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.Sumtnary. In the tomato plant water flows through primary xylenm in accordanice
with Poiseuille's law. This relation and the analogy between Poiseuille's and Ohm's law
were employed to calctulate rates of flow and differences in pressure within vascular
bunidles when transpiration rates from individual leaves were known. The resistance of
vascular bundles to flow was calculated from a modificationl of Poiseuille's law and from
neasurements of vessels in all bundles. The rates of flow in all bundles were derived
from a set of simultaneous linear equations of flow, written to correspond with the nature
of the vascular network. XValues of the (lifference 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'lle largest vessels in a bundle transport most of the water when they are functioning.

The tomato plant containis 2 types of vascular bundle. The large bundles of the stem
formii 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
bundles 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-
miediate ones. For the plant examined, the highest leaves required a smaller amount of
energy to inove water from the ground than intermediate leaves did. This was also true
of thc power expended in moving water to individual leaves.

In the large network bundles, significant cross transfer of flowv 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 larg,e bundles. In small, independent bundles, a localized dysfunc-
tion in vessels produces; a signiificant effect on pressure alnd flow relations.

WAater moves from one point to another at a rate

that is proportional to the difference in potential an(d
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, alnd receint studies on water miiovemlent in
p)lant tissues reflect their ideas. This relation takes
a form quite analogous to Ohm's law of the flow of
electric current through a conductor. Even in the
mlovement of water across layers of parenchymatous

cells, where Rawlins (9) has shown that resistance
cannot always be considered constant, the relation
remains the same as van den Honert (7) proposed.
These studies have all colisidered the movement of
water through parenchymatous tissues of roots and
leaves to be 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 vascullar tissules, and(l of trans-
pirational loss.

In xvlem, transport of water occurs through a
capillary systenm in which resistance to flow is much
less than by alternative p)athways 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 ;,Lant (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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ain(l petioles wNas (leterillitied fromii nicasuiremients of the
r1ate of transpiratioll of individual leaves. The in-
dlividlual xylem bun(lles in the vascular systemi wvere
ideintifiedl and(l the resistance of each wvas calculated
for an in(livi(lual tonmato I)la1it from micasurement- of
radlii of vessels in eaclh bundle, unider the assumption
that flow follo\\ 1L'; oiseutille's law. Rates of flow
througthl each butndle have l)een calctulated from a set
of simlltiltanieotus equatilons. l)ased oni the natture of the
vascular netxxworlk of l)tn(lles. In a(ldlitioil the differ-
enice ini pressurc reluired to miiove xvater at the rate it
is translpiredl has been cletermiiiie(l froml the termiiini of
petioles to the grotund. Over )ortions' of the path-
\way, calculated ipressres have been compared \w-ith
measnire(1 valuies. (lctermiiiile(l for these samiie rates of
flow. tlhe 2 sets of values agree substanitially.
Power Jcon stumpl)tion for xx-atei miovemient tlhrough
xylem is estimatedl. ()n1antitative statemiienits about
rates of flo\\ and l)resst1re differenices associate(d -with
flow in xylem bundles permiiit a l)etter iund(lerstandinig
of the l)rocess.

Materials, Methods, and Measurements

ANaturc of the I (lscl(ldar X\ct-work. The anialysis
of flow is based uipoll the characteritics of t vevas-
cuilar netxvork. Ludwig (8 ) lhas described the pri-
mary vascular iietwork of the toiato l)llant. Except
for (letails of phvllotaxy. this systemi is sinilar to
that of the potato, as descri!)ed Iw)N Artschxager (1).

A\n ilnterul0ole contain:l 6 vasctular bundles. 3 large
onies that alternate with 3 smlall onies (fig 1AI) Onie
simall bundle emier,-,ge.s from the stemi as a c(entral
l)etioar bundle at each nlode. Lateral petiolar bun-
(lles arise as branches frolmi the 2 large bundles that
lie oni either si(le of the petiole. 'TIhese branches arise
below the nio(le, usually in the iup)per internio(le. Inl
the v\iciinit\ of the niode, onie of the large bundles
branches successively. Thle imaj or portion passes
ilntO the nlext initerniode. -A mliinor branch forms the

nodes stem bundles petiole
f a b c d e f
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FIG. 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 xicinity 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 xvere each single bundles.

smiiall bundle that replaces the onie emnerging frolmi
the stemii as a cenitral petiolar bundle. Other branches
constitute lateral petiolar bundles. The remiiainin1g
branch conniects, just above the no(le! xxith the second(
large bundle that lies on the opposite side of the
petiole. The third large btundle passes through the
node anid in the next interniode it forms the saiiuew
types of branches, successively forminlg the smiiall re-
placement bundle of the stem,. the conlnecting branch
to a large buindle, anld lateral petiolar l)undlles.

The large bundles, tlherefore, conistittute a netxvork-
whereby 2 of tlhemii are interconniiected in the vicinity
of each node alnd all 3 participate equally in the net-
work. The smnall bundles are niot initerconnected.
but constituite independent patli\x-avs of flo\\ fr-oiin
their origins as branches of lar-e bundles to theil-
termini in petioles. Thus, the 2 types of bundle.
large and small, have differenit ftunctions. At each
node, bundles are displaced laterally. This (displace-
ment gives rise to the phvllotaxic patterni.

Analysis of the probleml of flow is sil)plifie(l if
one ignores the lateral displacemenlt of butn(dles at
nodes and the precise locations where branches arise.
The present study is based upon a model in \x-hich
these factors are igniored ancd which also treats each
grotup of lateral petiolar buncdles as single buindles,
onie to the right aiid one to the left of the cenitral
bundle.

The imiodel, and the vascuilar systemii itcelf*con-
tain a repeated tunit design. A portion of the model
containing stich ia repeating iiiiit is shown in figuire
lB. The tunit begins at the junction of bundles b and
d, jUst above lnodle 1, anid extendcis to the next junction
at node 4 (fig 11-)). This uiilt inicltudes bundle c a1n
all petiolar bundles sulpplying leaf 4.

In the lower steini. only the upper portion of the
repeating Iunlit is rel)resenlte(d. Tle large bundles
joiln jtust albove nlo(les 1, 2, ain(l 3. 'T'lhese, and the
smiiall bluntlles, halae commnloni conniiectionis in the root,
itust belowN- the transition region (6, 8, 16. 17). In
the root, the xxvlemii is exarch. Vessels in the upl)l)e
root are contiguous. Throutgh1 the transition region,
the xylem (di-i(des ilnto group)s that einerge in the steini
ais \vascular bundles.

The folloxxiiig conventions xwere adopted to icleni-
tifv vascutlar bundles. In anx inlternlo(le, the smllall
bundles xer-e designiated as a, c, and e, xxlhereas large
bundles xx-ere (lesignlate(l as 1, d1, and f. \ specific
lar-e bundle in initerniode I is designiated as dl, and
a small onie as c,1 The l)uilidles of l)etioles were
simi,ilarly identified, xx-ith the central bundles desi-
niated as v. the left lhanid lateral bund(les as x, and tile
right hanid lateral buinl(les as z. The small bundle of
the stem, c, becomnes v(, xvlereas e, extends in1to the
next interniode asx bundle e.. andI emiierges in petiole 2
as v. (fig lB).

Theory of Tasclar FHloz. TIn the vascular sx,s-
teml, floxv of xvater is laminiar rather thain tuirbutlenit
(18). Laminiar flox in a calpillary folloxxs lPoisetil-
le's laxxN, xvhich states that a (Iriving pressure, p. is re-
quired to move a fluild wxith x iscosity, -q at a rate of
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v ml per second through a capillary of radius r and

length 1, according to the relation

p = (8 I -v)/iV -r. I

A vascular bundle conltains many v-essels. These

are in parallel and their radii differ. As applied
to such a btundle of capillaries. Poisetille's law takes
the moldified formii

p (8 1 -q V)/fr I(nr) II

wh-liere

, (nr4) = n1r14 n2r4 + . +.1.+ 1.m¼ III

anid up, 113 . ,Im designate the niumber of ves-

sels having radii of i-,, r2, r'3.
The wvorking relations expressed in equations (LI)

anid (III) permit one to determine tlle difference in
pressure, p, that exists at the ends of a vascular bun-
dle of length, 1, when water flows through it at a

rate, v, and when values of qr and 1(n1r4) are known.
Fuirther, when allowance is miiade for branching of
the bundles, one can compute the total difference in
pressure niecessary to raise water to leaves. Accord-
inigly, these values were measured for a healtlhy to-
mllato planlt.

Procedure. The tomiiato plants (Lycopersicon es-

cuilcutuniii iMill.) used in this study-l!ere of the Bonny

Best variety, grown in sanld in a greenhlotuse and fer-
tilized w-ith Hoagland's soltution plus trace elements.

Calculated Valuies of Rate of Flowc and Pressulre
in time Vascdlar Svstem. The viscosity of tracheal
fltidi vas mleasured with a viscosimeter. Samiiples
were collected from (lecapitated plants, the first drops
being discarded. This material had the same vis-
cositv as water, viz., 0.01 poise at 20.20.

All calculations are based on miieasuremiients of a

healthylplant, bearing 16 leav es. Leaves anid inter-
nodes were numiibered, starting at the base of the
planit. The first internode terminiated at node 1.
The length of each internode was mleasuredI to the
nearest millimeter.

The objective of this study was to determinie the
pressure anid flow relations in bundles when trans-
piration proceeds at a stated rate. Therefore, ap-

proximiiate measuremiienits of the rates of transpiration
of individual leaves suffice.

The transpiration rate of eaclh leaf was estimated
by measuring its rate of loss in weight wheni sus-

pended from the arm of an anialytical balanice (3).
This operation required no miiore than 60 seconds
fronm the time when the leaf was remloved froml the
plant. By this miethod, the estimated transpiration
rate is considerably less then when leav,es are sup-

plied wTith water through the base of the l)etiole for
a time prior to imakinig the mleasuremenit (3). Leaves
were removed in randomii order, onle at a time, and
the rate of loss in weight was determinied on one be-
fore the next one was detache(l.

These data define(d not only the transpiration
rates of individual leaves. but also the rates at which

wvater moved throtg-lh corresp)ondn1g etioles. The
rate of movement of water throuigh ani initerniode is
the sum of the rates of transpliration of all leaves in-
serted above.

For each leaf, the center of area of leaf tissuie was
calculated fromii miieasured areas of leaves and tracinlgs
of leaf anid p)etiole outlinies. Petiolar lenlgtlh w-as (le-
fined as the distanice alonig the petiole from tllhe node
to the ceniter of area of leaf tissue.

Determination of the value of the function
E(n1r4) required a number of steps. Evaluation of
this funiction, as defined in equation (III), re(quires
that the frequiency distribution of radii of functional
vessels be determined in each vascular bundle withini
each internode and petiole throughout the l)lant.
First, it was niecessary to dletermiinie which vessels
are functional in plants of age and(I size comnparable
to the planit on which measuremiients were to be mlade.
A number of such plants were cut uniider water at the
ground line and the cuttings w-ere quickly transferred
to dilute basic fuchsin solution. These were allowed
to absorb the dye through the cut enid for half anl
hour. -Microscopic examlinationi of thini, freslh cross
sections, cut freehand from these plalnts, revealed that
the walls of all vessels in vasctular bundles were
stained w-ith dye, but that no -essels w-ere stained in
the developing seconidary tissues ouitside of the bun-
dles (10). Therefore, measuremiienits of radii of ves-
sels were limited to functionial vessels, those conitained
in the vascular bunidles.

Ainumber of planits of coml)arable size anid age
were employed to determiinie the range of the ra(lii
of vessels, from the base of the stem to its apex.
This w-as done by examlininig a number of thini. free-
hand cross sections, cut fromii the first ilnternode and(I
fromii the apical initerniode and(l petiole. 'T'he largest
anid smallest vessels wvere located and these w-ere meas-
uired with a calibrated ocuilar miiicromiieter. A (listri-
bution of vessel radii havinig this range was theni
established, havinig class limits based upon equtial in-
crements of r4.

A preliminary study had slhown that the radii of
vessels and also the value of l: (i's4) for a bundle
vary along the axis of ani interniode or petiole. In
order that measurements of these values be comiipar-
able from onie sample to another, all miieasurenments
were made upon cross sections, cut fromii the center
of an internode or petiole with respect to its longi-
tudinal axis.

MIeasurement of radii of v-essels was a time con-
sumiinlg process. Unitil miieasuremiienits wvere made onl
each initernode and petiole, samiiples were preserved
in a 2.5 % solution of formiialdehyde, which had p)re-
viouslv been shown not to alter the radii of vessels
in samples.

Finally, the identity of each vascular bun(dle hlad
to be maintained throughout the process of dissection
and measuremeniit. This was done with the aid of 2
stripes of dye. one red andl the other blue. applied sidle
l)y side along the stem and each p)etiole. Sketclhes
of the course of bunidles and their position with re-
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sp)ect to the dye miarkers, before and after (lissection,
ai(led as well. I'he dye marks also aided in mounting
cross sections on slides so that orientationi was inor-
phologically upward.

The experinmenital plant w-as 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
ceentral portion of the sample, normal to the longi-
tu(linal axis. TI'hese were miiounted oIn a slide in
their proper miiorphological orientation. One was
selected for measuremiient and all bundles were iden-
tified by means of a diagram. For each bundle, the
radii of all vessels were measured wNith a calibrated
ocular micrometer. All interniodes and letioles were
examined in this manner.

Calculations. Vessels in each bundle wvere as-
signed to the al)propriate class in the frequency dis-
tribution, and values of E (iir4) were calculatecl by
mleans of equation (III). This was done for the t
buindles in each internode and the bundles in eachi
petiole. M\easurements from lateral petiolar bundles
were lpooledc, so as to calculate a value of 1(,1ii4)
for 1 bundle to the right and I to the left of the cen-
tral bundle.

In order to simplify calculationis, use was miiade of
the analog- between Ohmii's and Poiseuille's laws. A
lpotential difference. F. across the terminals of a conl-
ductor is analogous to the difference inl pressture, p.
across the end(s of a capillary system; the electrical
ctirrent, I, is analogous to the rate of flow- of flulid.
v. The resistanice of the conductor. R. is anlalogous
to the coml)osite termii (8 hr)/vT (I, I4').

\When pressure is expressed in atmlospheres, and
rate of flow inml per second, the resistacice ot a
bundle to flow\ is giveni by the expression

R = (8 1 ?7)/1TCj (nr4)
2.51317/ 10-8 I/I (nr4)I4

where C is the conversioni factor from dynies per cm2
to atmospheres. 1.01325 X 106 dynes per cm2 per at-
mosphere and 7j is the viscosity of the liquii(d contained
in vessels, 1.0 X l0-'poise at 20.20.

The resistanice between nodes or througlh a petiole
of each vascular bundle was calculated by means of
equation (IV) through use of the corresponding
values of X (nr4) and 1.

WNTith the above operationsl coll)plete. anialysis of
the flow rates in individual bundles througlhout the
system cotuld be undlertaken. To facilitate and sim-
plify the analysis, anl electrical circuit diagram was
drawn that was analogouis to the entire vascular net-
work. A p)ortion of this diagram.i corresponding to
the repeating Unlit of the v-asctular svsteni, is shoxvwn in
figure 2.

Utse of anl electrical anialoguie for the lhydrauilic sys-
temii involves a nutmber of assumptions. First, one
assunies that water can p)ass laterally fromii one ves-
sel to another within a bundle. Such transfer is as-
sumiie(l to occuIr- freely anld( to) enicounter little resist-

anIIce. \Ve<sels conistituite leakx mubcs of considerable
lenigth. Especially in the case of annular, spiral, and
scalariformii elements. secondarv thickeninlg of the
wall is absent over a high proportion of the surface.
At points, the primary wall ma!- be)perforated wlher-e
l)lasmodesmata existed when the cell xwas living. 1n
a bun(dle, vessels are Inot sepairated from one another
1w xylemi pareInchyvima along their wlhole length.
\Vhere vessels are contiguouts. water may well i)ua
froiml one elemilent to another and net resistalnce to pas-
saage miav be low because of the numiber of oppor-
tunities for passage. rhis will lead to a commiiiionl
I)ressure gradienit for vessels \\x ithin, a bundle, oxve
unlit lenigth.

Second, the pathways thalt constitute junilction
1)etween bundles are slhort anid are assumed lhere to be
negligibly low in resistanice. \Vater is fuirther as-
sumiied to p)ass through suich junctions freely in eitlhe
dlirection.

Third, each leaf is assunmed tc) le at a uiniforiml
water potential, so that the pressure gra(lienit in
lateral petiolar bundles is the samiie from theil- origins
in the vicinity of a node to their termini.

Subject to the foregoing assuimptions. the path-
way of flow (fig 2) from the junctioln at niodle I over
1)2 4- b3 + b4 + x4 is parallel with the pathways c. +
C3 + C4 + V4 and d2 + d, - d4 + Z4. In addition.
p)athway b., + b ± b4 is l)arallel wvith d. + d2 + d .
and x4 iS parallel with z4. Comparable lparallel patlh-
ways exist in the repeating ulinit associate(I xwith each
node in the plant.

The network involvinig all the lt internodes anid
petioles was considered as a whole. A series of ind(le-
pendent. linear equations was w-ritten. emibracing-
each unknowin currenit in the individual coniductors
of the network. Additional equations (lefined the
total rates of flow through petioles and interniodes.
'rhis systemii of equations was solved siimtultaneously
for the currents by the substitution mietlhod (19).
emiiploying essentially the proce(lure used for calctilat-
ing unknown direct electric currenits in con(luctors
alnd making use of Ohm.. and Kirchhoff's lavs per-
taining to electric circuits. For examiiple, the follo-v
ing equationis apply to the network showiv in figure 2.

JXRx JI Rz
4 4 4 4

and
'b (RI,

2 2
+ Rb) ± It,1R?, + IX Rx -IR

3 4 4 4 4 2

Re + R, ) + I, R 1(1 Rd +
2 4 4 4 2 2

I,, (Rd+ Rd ) - IZ R,
3?, *1 4 4

(Re 4

J'he loss in lpotential from point to p)oint in the net-
work wvas calculated just as IR drops are determined
for individual conductors in an electric circuit.
Here, appropriate values of rate of flow aned resist-
anice were employed for eachl vascular bundle. These
Iplrodtlctsre e(qlliv:lent to differenceS inlI r>esci.eic
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or

-

FI(. 2. Electrical circuit corresponding to the repeat-
ing unit of the vascular system of the tomato plant.

quired1 to mlove water at the stated rates through the
bundles of internodes or petioles.

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

multiplied by large numbers. Entries in tables carry.

in sonme cases, a large number of digits because the
value of each entry depends upon the value of every

other, 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.

Mleasured 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 apl)lied to
the ends of the samples. The pressure applied to the
inlput end of samp)les was always sufficienitly low that
flow throuLgh the bundles was lamiinlar ( 18). The re-

sulting relation of pressure to rate of flow was em-

ployed to determiiine the differenice in pressure re-
quired to move water through the samliple at the rate
of the transpirationi stream. The experimientally de-
termiiined differenices in pressure were then compared
s-ith calculated values.

Plants of identical age anid size com1parable to the
planlt oni which calculations were based were employed
for these measurements. By miiethods already de-
scribed, lengths of petioles anid initernodes were de-
termined. Then leaf blades were remiioved, the stem
and petiolar stubs remaining attached to the undis-
turbed root in its pot. WVhen samples wvere to be
removed, they were cut under water with a razor.
The length of each sample was determined to the
niearest millimeter. The initial sanmples were several
initernodes long with petiolar stubs attached. Later,
inidividual internodes and petioles were enmployed 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 mim. 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 knownl head of pressure.

The lower end of the flow mieter consisted of 1
mnm heavy-walled glass tubinig in the formii of a tee
that in turn was closely connected to a calibrated
capillary pipette. The stemii of the tee, constituting
the side arm!, was tapered at the tip. A tight-fitting
rubber cap -vas placed over the tapered end. The
cal)illary l)ipette readily measured volumes of water
as low as 0.01 ml.

Submerged in wvater, the iimorphologically upper
cid(I of the samiiple was fitted 1b mieans of rubber tub-
iung to the tee tube and capillary pipette. Connections
were m1ade so that they nieither deform1ed the tissue
by coplpression 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. samiiple. tee tube, capillary pipette.

The rubber cap at the stem of the tee was piniclhe(d
to initrodtuce a smiall bubble of air in1to the vertical
capillary tubing below the samiiple of tissue. TI'he
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 vere in close agree-
ment, the sample was removed, the edges trimmed,
connections were remiade, anid a ineNv series of 3 mneas-
uremenits was taken. Froml the resulting data, rates
of flow- in ml per second were computed.

\Vrhen samiples consisted of several internodes of
stem, the principal flow was through the stem, but
small amnounts of water were delivered through peti-
olar stubs as well. Only the flow through the mlor-
plhologically upper end of the stemni was measured in
this case because this situationi is analogous to the

* s
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one on which calculations were based. Measure-
ments Nvere miiadle first for lelngths of steini consisting
of several interniodes, and finally for samiples consist-
ing of individual interniodes and petioles.

Rates of flow through samples were converted to
correlsond to the true lengths of petioles and inter-
ilodes and the corresponding rates of flow in the in-
;act plaiit at the location of the outpuit enld of the
anil)le bv nieans of the relatioln

Pa (Pb a. L'a)/(lb Vb). V

In thlis equation pb is the applied pressure, b is the
Observed rate of flow in a sample of length lb that
correslponds to a true length, la, in the intact stem or
petiole through which transpirational water flows at
a rate t,a under a (Irivinig pressure Of Pa. Values
of va at various locations in the plant xvere determined
fromii the data on the rates of transpiration of leaves.
Values of pa are here designiatedI as miieasured or oh-
served pressures.

Results and Discussion

1engths of vascular bundles were deterimiined by
the lengths of petioles anid interniodes. 'rhe total rate
of water movrement through letioles was given by
the transpiration rates of leaves. The suitll of the
flo\w rates through all of the )etioles above all iinter-
lio(le definied the total rate of water tranlsport through
that illterllode (table I) Resistance of bundles to
flow was determiined from equation (IN') by substitut-
ing appropriate values of I froill table I ani(l the meas-
ture(l values of I (nr4). \'alues of the col(lluctallce
of hlundles. which is the recilprocal of resistan ce, or
I/R, are giv-ell in table II.

Rates of flow through ildividual vascular butn-
dles were calculated bhy solxviig the set of simultane-

Table 1. f c ,itlls

uals e(lutatiolls (lescrihilg flov ill tile entire vascillar
network. These are givell in table III.

The differelnce in pressure required to mioxve w-ater
throughl each large bundle was calculate(d fromii onie
jullctioll to the niext (table I\ ). Of the 2 large
)mtidles formilig a julictioll above a node. olie passes
thr(cugh tile ilext no(le independently ail(l formis a

jMilctiOll again at the second( no(le above. For this
bundle, the (lifferelice ill pressure was calculated for
the inlter-al of 2 ilterliodes by miiultiplyinig the rate
of flov tirough this hunlldle bv the sumf of the resist-
allces ill eaclh iilterniode. For examl)le, bundle ¾
joivs with blmu(lle d jtist above niode 1 (fig, 11B).
I 3um(lle 1) theni passes (lirectly tlhrough node 2 and(I is
interconlllecte(l wxitlll(ulndle f just albove ilode 3. The
cal-tilated rate of floxv througli b., an(l b8 is 3/71.45 X
1()- iul per secoll(l table III ). Calculate(d resistances
of h., ail(l 1,), obtained fronm equatioin (IV) anid data
in table II, are 5.87 alld 4.55 atnm-sec per nl1. respec-
tivelv. The total calculated resistaince is 10.42 atm-
sec per 1111. Trhe (Irol) in pressure associated with
flow. tieni. is obtaiiled from the prodtict of rate of
flow anid resistailce, or 3.87 X 10-3 atmii. Corres-
p)onliilng values for other large vascular bundles are

gixvell ill table IN'.
Diifferences ill l)ressure in sniiall buildles \x\ere cal-

culatedl similarlv, with dtue allowanlce for l)athilxvays
of floxv (table IV). In the case of l)etiole 4, fol-
exanlple, lateral ltundles x4 ai(ld Z4 arise as lateral
l)ranlches of lbtlndles b4 and d4, respectively (figs 1B.
2). Calctilationi of the drol) in lressture associatedl
\w ithl flow tiroutgll these bulndles is straightforward.
Hloxvever l)un(lle y- originates as blllldle c., at the
Jnlnctioln of bundles b aind d. just above node 1. This
buidle passes through initerniodes 2, 3, and 4 and then,
emerg,-es in the petiole as V,. The differeilce ill pres-
sure reported I's for the total pati from its ori-inl .is

of Initcrnodc's (ald Pctiolcs an(d Raft, of F Io. of Waotcr
tlhroith Theumi in a 7 omato Plant

Rate of flow
Internode

( cl/sec X 10 1)
1276.1
1267.4
1254.1
1220.0
1182.1
1116.0
1020.5
945.2
853.2
750.4
623.2
435.7
209.7
73.7
18.7
2,2

1Petiole or
internode

no.
Length

Internode Petiole

1)2

4

I

7
8
9
10

11
12
1 3)

14
15
1lf

Petiolc

8.0 cIIm
8.5

10.3
11.4
11.4
13.0
11.3
11.2
11.8
11.3
17.0
17.0
10.1
6.5
4.3
1.1

6.3 cinl
2.2
1.7
4.3
4.0
4.5
6.0
6.8
7.5
7.2
6.8
7.7
8.2
1.8
1.5
(0.5

8.7
13.3
33.2
38.8
66.1
95.5
75.3
92.0

102.8
127.2
187.5
226.0
136.0
55.0
16.5

_8.)
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Table II. Conductance of Vascultir Bundles (IIR)

a

0.455
0.192
6.741
1.420
0.983
1.664
1.434
2.514
1.322
1.053
1.157
1.836
1.372
2.082
1.369
0.080

b

23.451
170.201
219.969
177.390
106)'.674
91.268
53.815
80.479
60.341
26.596
64.878
20.751
13.683
4.145
2.774
0.844

Internodal bundles
c d

0.046
1.686
0.370
0.811
3.136
0.320
0.275
0.964
0.312
0.683
2.174
2.720
0.562
2.572
0.292
0.446

[ (ml/sec-atm)
107.203
253.640
396.936
117.634
147.580
134.288
84.004

109.762
38.724
57.554
22.306
14.458
16.498
3.701
0.623
1.218

e

X 10-3]
0.084
0.591
1.320
0.384
1.554
1.861
1.744
0.344
1.406
0.968
0.411
2.072
4.682
2.524
2.226
0.016

Petiolar bunidles
xf

41.704
180.793
295.482
96.261

160.182
1(06.185
88.763
52.403
13.607
36.013
17.240
10.196
7.637
1.408
1.955
0.079

0.056
0.074
0.252
0.193
0.992
0.861
0.463
0.643
0.226
0).974
1.125
0.914
1.248
0.413
1.022
0.004

0.050
(.050
0.073
0.053
0.171
0.391
0.231
0.153
0.066
0.112
0.211
0.228
0.411
0.354
1.0oo7
0.065

* Internocle 2 begins at node 1 and terminates at node 2.

Table III. Ra-tes of Flow through Vascular ButndIcs of StcmaIimd I'tialcs

Internodal bundle
a b c d e f

I
Petiolar bundle
x v

Origin of
bundles

z x and z**

(ml/sec X
777.08 2.58
565.06 2.58
384.09 5.84
384.09 5.84
486.60 5.84
440.76 9.43
440.76 9.43
289.39 9.43
349.07 13.56
349.07 13.56
175.10 13.56
89.76 17.90
89.76 17.90
24.02 17.90
0.43 ...
0.43 ...

* Internode 2 begins at node 1 and terminates at node 2.
** Indicates point of origin of lateral petiolar bundles. The entry b-d
from bundle 1) and bunidle z arises from bundle d at this niode.

btundle c., to its termintus in yv. In any given petiole of the pressi
the length of path for bundle v from its origin is is the same.
greater tlhan for bundles x and z. This accounts for the pathlway
the greater difference in pressure reported in table 3.87. 2.59, ay
JTN for central petiolar bundles, y. than for lateral wx-ay is via h
ones (x and z). ponding pre

DiffereInces in pressure between any 2 l)oints in 80.14) X I(
the vascular system are additive over any direct p)ath- rives its wat
vay of flow, just as IR drops are additive in corres- Junction bet
ponding electric conductors in series. For example. bundle c. ti
water moves to the lateral bundles of petiole 4 by way drops are (;
of bundles b and(d frolmi the gr(omiud to niode 4 and these 3 piat
tlheii via bundles x and z to their termiinli. I'he sutimi fromii the ,r

indicates that bund(Ile x arises as a branch

tire drop)s over eitlher of these 2 pathxvavs
Thus, the successive pressure drops for

Via bundles b,. b2-3, b4 an(I x4 are (7.25,
nd 80.14) X 10-3 atm. The second path-
undles d,, d2, d3..4, and z4 and the corres-
essure drops are (7.25, 2.23. 4.23. and
0-3 atnm. The central petiolar bundle de-
ler fromn either bundle b1, or d, and. at the
tween them, water flow s into the small
to y4. Over this pathway the pressure
7.25 and 86.60) X 10V atm. TIy anv of
-hways. the total ulifference in pressurc
()ulld liine to the termiini of petiolar btin-

1225

Internode*
or petiole

no.

1

3
4

6
7
8
9
10
11
12
13
14
15
16

0.042
0.064
0.222
0.245
0.213
0.520
0.608
0.293
0.804
0.930
0.651
0.679
1.571
0.301
0.754
0.083

Internode*
or petiole

no.

2
3
4
5
6
7
8
c

10
11
12
13
14
15
16

3.46
3.46
3.46

13.95
13.95
13.95
6.48
6.48
6.48

22.13
22.13
22.13
6.01
6.01
6.01

169.99
371.45
371.45
459.34
315.09
315.09
291.70
368.86
368.86
186.71
226.49
226.49
69.70
11.00
11.00
0.77

1.86
3.72
3.72
3.72
6.66
6.60
6.66
5.57
5.57
5.57

12.56

12.56
1.00
1.00
1.00

10-)
321.13
321.13
485.54
353.96
353.96
330.11
265.47
265.47
109.66
173.36
173.36
66.86
13.77
13.77
0.26

3.91
5.74

15.81
15.44
49.61
50.86
29.69
56.73
21.13
62.22

110.21
116.96
54.65
21.46
6.04
0.06

1.86
2.58
3.46
3.72
5z.84

13.95
6.66
9.43
6.48
5.57

13.56
22.13
12.56
17.90
6.01
1.00

2.93
4.98

13.93
19.64
10.65
30.69
38.95
25.84
75.19
59.41
63.73
86.91
68.79
15.64
4.45
1.14

b-d
d-f
f-b
b-d
d-f
f-b
b-d
d-f
f-b
b-d
d-f
f-b
b-d
d-f
f-b
b-d



Table IV. Differcnces in Pressure Requ(ired to Move Watcr tlirouigh
Vascular Bundles at Rates Shown in Y'ablc III

Smiiall bundli

f x anld z

9.48
1.64

5.89
3.11

8.06

8.06
. . .

14.87
6.56

11.58
0.13

(atm X 10- 3)
70.15
77.10
62.69
80.14
50.00
59.05
64.08
88.27
93.41
63.86
97.94
128.01
43.80
51.93
5.91

13.71

e Total
from

a: ground

77.40
86.58
73.81
86.60
57.53
68.05
75.91
99.44

109.53
81.58
120.87
149.44
63.30
70.07
17.62
21.25

77.40
86.58
73.81
93.85
67.01
79.17
89.62

116.45
129.65
107.12
149.05
185.68
106.56
121.18
75.29
84.01

Origin of
bundles **

x and z

b-d
d-f
f-b
b-d
d-f
f-b
b-d
d-f
f-l,
b-d
d-f
f-b
b-d
d-f
f-b
b-d

* Values given for bundles b, d, and f are from one junctioni point to the next. Thus, for bundle b, the value 7.25
X 10-3 atmii is the pressure difference from the ground line to the julnction at node 1. The value 3.87 X 10-- atl
is the pressure difference between the junction at node 1 and the next junictionl at no(le 3.

** Values given are for pressure differeiice over entire length of small bundle from origin at junction ini stem 3 node.s
below to terminus in petiole.
Bundles x anid z originate as branches of designated large bundles at this node. Bundlle y orig-iinates in tranisition
region (tr) or at junction of large buniidles in stem 3 nodes below. Thus bun(dle y of petiole 4 originiates at jUilc-
tion of node 2 as bundle c.,.

dles is the same. 93.85 X 10 - atmi (table 1V). The

differenices in )ressure required to move \\xater from
the ground to inidividuial leaves, giveni in table IV.
were obtained in this imianniier. The lpredicted pres-
sure differenices over several interinodes. reported in
table \V. were obtainied similarly.

In order to test the validitv of the calculated
values, the difference in pressure wvas also imieastired
experimiientally on a different but comparable plant.
Under a low head of pressure, the rate of flow of
water was miieasured throughI lengtlhs of stemi and
petioles. These data wvere corrected by miieans of
equation (V) to correspond to the )ressure required
to miaintain flow at the rate of imoveenent of the
traislpiration stream in the plant utponi w-hich calcula-
tions were based. The resulting, observed values of
pressure are conmpared with the predicted, or cal-

culated pressure differenices in table V.
Considering the nature of the comparison, the oh-

served and predicted values agree reasonably well.
The comparison is necessarily based upon values ob-
taimed from different plants, in which the conduct-
ances of the corresponidiing internodes and petioles
dif fer.

The observed anid predicted values of difference
in pressure are in substantial agreement. This sug-
gests that the assumptions and theory upon which cal-
culations are based lead to a reasonable estimate of
the trule valties. (O)n thlis basis, p)re(licte(l or cal

enlat ed Va11u1eS Cant IW 1uSed to inl f(r additiolnl1tproper-
ties of the translport systeml.

Conduictanicc of Vasculalr Buundles. 'T'he coniduct-
aince of a lundle is the reciprocal of its resistanice to
flow. Conductance is the rate of flow tlhrough-l a
bljundle ulidler Utnit differenice inl pressure, anid is re-
p)orted in table II in uniiits of ml per second uniider-
a differenice in pressure of 1 atnm.

The cond(luctanice of ani uinhranched bundle varies
from one initerniode to the niext. For example. hun-
dle d varied in condutctanice fromii about 120 to 400 X
10-3 ml per sec-atmii between no(les 2 anid 4. This

Table V. Observed anid Prcdicted Pressurcs Rcqutire,d
for Flow through Xylem of Stecin anid Petioles

at Rate of thc Transpiration Stream

Iiiternode
or petiole

no.

1

2

3
4
5
6
7
8

1-3
4-5
1-6
7-8
7-11

Iiiternodes Petioles
Predicted Observed Predicted Observed

(atm X 10-3)
7.3 10.6
2.2 1.9
1.6 1.1
2.6 2.4
3.3 2.2
3.1 2.1
5.4 2.3
2.6 2.8

11.1 10.8
5.9 6.1

20.1 22.7
8.1 8.(

31.0 24.0

70.1
77.1
62.7
80.1
50.0
59.1
64.1
88.3

68.5

98.5
80.0
80.3
62.5
73.4
57.2

Interlnode
or petiole

110.

Large bulidle:l

b

2

431

6
/

8
9

10
1 1
12
13
14
15
16

7.25

3.87
2.59

6.41
5.42

10.70
7.02

. .

14.41
5.09
.

6.62
0.92

d

7.25
2.23

4.23
3.30

8.53
2.64

15.08
7.85
.

11.65
6.49
. .

1 .05

y

tr
tr
tr
c.,
eo,
a4
c,0
Ce

a-
cs

e,.,
a I:"

1.,
C'4
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variation is nornmal and reflects the variation in size
and number of vessels along a bundle. The 3 large
bundles traversing an interniode may differ in size and
their conductance reflects this difference. For ex-
amplle, in the first internode, the conductance of buin-
dles. b, d, and f was approximately 23, 107, and 42
X 10-3 ml per sec-atm. respectively.

In the lower stem, the conductance of large bun-
dles b. d, and f ralnged from 50 to 100 timles greater
than of small steml bundles 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
stemii and petiolar bundles remain of approximately
the samiie size throughout the plant. In the upper
stenm conductance of large and small bundles is simii-
lar.

Change in conductanice 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 iinternodes 3, 6. 9, 12, and 15 was approxi-
mately 304. 111, 38, 15, and 1.8 X 10-3 ml per sec-
atnm, 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 10-3 ml per sec-atml. For the first and sixteenth
internodes, average conductance w-as, respectivelv,
0.20 and 0.18 X 10-3 ml per sec-atm.
The first 2 leaves to develop on the plant have a

small area and a lowv transpirationi 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 miiedian bunidle.

In higher petioles, the apparentlv higher coniduict-
anice of bundles x and z than of the imediani bundle
is niot 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 mlediani 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 conductanice that
is similar to that of the median bundle. The miethod
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 , (nr4)
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 bundle is too small a sample to
describe the characteristics of the distribution ac-
curately. l'o 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
comparable values of 1 1-4), and comparable raniges

id(l iieaiis with resl)ect to vessel radius. In this

U)
a3)
n

aL)

E
z

2.0

Log. Vessel Radius (p)

FIG. 3. Frequency distribution of vessels in a large
vascular bundle of the tomato plant.

population, wvhen the lnulmiber of vessels in each class
was plotted against the logarithm of the radius, the
resultinig frequency distribution was approximiiately
niormal and symmiiiietrical (fig 3). The frequency
distribution was also symmiiiietrical and approxinmately
niormal wheni the number of vessels in each class was
plotted against the corresponding v-alues otf 4.

The relative contributioni of vessels of differing
radii to the flow through a vascular bunidle canl be
calculated. When a difference in pressure exists
across the ends of a bundle of capillaries, the flowr
rate in each is proportionial to the fourth power of
its radius. A vascular bunidle is such a bundle of
capillaries. In the large vascular bunidles examiiined.
the largest vessels had radii more thani 10 times as
great as the slmiallest. When each is subjected to the
same difference in pressure, the largest vessel should
transport water at miiore than 10,000 times the rate
of the smallest onies. 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 % of the
water transported by the entire bundle per unlit of
time. The 6 largest vessels should transport about
60 % of the water moving through the bundle per
unit of time, whereas the 10 smlallest vessels should
transport about 0.05 % 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. \Vhcii
all vessels are functional, the large vessels transport
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Table VI. Distribution of V[7essel Sizes in a Bunidle
and Their Relative Condntctivc Capacitics

Avg.
radius

(a)

p.62
7.50)

1 ().()
13.3
17.8
23.7
31.6

42.2

56.2

No. Conductive
capacity

(t1) (tr')

4

112
12

1()
113

Totals 82

100o
12,640
50,000

379,200
1,200,00))
6,004,000

1 3,0()0,(N{)
31,600,00(0
5000,())(
31,600(,000

133,846,840

Class limits are given by the foturtlh root of the geo-

ietric mlean of successive pairs of values of r4, or

)1000 X 3160)1/ , (3160 X 10,000)1/8, etc.

ater and offer relatively little resistance to flo\\-.

WVhen smiiall vessels cease functionin,. the imlpact on

w-ater econoniv of the pllant is smnall. However, li(1tild
in large v-essels is miiore subject to fractture than inl
smlall ones (11. 113) anid restituttion of xwater columniiis
in large vessels is sloxx (13 ). \When large xvessels
become dvsftinctional. the small vessels and tracheids
IssumeIIc the important ftunictioni of inainitaining coil-

tilltiotos w\ater columins. 'I'llis has beeni wvell dention-
s;tratedl bv Greenidge () iii experimlents on stenws
wxxith overlapping I)artial ctits and(I by Scholander et al.
('I 13, 14, 1). These experinients all attest to the
essenitial fillmctioin of small vessels, traclheids, anld pit
memilbranes in imlaintainling the continuity of xater in

the fine capillaries xwhen xvater stress is higih an(i

xater columniiis brecak in large vessels. The fine
capillaries offer high resistance to flow blut water
columniiiis are stable, nmechanicallx. When the plant
is not tinder stress and the large vessels are ftinc-
tiolnal, they offer an efficient, loxx resistance circtuit.
\Vhlien the steni is cut, xv-ounlded, frozei, or diseased,
the very finie capillary system conitmO ties to ftinctioin
as a high resistanice circuit.

Rclatioiis of 1/ow bct.cccii I 1-ascular BI3indlcs.
'T'lhe eqLtiations describing- rates of floxv in vascular
ltuniidles mulist fulfill a numiber of conditions. The
stim of the rates of floxw in the bundles of aii inlter-
iiode iiiust equal the stim of the rates of transpiration
of leaves iniserted on the steni above this internode.
The stuii of the rates of flox- through bundles tra-

versinCrg a petiole must e(qual the rate of transpiration
of the leaf. The rate of flow through a bundle must

le coInstanit fronii its origin to the poinlt where it

ilouis aniother bundle or terminates. The stini of the
flx\\- rates neeting at any point is rero. Two a-in

illes are in parallel froni one junctioni to their niext

junctioit. At junctionl points. the rates of flowv are

redlistributed among btilndles in such a miainner that
the droii ill pioteitial is e(ul 1 ov(r alny of the par;ihicl

ipth\\hays.

Rates of floNx- tlll-hrllnuhl 1illuldeS 11aV ChangTe g-1-reatlv
or only- slightly at a jutletiol. depiendil,g UP0on tlle
resistainees of the bundles aind the lengths o f the
l)ath between junctions. An illustration is the rdis-
tril)ution occurring between b)undles 1) and d fromii the
first to the second interno(le (table III anld fig( 4).
IBunidle b carries water thr'Oulgch the first interno(e it
a rate that supp)lies the left lateral petiolhir bin (le
of leaf 1 alnd a portion of the flowN for buidle 1) in
initernode 2. The balanlce is transferred at the jnn11c-
tion fromii bunldle d1 wlhiclh also supplies the flo\\ for
biundle c in internio(le 2. Rv this cross tranisfer, the
rate of flow in butndle b is miiore than dotibled fromii
the first to the second interlnode. Similarly, a cross
transfer of flowx occurs at the juinictionl just above
node 2 fromii bundle d to bunidles e antd f in intero(le 3.
-A transfer of flow- shouild oectir ini like mlannier at
each jiuinction.

Because of the junlctionls, distributioni of floxw mlav
alter rapidly as localized demiiand for w-ater is temlpor-
arilv or locallv created by variation in the rate of
transpiration or bv wvotiniding. The efficienc- of
the vascular network in adjustinig to suddenfly imi-
pose(l changes in water demlancd cani be illustrated I)v
experimeicnts of Lud\\ ig (8) and( of Dimlondcl aii(l
W,Vaggoner (3). Whlien all but olne large vascular
lbundle in the steml of a w-ell-xvatered tomlato 1dlanl,t
were severed by notchin-,. n1o tisustie xilted, eveni on a

Sunlny1v day-, exceptinig the tissuie stipplied in tbe 3

cenitral )etiolar bltndles that xx ere extenisionis of the
severed smiall vascular buidles of the stemil. No atl-
ternate pathway exists for movemenlt of \vater to the
tissues thalt w\ilted. The reniiaininig leaves anid ir-
tiolls of leaves remainied ttrgild becatise of the redliS
tribution of flow rates acro junctions ill the niet-
work.

Pressinre Differciccs(ciad JiC1rgy Assoctatcd wi/li
Flo.z inlhi F"ascldar Bf idles. Frictional losses occt-

\\x-venix-ater moves thlrotuglh a sxsteini of capillaries.
This requiires eniergy- in the foirm11 of a differenlce inl
pressure from onie end of the svstemii tc) the othler.
'The amiiouniit of enier-v andl the equivalent differenice
in presstire (lelpei(l oni the rate of flow. 'rhe differ-
ences in l)ressure associated \witlh flow- throui-lb i11-
dividtial htmluilles have been calculated (table IV and(l
fig 5, . Flo\v throulgh large b)IunI(dles in the steini
requiires a relatively smliall amiiotinit of energyx. 'I'lhe
calcuilated differelnces in )resstlr-e between jutinctioIn
points of these bti(dles are lo oiFor petiolar bun1-
dles, the pressuire dliffer-enices are coinsiderably higher.

Al)art fromi energy associated wvith liftinig w\ater,
the energy associated w-ith flx\\- fromii the ground to
individual leaves can lie estiniiated as the stull] of the
differenlces in pressture that miove \vlater via large
buindles throuigh sticce-.sive in-terniodes and via small
miiu(dleS through the l)etiole. 'I'hiis is analogotus to

the flowx of direct current throu-gh ani electrical cir-
cuit, vhere the total electroniiotive force is eqtial to
the suimi of the drops ill potenitial over the idlix diutial
resistanices that comiipr-ise the circutit.

'T'lhe differ-enices inl p)rtstlre associated( xwith flo\\
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La Lb dE
FIow rates - mi. /sec. x 10-6

kw Lk)LW J Ld)W t
Prmure diIf r - atm. x 10-3

FIG. 4. Rates of flow7 through vascular bundles of the lower stem and petioles.
FIG 5. Differenices in pressure required to maintain flow rates through bundiles of the lhwer stem anld petiolcs.

fromii the groulld to nodles anid through petioles to in-
dividual leaves have been calculated (table IV).
For lower leaves, the difference in pressure associated
with flow from the ground to a node has been calcul-
atedl to be considerably less than that necessary to
move water through the petiole iniserted at this node.
At hiigher nodes, cumulative pressure differences in
the stem evrentually equal or exceed ithe pressures nec-
essarv to drive water through petioles.

The pressure required to drive water through
bundles increases for successively higher nodes and is
a maximutm at the apex of the steml. These pres-
stires are approximately the sumlls of the pressures
required to move water through large lbundles be-
tween junctionl points at successive niodes (table IV).
Such valuies for nodes 3, 6, 9, 12, and 15 are, respec-
tively 11.12. 20.12, 36.24, 57.67, and 69.38 X 10-3 atimi.
However, the pressure requiired to miiove water from
the -rouind( through petioles to leaf tissue does not in-
crease regularly with height. In fact, for somiie of
the highest leaves, less pressture is required than for
some of the intermediate ones (tables IV, VTJI).
'T'his results from variation in transpiratioin rate, and
the characteristics of vascular bundles in the stem
and in individual petioles over the route of the trans-
piration stream.

Energy is also reqtlired to lift water in the erect
stemi. This also can be expressed as a difference
in pressure from poiInt to point, which increases
reggularly 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 mlight expect,
this total difference in pressure in the tomato plant
does not increase regularly with height. It is a m11axi-
mum for intermediate leaves, not apical ones (table
VlII. sumi of entries in columns 2 and 3). The energy
for both processes is indirectly derived from that as-
sociated with evaporation of water, derived from
transpiration.

The power expended in these processes can be es-
timlated from the rate of work, the product of the
total pressure and rate of flow (table VII). The
calcuilatedI power expendled on lifting anid flowr of
wvater to leaves is a maximiiium for intermiiediate leaves,
jIIst as the driving pressuire is. Thuts, the power
coInsumed in liftinig and imlovilig Nx-ater to the fifteenth
leaf was less than one-tenth of that required for the
eleventh leaf. For the plant as a whole, total pover
consumption is small, some 220 ergs per second.

This approach to pressure and flow relations in
the vascular system is consistent with the measuire-
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Table VTI. Driv,iniq Pressurv , and Power Expended
in Raisinq Water to Leaves

Pressure for
flow lifting

(atm)

(X
77.40
86.58
73.81
93.85
67.01
79.17
89.62
116.45
129.65
107.12
149.05
185.68
106.56
121.18
75.29
84.00

10-3)
6.10
8.23
9.87

14.03
17.91
22.26
28.07
34.65
41.91
48.88
55.46
62.91
70.85
72.59
74.04
74.52

Flow
rate

(til/sec)

( 10%( ')
8.7

13.3
33.2
38.8
66.1
95.5
75.3
92.0

102.8
127.2
187.5
226.0
136.0
55.0
16.5
2.2

Power expenided
flow total
(ergs/sec)

0.68 0.73
1.17 1.28
2.48 2.82
3.69 4.24
4.49 5.69
7.66 9.82
6.84 8.98
11.70 14.93
13.50 17.87
13.81 20.10
28.32 38.85
42.52 56.92
14.68 24.45
6.75 10.80
1.26 2.50
0.19 0.35

Total power expen(led 220.33

ments on1 sap) pressure in vascularl plants ani(l the con-

cepts (leveloped bd Scholnder et al. ( 12). The values
measuired by themii are in absolute terms, whereas those

reportecl here are not. Instead they are reported as

(lifferences in lpressure fromii onle location to aniother
in the lplant. The negative pressures meastured bv
Scholander et al. incltude the requiirem-ients for over-

coiminig turgor effects andl flow of Nvater across layers
of p)arencliviiiatous cells. Tn the present study, the
calculated dlifferences inl pressure are merely those
associate(l with vascular bundles, the tralnsport system
itself. The ener-y associated with movement through
the transport system is small 1y comparison with that
require(l for imiovenielmt tlhrotugh parenchymatouis tis-
stues of leaves and roots. Furthermore, tomato plants
iare shol-t anid the energy reqtmired for lifting water

in themii is smzall conmpared with the requirenments for
lifting w-ater in tall trees. TI'he tomato plant has no

tulnustual soltite relationis that re(quire expenditure of
energy for movenment of relativelyrpure water across

a laver of soltute-riclh cells, stuch as the halophytes do.
The data of Sclholander et al. (12) indicate that the
total enierg- associated with lifting- water and its
io\ emlleit thl-ouighi parenchvina of leaves is greater

thlaln thalat associated x-\ith flow\ througth the capillary
vascular systeimi, especially in tall trees and halophytes.
Nothing inl the preseilt stud(ly is in conflict with this
finding.

IJffect of the Netzework o) Pressure a)m(I Flow Rela-
tiouis tl ILarge Buidles. Twx o kinds of buncdles exist
in the vrascular system:i; 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-
vork on pressure and flow relations.

Trhe followill, analysis. a(hdittedly ail artificial
condition, is based on the assumption that every yes-
sel in a vascular lundle is redcuce(d to half of its nor-
mal radius bv ani obstruction. T'his coniditioni changes
the value of E (nr4) to one-sixteenth olf its original
value. In this circumstatnce, the pressure and flow
relations, defined in equation (II) are clhaniged dras-
ticallv in the affected bundle. If the differelnce 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 remiiain the
same, the difference in pressure must ilncrease 16-
fold. These conditions apply to petiolar bundles
and small bundles in the stem. They also apply to thc
affected large bundle betweeni junctionl points.

The effect of suclh a conditioni in a netwvork buin-
(Ile was also examined1. In this casc, tlle value (of S
(Or4) for bundle f was assumlied to be one-sixteentl
of its original value in internodes 1 and 2 bult to bc
unaffected elsewhere, and all other buindles xvere as-
stimed to have their original valuts. These valtics
were stubstittited in the set of equations and nlcw
valuies of flow rate were caleculated oIn the assumption
that the total rate of flow to leaves remained im-
changed. L,ess wvater should flow throuigh hutndle f
in interno(les 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-
chaiige of water at juinctions betweven large bundles
in the lower stem was greatl increase(l. Froi the
fifth internode upward, rates of flo\x in all bundles
was approximately the samiie as in the normiial plant.
Rates of transport through petiolar bunldles wvere
little affected.

Driving pressures were calcuilate(d for btundles
nlder this assumed con(lition. The inicrease in pres-

sure necessary to maintain flowr at anl unialtered total
rate proved to be very small. The maximumiii calculated
increase at any point was 4.5 % and in most of the
systen, the increase was less. That in aln experi-
mental plant, severance of a large bundle in the stemii
by notching leads to no imiiportaint resuilt, whereas
severanice of a small bundle produtces wilting of the
tissuies it supplies (3, 8), suggests that the calcuilated
resuilt is a valid approximation to thc pressure aml(l
flow\ relations in indepenidelit alld itl network builliles.
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