was calculated from one
Rates of flow through samples were converted to junction to the next (table IV). Of the 2 large

correspond to the true lengths of petioles and inter- hundles forming a junction above a node, one passes
nodes and the corresponding rates of flow in the in- through the next node independently and forms a
tact plant at the location of the output end of the junction again at the second node above. For this

bundle, the difference in pressure was calculated for
_ . the interval of 2 internodes by multiplying the rate
b= (bn e va)/ (%) V. of flow through this bundle by the sur[; ofgthe resist-
ances in each internode. For example, bundle h
joins with bundle d just above node 1 (fig IB).
Bundle b then passes directly through node 2 and i
interconnected with bundle f just above node 3. The
calculated rate of flow through b, and b, is 37143 X
1078 ml per second table III). Calculated resistances
of b, and by, obtained from equation (IV) and data
in table II, are 5.87 and 4.55 atm-sec per ml, respec-
tively. The total calculated resistance is 1042 atm-
sec per ml. The drop in pressure associated with
flow. then, is obtained from the product of rate of
flow and resistance, or 3.87 X 107 atm. Corres-
Lengths of vascular bundles were determined by ponding values for other large vascular bundles are
the lengths of petioles and internodes. The total rate given in table TV.
of water movement through petioles was given by Differences in pressure in small bundles were cal-
the transpiration rates of leaves. The sum of the culated similarly, with due allowance for pathways
flow rates through all of the petioles above an inter- of flow (table TV). In the case of petiole 4, for
node defined the total rate of water transport through example. lateral bundles x, and z, arise as lateral
that internode (table I). Resistance of bundles to- branches of bundles b, and d,, respectively (figs 1B.
flow was determined from equation (IV) by substitut- 2). Calculation of the drop in pressure associated
ing appropriate values of / from table I and the meas- with flow through these bundles is straightforward.

sample by means of the relation

In this equation py is the applied pressure, 7, is the
observed rate of flow in a sample of length J, that
corresponds to a true length, I, in the intact stem or
petiole through which transpirational water flows at
a rate, v,, under a driving pressure of p,. Values
of v, at various locations in the plant were determined
from the data on the rates of transpiration of leaves.
Values of p, are here designated as measured or ob-
served pressures.

Results and Discussion

ured values of 3 (nr+). Values of the conductance However bundle y, originates as bundle c, at the
of-bundles.- which-is-the- reciprocal of resistance.-or.—junction of bundles b and d, just above node 1. This
1/R, are given in table II. bundle passes through internodes 2, 3, and 4 and then

Rates of flow through individual vascular bun- emerges in the petiole as y,. The difference in pres-
dles were calculated by solving the set of simultane- sure reported is for the total path from its origin u-

Table I. Lengths of Internodes and Petioles and Rate of Flow of Water
through Them in a Tomato Plont

Petiole or

internode Length Rate of flow
no. Petiole Internode Petiole Internode
(ml/sec X 107%)
1 8.0 cm 6.3 cm 8.7 1276.1
2 8.5 22 13.3 1267.4
3 103 - R W) 33.2 ’ 1254.1
4 11.4 4.3 38.8 1220.5
S 114 4.0 66.1 1182.1
6 13.0 4.5 95.5 1116.0
7 11.3 6.0 75.3 1020.5
8 11.2 6.8 92.0 045.2
9 11.8 ) 7.5 102.8 853.2
10 11.3 7.2 127.2 750.4
11 17.0 6.8 187.5 623.2
12 17.0 7.7 226.0 435.7
13 10.1 8.2 136.0 L2097
14 . 6.5 1.8 55.0 73.7
15 ' 43 1.5 16.5 . 18.7

16 1.1 .3 22 2.2
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rascular ! 4 Table II’.; Conductance of Vascular Bundles (I/R)
e water v Internode* T
om one or petiole . : Internodal bundles Petiolar bundles
2 large : no. ca b c d. e f X y z
: passes , [(ml/sec—atm) >( 107%] :
‘orms a . 1 0.455 23.451 0.046 107.203 .084 41.704 0.056 0.050 0.042
‘or this 2 0.192 170.201 1.686 253.640 0 591 180.793 0.074 0.050 0.064
ted for 3 6.741 219.969 0.370 396.936 1.320 205482 - 0.252 " 0.073 0.222
he rate i 4 1.420 177.390 0.811 117634 0.384 96.261 (.193 0.053 0.245
L 3 0.983 106.674 3.136 147.580 1.554 160.182 0.992 0.171 0.213
2 resist: , 6 1664 91268  0.320 134.288 1.861 106.185 0861 - 0.391 0.520
wdle b 7 1434 - 33815 0275 84.004 1.744 88.763 0463 0231 0.608
g 1B). . 8 2.514 80.479 0.964 109.762 0.344 52.403 0.643 0.153 ~ 0.293
'and is . 9 1.322 60.341 0.312 . 38724 1.406 13.607 : 0.226 0.066 0.80+4
3. The 10 1.0583 26.596 0.683 - 57.554 0.968 36.013 © 0.974 0.112 0.930
145 % 11 1157 . 64878 2174 22306 0411 . 17.240 1125 0211 0.651
istances 12 1.836 20.751 2720 14.458 2.072 10.196 0.914 0.228 0.679
dd t: 13 1.372 13.683 0.562 16.498 4.682 7.637 o128 0.411 1.571
nd cata . 14 2.082 4145 2.572 3.701 2.524 - 1.408 - 0.413 0.354 0.301
respec- 15 1.369 2.774 0.292 0.623 . 2226 1.955 1.022 1.007 0.754
42 atm- . 16 0080 . 0844 0.446 1218 0.016 0.079 0.004 0.065 0.083
'Sat;wg} » * Internode 2 begins at node 1 and terminates at node 2,
Corres- - I _ o
iles are ‘ Table II1. Rutes of Flow through Vascular Bundles of Stem and Petioles
ere cal- Internode* ' . : _ Origin of
ithways R or petiole - Internodal bundle Petiolar bundle " bundles
v 4, for : no. . a [b e . d] e f ox ¥y z “'x and z¥*
lateral < (ml/sec X 1076) ' -
figs 1B. 1 346 16999 186 77708 258 32113 o391 186 293 b-d
sociated : ] 2 346 37145 3.72 565.06 2.58 321.13 5.74 258 498 d-f
‘orward. : 3 346 37145 3.72 384.09 584 485.54 15.81 3.46 13.93 . f-b
at the 4 1395 45934 372 38400 584  353.96 1544 372 1964 b-d
L This 5 1395 31500 666 48660 584 35396 4961 584 1065 d-f
nd_then 6 1395 315.09 6.66  440.76, 9.43 330.11 50.86 13.95 30.69 i-b
" T 7 648 "91‘70_6 66— 440.76 —9.43265.47 29.69 6.66 38.95 b-d
n pres- 8 648  368.86 5.57  289.39 943 26547 5673 - 943 . 2584 d-f
rigin as 9 o 648  368.86 5.57 349.07  13.56 109.66 . 21.13 6.48 75.19 i-b
v 10 2213 -186.71 557 349.07 1356  173.36 62.22 557 5941 b-d
: 11 2213 22649 12.56 175.10 13.56 173.36 11021 13.56 63.73 d-f
12 2213 22649 12,56 89.76 - 17.90 66.86 116.96 22.13 86.91 f-b
13 6.01 69.70 1236  89.76 17.90 13.77 54.65 12.56 68.79 b-d
. 14 6.01 11.00 1.00 24.02 17.90 13.77 2146 17.90 15.64 d-t
—_— . 15 .. 6.01 11.00 1.00 043 -~ ... 0.26 6.04 6.01 445 . f-b
: : : 16 0.77 1.00 0.43 006 =~ 1.00 1.14 b-d
\ternode * Internode 2 begins at node 1 and terminates at node 2. .
i : ** Tndicates point of origin of lateral petiolar bundles. The entry b—d indicates that bundle x arises as a branch
v from bundle b and bundle z arises from bundle d at this node. - . .
1276.1
1267.4
1254.1 bundle c, to its terminus in y,. In any given petiole of the pressure drops over either of these 2 pathways
1220.5 ' the length of path for bundle y from its origin is is the same. Thus, the successive pressure drops for
1182.1 . greater than for bundles x and z. This accounts for the pathway via bundles b,, b,, by and x, are (7.25,
. 1116.0 the greater difference in pressure reported in table  3.87, 2.59, and 80.14) X 10-% atm. The second path-
182(5)3 I\" fof central petiolar bundles, y, than for lateral way is via bundles d,, d,, dz—y, and z, and the corres-
8532 ones (x and z). . ~ ponding pressure drops are. (7.25, 2.23, 4.23. and
7504 " : Differences in pressure between any 2 points in 80.14) X 1073 -atm.” The central petiolar bundle de-
623.2 the vascular system are additive over any direct path- rives its water from either bundle b, or d, and, at the
435.7 ! way of flow, just as /R drops are additive in corres- junction between them, water flows into the small
209.7 ponding electric conductors in series. For example, bundle ¢, to y,. Over this pathway the pressure
73.7 water moves to the lateral bundles of petiole 4 by way - drops are (7.25 and 86.60) X 10 atm. By any of
lgg of bundles b and d from the ground to node 4 and these 3 pathways, the™total difierence -in pressure
. then via bundles x and z to thelr termini. The sum from the ground line to thé termini of petiolar hun-
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Table IV. Dtﬁercnces in Pressure Required to Move Water through
: Iascular Bundles at Rates Showon in Table Il1
Internode Large bundle* Small bundle Total Origin of
or petiole from bundles ***
no. b d f x and z yk# ground x and z y
(atm X 1073)
t 7.25 723 i 70.15 7740 7740 b—d tr
2 “e. 2.23 9.48 77.10 86.38 86.58 d~f tr
3 3.87 e 1.64 62.69 73.81 73.81 f-b tr
4 2,59 423 - 80.14 86.60 93.85 b-d c,
5 cee 3.30 5.89 50.00 _ 57.53 67.01 d-f e,
6 6.41 cen 3.1 59.05 68.05 79.17 f-b a,
7 542 8.53 ces 64.08 7591 89.62 b—d c,
8 s 2,64 8.06 88.27 99.44 116.45 d-f e,
9 10.70 e 8.06 03.41 109.53 129.65 i-b a.
10 7.02 15.08 - 63.86 81.58 107.12 b-d c.
11 .. 7.83 14.87 97.94 120.87 149.05 d-—f €,
12 1441 e 6.56 128.01 149.44 185.68 f-b a'l”
13 5.09 11.65 eee 43.80 63.30 106.56 b~d c,
14 v 6.49 11.58 51.93 70.07 121.18 d—f €.
15 662 - 0.13 5.91 17.62 75.29 i-b a,
16 0.92 1.05 13.71 21.25 84.01 b-d Cl-';'

is the pressure difference between the junction

below to terminus in petiole.
ok

tion of node 2 as bundle c,.

dles is the same, 93.85 X 10 atm (table IV). The
differences in pressure required to move water from
the ground to individual leaves, given in table IV,
were obtained in this manner. The predicted pres-
sire différences over several”internodes;
table V, were obtained similarly.

In order to test the validity of the calculated
values, the difference in pressure was also measured
experimentally on a different but comparable plant.
Under a low head of pressure, the rate of flow of
water was measured through lengths of stem and
petioles. These ‘data were corrected by means of
equation (V) to correspond to the pressure required
to maintain flow at the rate of movement of the
transpiration stream in the plant upon which calcula-
tions were based. The resulting, observed values of
pressure are compared with the predicted, or cal-
culated pressure differences in table V.

Considering the nature of the comparison, the ob-
served and predicted values agree reasonably well.
The comparison is necessarily based upon values ob-
tained from different plants, in which the conduct-
ances of the corresponding internodes and petioles
differ, .

The observed and predicted values of difference
in pressure are in substantial agreement. This sug-
gests that the assumptions and theory upon which cal-
culations are hased lead to_a reasonable estimate of
the true values. On this basis, predicted or cal-
culated values can be used to infer additional proper-
ties of the transport system.

Conductance of Vascular Bundles.

* Values given for bundles b, d, and { are from one junction point to the next. Thus,

% 1073 atin is the pressure difference from the ground line to the junction at node 1. The value 3.87
at node 1 and the next junction at node J.
** Values given are for pressure difference over entire length of small bundle from origin at junction in stem

region (tr) or at junction of large bundles in stem 3 nodes below. Thus bu

for bundle i), the value 7.25
X 1073 atm

3 nodes

Bundles x and z originate as branches of designated large bundles at this node. Bundle y originates in transition

ndle y of petiole 4 originates at junc-

The conduct-

ance of a bundle is the reciprocal of its resistance to

flow.

Conductance is the rate of flow through a

bundle under unit difference in pressure, and is re-

a difference in pressure of 1 atm.

The conductance of an unbranched bundle varies
from one internode to the next.
dle d varied in conductance from about 120 to 400 X
10 ml per sec-atm between nodes 2 and 4. This

reported-in———ported--in- table-II- in. units..of.mL per..second. under

For example, bun-

Table V. Observed and Predicted Pressures Required
for Flow through Xylem of Stem and Petioles
at Rate of the Transpiration Stream

Internode Internodes Petioles
or petiole Predicted Observed Predicted Observed
no.
. . (atm X 1073)
1 7.3 10.6 70.1 68.5
2 22 19 77.1
3 1.6 1.1 62.7 98.5
4t 26 2.4 80.1 80.0
5 33 22 50.0 80.3
6 3.1 2.1 59.1 62.5
7 54 2.3 64.1 734
8 26 238 88.3 57.2
1-3 111 10.8
4-5 59 6.1
1-6 20.1 227
7-8 8.1 8.0
7-11 310 24.0
i .3
o ;
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variation is normal and reflects the variation in size
and number of vessels'along a bundle./” The 3 large
bundles traversing an internode may differ in size and
their conductance reflects this difference. For ex-
ample, in the first internode, the conductance of bun-
dles, b, d. and f was approximately 23, 107, and 42
X 107 ml per sec-atm, respectively.

In the lower stem, the conductance of Iar«e bun-
dles b, d, and f ranged from 50 to 100 times greater,
than of small stem l)undles a, c, and e. However, the
large network bundles decrease in size from the base

to the apex of the stem, whereas small bundles of the

stem and petiolar bundles remain of approximately

_the same size throughout the plant. In the upper

stem, conductance of large and small bundles is simi-
lar.
Change ‘in conductance - of bundles in different

" parts of the plant reflects their change in size. For

example, the average conductance of the 3 large bun-
dles in internodes 3, 6, 9, 12, and 13 was approxi-
mately 304, 111, 38, 15, and 1.8 X 107 ml per sec-
atm, respectively. .By contrast, the average conduct-
ance of small bundles in the stem, with the exception
of those in the first and sixteenth internodes. was 1.5
X 107 ml per sec-atm. For the first and sixteenth
internodes, average "conductance was, respectively,
0.20 and 0.18 X 107* ml per sec-atm..

The first 2 leaves to develop on.the plant have a

small area and. a low transpiration rate. Bundles in-

the first 2 petioles are also 'small. The calculated
conductance of petiolar bundles in the 2 oldest leaves
was low in comparison with other petiolar bundles.

_ In the first leaf, ‘the petiole contains but 1 lateral.
" bundle on either side of the median bundle.

In higher petioles, the apparently higher conduct-
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F16.-3. Frequency distribution of vessels in a large
vascular bundle of the tomato plant.

. population, when the number of vessels in each class

was plotted against the logarithm of the radius, the
resulting frequency distribution was approximately
normal. and symmetrical (fig 3). The frequency.
distribution was also symmetrical and approximately
normal when the number of vessels in each Llaﬂs was
plotted against_the corresponding_values of s

varies
:, bun-
400 X

This

equired
les

—_—
S

bserved .

68.5
9.5
80.0
80.3
62.5

734
572

“ance of bundles x and z than of the median bundle
is not significant, but results from the procedure of .

pooling vessel. measurements in groups of lateral
bundles. Bundle x, for example consisted in reality
of 2 or more bundles to the left of the median bundle.
Therefore, although the values reported in table II
accurately indicate the conductance of the right or

- left hand group of lateral petiolar bundles, the in-

dividual bundles of the group have a conductance that
is similar to that of the median bundle. The method
of calculating resistance of lateral petiolar bundles
has allowed for the parallel pathways of flow through
the groups of lateral petiolar bundles.

Radii of Vessels in Relation to Flow in a Bundle.
As equation (III) indicates, the function 3 (urt)
depends upon the nature of the frequency distribution
of radii of vessels in a vascular bundle. The nature
of this - frequency distribution was examined. The
population in any one byndle is too small a sample to
describe ‘the characteristics of ' the distribution ac-

Curately. 7To obtain a larger population, a group of

8 large vascular bundles was selected, having an aver-
age of 81 vessels per bundle. ‘This group contained a
total of 650 vessels. The bundles in this group had
comparahle values of X (nrt), and comparable ranges
and means with respeet -to’ vessel radius. In this

The relative contribution of vessels of dlfferiug
radii to the flow through a vascular bundle can be
calculated. When a difference in pressure exists
across the ends of a bundle of capillaries, the flow
rate in each is proportional to the fourth power of
its radius. A vascular bundle is such a bundle of
capillaries. In’the large vascular bundles examined,
the largest vessels had radii more than 10 times as
great as the smallest. When each is subjected to the
same difference in pressure, the largest vessel should
transport water at more than 10,000 times the rate
of the smallest ones. In a typical large vascular
bundle, vessels were grouped in classes according to
their radii, and the relative conduction was calculated
for each group (table VI). The single largest ves-
sel in the bundle should conduct about 23.9, of the
water transported by the entire bundle per unit of
time. ‘The 6 largest vessels should transport about
60 9 of the water moving through the bundle per
unit of time, whereas theé 10 smallest vessels should
transport. about 0.05 95 of the total.

However, the significance of vessel radius is
dual, ‘and herein lies the importance of range in size
and of the nature of the frequency distribution of
vessel radii as a characteristic of the bundle. When

- all vessels are funclinnal, the lurge vessels Lransport
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Table VI. Distrii)ution of Vessel Sizes in Bundle
and Their Relative Conductive Cuapacitics

Avg. No. Conductive 9, Relative
radius* capacity conduction
™) (n) (nrt)

5.62 1 1000 0.00

7.50 4 12,640 .- 001
1.0 3 50,000 0.04
13.3 12 379,200 0.28
17.8 12 } 1,200,000 0.89
23.7 19 6,004,000 4.49
31.6 13 13,000,000 9.71
12.2 10 31,600,000 23.61
56.2 3 50,000,000 37.36
750 1 31,600,000 23.61

Totals 82 133,846,840 100.00

% Class limits are given by the fourth root of the geo-
metric mean of successive pairs of values of %, or
(1000 X 3160)1/8, (3160 X 10,000)1/8, etc.

water and offer relatively little resistance to flow.
\Vhen small vessels cease functioning. the impact on
water economy of the plant is small. However, liquid
in large vessels is more subject to fracture than in
small ones (11,13) and restitution of water columns
in large vessels is slow (13). When large vessels
hecome dysfunctional. the small vessels and tracheids
assume the important function of maintaining con-
tinuous water colummns. This has been well demon-
strated by Greenidge (3) in experiments on stems
with overlapping partial cuts and by Scholander et al.

(11,13,.14.15). These_experiments all attest to the

essential function of small vessels, tracheids, and pit~

memibranes in maintaining the continuity of water in
the fine capillaries when water stress is high and
water columns break in large vessels. The fine
capillaries offer high resistance to flow but water
columns. are stable, mechanically. \When the plant
is not under stress and the large vessels are func-
tional, they offer an efficient, low resistance circuit.
\When the stem is cut, wounded, frozen, or diseased,
the very fine capillary system continues to function
as a high resistance circuit.

Relations of Flow between Vascular . Bundles.
The equations describing rates of flow in vascular
bundles must fulfill a number of conditions. The
sum of the rates of flow in the bundles of an inter-
node must equal the sum of the rates of transpiration
of leaves inserted on the stem above this internode.
The sum of the rates of flow through bundles tra-
versing a petiole must equal the rate of transpiration
of the leaf. The rate of flow through a bundle must
be constant from its origin to the point where it
joins another bundle or terminates. The sum of the
flow rates meeting at any point is zero. Two bun-
dles are in parallel from one junction to their next
junction. At junction points, the rates of flow are
redistributed among bundles in such a manner that
the drop in potential is equal over any of the parallel
pathways.

Rates of flow through bundles may change greatly
or only slightly at a junction, depending upon the
resistances of the bundles and the lengths of the
path between junctions. An illustration is the redis-
tribution oceurring between bundles b and d from the
first to the second internode (table III and fig $).
Bundle b carries water through the first internode at
a rate that supplies the left lateral petiolar bundle
of leaf 1 and a portion of the flow for bundle b in
internode 2. The balance is transferred at the junc-
tion from bundle d, which also supplies the flow for
bundle ¢ in internode 2. By this cross transfer. the
rate of flow -in bundle b is more than doubled from
the first to the second internode. Similarly, a cross
transfer of flow occurs at the junction just above
node 2 from bundle d to bundles e and f in internode 3.
A transfer of flow should occur in like manner ai
each junction.

Because of the junctions, distribution of flow may
alter rapidly as localized demand for water is tempor-
arily or locally created by variation in the rate of
transpiration or by wounding. The efficiency of
the vascular network in adjusting to suddenly im-
posed changes in water demand can be illustrated by
experiments of Ludwig (8) and of Dimond and
Waggoner (3). When all but one large vascular
bundle in the stem of a well-watered tomato plant
were severed by notching, no tissue wilted, even on a
sunny day, excepting the tissue supplied by the 3
central petiolar bundles that were extensions of the
severed small vascular bundles of the sten. No al-
ternate pathway exists for movement of water to the
tissues that wilted. The remaining leaves and por-
tiors of leaves remained turgid-because -of the reclis-
tribution of flow rates across junctions in the net-
work.

Pressure Differences and Energy Associated with
Flow in Vascular Bundles. Frictional losses occur
when water moves through a system of capillaries.
This requires energy in the form of a difference in
pressure from one end of the system to the other.
The amount of energy and the equivalent difference
in pressure depend on the rate of flow. The differ-
ences in pressure associated with flow through in-
dividual bundles have been calculated (table IV aud
fig 3). Flow through large bundles in the stem
requires a relatively small amount of energy. ‘I'he
calculated differences in pressure between junction
points of these bundles are low. For petiolar bun-
dles, the pressure differences are considerably higher.

Apart from energy associated with lifting water.
the energy associated with flow from the ground tv
individual leaves can be estimated as the sum of the
differences in pressure that move water via large
bundles through successive internodes and via small
pundles through the petiole. This is analogous L©
the flow of direct current through an electrical cir-
cuit. where the total electromotive force is equal o
the sum of the drops in potential over the individual
resistances that comprise the circuit.

The differences in pressure associated with flow
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Frc. 4. Rates of flow through vascular bundles of the lower stem and petioles.
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dividual leaves have been ca
For lower leaves, the difference in pressure associated
with flow from the ground to a node has been calcul-
ated to be considerably less than that necessary to
move water through the petiole inserted at this node.
At higher nodes, camulative pressure differences in
the stem eventually equal or exceed the pressures nec-

" essary to drive water through petioles.

The pressure required to drive water through

bundles increases for successively higher nodes and is

a maximum at the apex of the stem. These pres-
sures are approximately the sums of the pressures
required to move water through large bundles be-
tween junction points at successive nodes (table IV).
Such values for nodes 3, 6, 9, 12, and 15 are, respec-
tively 11.12, 20.12, 36.24, 57.67, and 69.38 X 107 atm.
However, the pressure required to move water from
the ground through petioles to leaf tissue does not in-
crease regularly with height. In fact, for some of
the highest leaves, less pressure is required than for
some of the intermediate ones (tables v, VII).
This results from variation in transpiration rate, and
the characteristics of vascular bundles in the stem
and in individual petioles over the route of the trans-
piration stream.

d to maintain flow rates through bundles of the lower stem and petioles.

Energy is also required to lift water in the erect

feulated ™ ( tablé'IV)._—stem‘.—-'I‘his ~also-can-he—expressed_.as..a_ difference

in pressure from paint to point, which increases
regularly with height along the stem (table VII).
The total energy to lift water against the force of
gravity and to move it through the stem is the sum
of these two. Contrary to what one might expect,
this total difference in pressure in the tomato plant
does not increase regularly with height. It is a maxi-
mum for intermediate leaves, not apical ones (table
VII, sum of entries in columns 2 and 3). The energy
for hoth processes is indirectly derived from that-as-
sociated with evaporation of water, derived from
transpiration.

The power expended in these ‘processes can be es-
timated from the rate of work, the product of the
total pressure and rate of flow (table VII). The
calculated power expended on lifting and flow of
water to leaves is a maximum for intermediate leaves,
just as the driving pressure is. Thus, the power
consumed in lifting and moving water to the fifteenth
leaf was less than one-tenth of that required for the
eleventh leaf. For the plant as a whole, total power
consumption is small, some 220 ergs per second.

This approach to pressure and flow relations in
the vascular system is consistent with the measure-
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Table VII. Driving P-rm.s'uru,:md Power Expended
in Raising Water to Leaves

Leaf * Pressure for Flow Power expended
flow lifting rate flow total
(atm) - (ml/sec) (ergs/sec)
(X 108) (X 10)

1 7740 6.10 8.7 . 0.73

2 86.58 8.23 13.3 1:17 1.2
3 7381 9.87 33.2 248 2.82
4 93.85 14.03 38.8 3.69 424
5 67.01 17917 66.1 4.49 5.69
6 79.17 22.26 95.5 7.66 9.82
7 89.62 28.07 75.3 6.84 8.98
8 11645 34.65 92.0 11.70 14,93
9 129.65 4191 102.8 13.50 17.87
10 107.12 48.88 1272 13.81 20.10
11 149,05 55.46 187.5 28.32 38.85
12 18368 6291 226.0 42.52 56.92
13 106.56 70.85 136.0 14.68 24.45
14 121.18 72.59 55.0 6.75 10.80
15 7529 74.04 16.5. 1.26 2.50
16 84.00 74.52 22 0.19 0.35

Total power expended 220.33

ments on sap pressure in vascular plants and the con-
cepts developed by Scholander et al. (12). The values
measured by them are in absolute terms, whereas those
reported here are not. Instead theysare reported as
differences in pressure from one location to another
in the plant. The negative pressurés measured by
Scholander et al. include the requirements for over-
~coming turgor effects and flow of water across layers

of_parenchymatous_cells._ In the_present study, the
calculated differences in pressure"%&‘e merely those
associated with vascular bundles, the transport system
itself. The energy associated with movement through
the transport system is small by comparison with that
required for movement through parenchymatous tis-
sues of leaves and roots. Furthermore, tomato plants
are short and the energy required for lifting water
in them is small compared with the requirements for
lifting water in tall trees. The tomato plant has no
unusual solute relations that require expenditure of
energy for movement of relatively pure water across
a layer of solute-rich cells, such as the halophytes do. -
The data of Scholander et al. (12) indicate that the
total energy associated with lifting water and its
movement through parenchyma of leaves is greater
than that associated with flow through the capillary
vascular system, especially in tall trees and halophytes.
Nothing in the present study is in conflict with this
finding. .

Effect of the Networlk on Pressure and Flow Rela-
tions in Large Bundles. Two kinds of bundles exist
in the vascular system; the large bundles, which are
interconnected, and the small ones, which are not.
The method of analysis employed for the normal
plant can be used to evaluate the effect of the net-
work on pressure and flow relations.

" mal radius by an obstruction.
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The following analysis, admittedly an artificial
condition, is based on the assumption that every ves-
sel in a vascular bundle is reduced to half of its nor-
This condition changes
the value of 3, (m4) to one-sixteenth of its original
value. In this circumstance, the pressure and flow
relations, defined in equation (II), are changed dras-
tically in the affected bundle. If the difference in
pressure across the ends of the bundle does not
change, the rate of flow should drop to one-sixteenth
of its original value. If the flow is to remain the
same, the difference in pressure must increase 16-
fold. These conditions apply to petiolar bundlex
and small bundles in the stem. They also apply to the
affected large bundle between junction points.

The effect of such a condition in a network bun- .
dle was also examined. In this case, the value of X
(nr*) for bundle £ was assumed to be one-sixteenth
of its original value in internodes 1 and 2 but to be
unaffected elsewhere, and all other bundles were as-
sumed to have their original values. These values
were substituted in the set of equations and new
values of flow rate were calculated on the assumption
that the total rate of flow to leaves remained un-
changed. Less water should flow through bundle f
in internodes 1 and 2, but flow rates should increase
correspondingly in bundles b and d in these inter-
nodes. Calculated new values indicate that the inter-
change of water at junctions between large hundles
in the lower stem was greatly increased. From the
fifth internode upward, rates of flow in all bundles
was approximately the same as in the normal plant.
Rates of transport through petiolar bundles were
little-affected. A .

Driving pressures were calculated for bundles
under this assumed condition. The increase in pres-
sure necessary to maintain flow at an unaltered total
rate proved to be very small. The maximum calculated
increase at any point was 4.5 % and in most of the
system, the increase was less. That in an experi-
mental plant, severance of a large bundle in the stem
by notching leads to no important result, whereas
severance of a small bundle produces wilting of the
tissues it supplies (3,8), suggests that the calculated
result is a valid approximation to the pressure and
flow relations in independent and in network bundles.
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