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.Simmluiary. Freezinig of steimi sectioIns aln(d enitire twigs of hemilock ( 7'suga c(Inl(1-
densis) has beenl demonistrated to occuir withotut increasilng thc resistance to the
movemenit of water throuigh the frozen part after rewarmiing. This was interpretcdl
to mnean that freezinig did not prodluce cavitation in the xylem sap even thouigh A)
the sap was unquestionably frozeni; B) it containe(ldissolved gases; anlI C) it
was under tension before freezing and after. Freezing stem sectionis of some
other evergreen gymnosperms during the summer again produced no evidence for
cavitation of the xylem sap. On the other hand, freezing stem sections of some
angiosperms invariably increased the resistance to sap flow leading to wilting and
death in a few hours when the sap tension was at normal daytime valuies at the
time of freezing. These results were interpreted to mean that the bordered pits
on the tracheids of gymnosperms function to isolate the freezing sap in each tracheid
so that the expansion of water uipon freezing not only eliminates any existing tension
bult also develops positive pressulre in the sap. Dissolved gases frozenl olut of sollution
may then be redissolved uinder this positive pressuire as melting occlurs. As the
bulbbles are reduiced in size by this ice pressure (levelope(d in all isolate(d tracheid,
fturther pressuire is applied by the suLrface tension of the water agailnst air. If the
bubbles are redissolved or are re(duice(d to stufficient small size by the time the tension
retturnis to the sap as the last ice crystals melt, then the inter-nial pressuire from
suirface tenision in any existing small btubbles may exceeed the hy(lrostatic tension
of the melte(d sap and the bulbbles cannlot expand an(d will continuiie to dissolve.

Evidence in suipport of the cohesion theory for
the transport of water through the xylem svstem
has steadily increased since it was first stated by
Dixon and joly (3) and was so eloquently devel-
oped by Dixon (4). Not the least evidence has
been the recent direct measurements of negative
lhydrostatic pressures (hydrostatic tensions) in
halophytes, tall trees and desert shrubs for which
the valuies obtained were appropriate for the needs
of the plant (8, 9). The negative hydrostatic pres-
suire was also shown to be eqtual to the osmotic
pressure of the leaf intracellular sap when turgor
pressure was zero. Yet, the theory can still be
challenged by simply inquiring abotut the freezing
and thawing of xylem sap which is under tension
prior to and after freezing. Evergreens in tem-
perate and Arctic zones contain xylem sap which
Scholander (7) has shown by calorimetric measuire-
ments to be periodically frozen. Dissolved gases
in the xylem sap would thereby be frozen out of
solution. If the sap were under tension at the time
of freezing or thawing, shotuld it not cavitate and
should not cavitation impede the easy flow of sap
through the xylem system? The resuilts to follow

1 Also, Fellow of the John B. Pierce Foundation
Laboratory.

are interprete(l to show that caxvitation (loes llot
occuir in hemlock (Tsugtia c(a adensis) ail(l in some
other evergreens, possibly' dtue to the expansioni of
water tupon freezing within a closed systenm.

Three kinds of experiments were tundertaken in
this sttudy and the methods, material and resuilts
wxill be presented in separate parts. For Part I,
evidence for the occurrence or absence of cavita-
tioin was souight in detail in a single evergreen
species. For Part II, a suirvey was made of several
species of woody trees and shrubs to determilne for
which species cavitation of the xylem sap waas
cauised by stem freezing. The seasonal effect uiponl
the osmotic pressure of the intracelluilar sap was
examined for Part III. Although the latter effect
may be unrelated to the conditions for cavitationi,
the data obtained provide a basis for estimating the
average moduilus of elasticity for the leaf cell walls.

Part I. Water Intake anid Weight Loss Prior
to, Duirinzg and After Freezintg of Twig. All twigs
for these tests -,%ere taken from 6 hemlock (Tsiqgai
canadcntsis) trees approximatelI' 10 X'ears ol( alnld
grown in Conniecticuit. -Mlost were measuired in late
x'inter and were still conditioined by manx and( re-
cent freeze-thaw cycles. Two were measuired in
mid-Jtine and had 2 to 3 cm new growth.

Onl)y 2 measurements Xwere madle as a flnction
of time on each twvig; A) the amouint of x-ater
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citerinig thc twig tlhrouigh the stem, andl B) the
weight loss, primarily a result of transpiration. All
twigs were removed from the tree (the stem was
not tinder water when cut off) anid treated vari-
ously before measurements began. To meassure the
amotunt of water entering the stem of the twig, the
end of the stem was gently scraped to the cambiuim,
cuit cleanily off under degassed, distilled water with
a razor blade, and immiediately joined to a potom-
eter containing distilled, filtered water in its long,
calibrated glass tuble. A short rubber tubing con-
niected the watter in the glass tubitng with the stem.
Care was taken to avoid trapping gas bubbles in the
connectioni. All water entering the stem from the
glass tulbe was previouisly filtered through an HA
millipore filter (40,u pore size). When saturated
water was used, air was bubbled through the water
at the stated temperature prior to filtering, other-
wise all water was degassed by boiling prior to
filtering. All weight changes were measured to
the nearest 0.01 g. When sap tensions were meas-
ured, small test twiglets (0.4 to 0.8 g by weight)
were removed from the twig and enclosed in a
pressture chamber where the gas pressure (No) was
slowly increased until the sap returned to the cut
enid of the twiglet protruding through a seal to the
ouitside of the pressuire chamber (8, 9).

Water intake and weight loss were obtained for
twigs which were frozen in 2 ways: A) by freezing
a 4 to 5 cm section of the stem with CO, snow.
The first centimeter of the stem from the end
joined to the water in the glass tubing was not
frozen. This type of freezing was always accom-
plished while measurements of water intake and
weight loss were in progress. B) By slowly
freezing the entire twig for several hours at -15°
either prior to measurements of water intake and
weight loss, or, in some cases, during the measutre-
ments. In the latter case, the water in the glass
tubing and in the first 2 to 3 cm of the stem was
prevented from freezing by local warming.

Except where noted, all measurements were
made at a dry bulb temperature of 200 to 230 and
a relative humidity between 20 and 30 %.

Stems Frozen-Water Degassed. A 15 gm hem-
lock twig was dehydrated until a test twiglet from
it measured 265 psi tension in the xylem sap. On
2 successive occasions, while measuring its intake
of degassed and filtered water and its weight loss,
a 4 cm section of the stem was frozen for about
1 hour (fig 1A and B). As the frozen section
rewarmed, the inrtush of water was followed by a
steady state influx of water equal to the rate of
weight loss. This can be interpreted to mean that
freezing the section did not introduce an impedi-
ment in the path of xylem flow, that is cavitation
of the xylem water did not occur. If cavitation
had occturred, the inrush of new water into the
twig would not have occurred following thawing of
the frozen section; nor would the steady state rates
of water intake before and after freezing have

been equlal. Figure 1C illustrates the water intake
into a twig when air bubbles stuch as are produced
by cavitation enter into conducting elements. In
this case, the stem was separated from the water
in the glass tube for 20 minutes and then rejoined.
Note that the steady state rates of influx and
weight loss after stem freezing at A in figure 1
actually exceed the pre-freezing rates because the
twig had just been transferred from a temperature
of 2° to 220, and the rates of influx and weight
loss in the warmer environment were not yet estab-
lished before freezing at A occurred. The steady
state rate of intake before stem freezing at B was
55 mg water per hour per gm fresh weight of twig
(or simply expressed hereafter as 5.5 %/hr). The
steady state influx after freezing at B was 4.3%/hr.
The small difference between 5.5 and 4.3 %/hr
suggests that some cavitation did occur in this
instance. These observations were repeated tupon
6 other twigs with little or no evidence of cavita-
tion.

Stems and Entire Twig Frozen-Water Degassed.
Slowly freezing and holding an entire twig at -110
during the night and then slowly rewarming the
twig did not impede the flux of water entering the
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FIG. 1. Water intake (g) and weight loss (g) of
hlemlock twig as a function of time (initial twig wt =
14.8 g). Prior to measurements of water exchange,
twig was held at 20. At 1040 twig was transferred from
+20 to +220, RH =30 %. 4 cm of stem was frozen
for length of time indicated by length of hatched bar
at A and B. Stem was removed from potometer for 1
minute and then for 15 minutes (indicated by length of
open bar) at C.
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steiii as illustratted in figulre 2. For this test, tlle
twig was iniitially dehydrated to 165 psi xylem ten-
sion before it was joined to the potometer contain-
ing degassed, filtered water. It was niext teste(d
by freezing a section of the stem, figuire 2A. After
freezing the entire twig for 14 houirs, figure 2B,
anid while rewarming it, a section of the stem was
kept frozen with CO. sinow uintil transpiration was
reestablished. Following removal of the freeze
clamp at C, there was at first ani inruish of water
followed by a steady state fluix of 3.9 %/hr which
was eqtual to the transpiration rate and was only
slightly less than 4.2 %/hr, the initial steady state
influx before freezing at A. Freezing the entire
twig therefore did not impede the flow of xylem
water except when the water was frozen.

Enttire Twig anid Stemit Frozen-WU ater Satu-
rated. A twig was joined to a potometer containing
water saturated with air at 10. The twig and
potometer were held at 40 for 7 hours so that 1.5
gms of water entered the twig. The temperature
of the 13.5 gm twig was slowly lowered to -15°
for overnight. The twig was slowly warmed to
above freezing then transferred to 220. W\ater in-
take and weight loss ilncreased rapidly to a steady
state rate of 4.8 %/hr.

Enttire Twzeig FroZen Prior to M11easuremcnts.
Slowly freezing an entire twig for 4 hours oni the

day before measturemenits of weight loss and intake
of degassed, filtered water were miiade againi did niot
impede water movement. The steady state influx
was 3.6 %/hotur. The steady state iniflutx at 220
in aniother twig that was slowly frozen to -130
for overnight and slowly rewx-armed w\Nas 5.2 %/hr.

Stein Froznct wLcithl DCga9ssed an1d (aga1inl with
Slat1'ratCd [Vater-also Entire Twig Frocnt. The
above observations are illuistrate(d again by a se-
quience of tests uipon a single twig and lasting for
52 hoturs, figutre 3. Measurements were starte(d 3
minuites after the twig w,as cuit from the tree. In
the first test, 4 cms of the stem was frozen with
CO., snow while degassed water entered the twig,
figuire 3A. As before, releasing the freeze clamp
on the water produiced a rapid inrush followe(d by
a steady state infltlx equal to the transpiration rate,
and the influx aiud transpiration rates were the
same before and after freezing. The steady state
influix was 5.9 %/hr before and 5.7 %/hr after
stem freezing. This test was repeated an houir
after switching to water satlurated with air at 20°,
figure 3B. The stea(ly state influx before freezing
was 5.7 %/hr anid 5.9 % after. Therefore, wheni
water containing dissolved gases was taken tip by
the stem, the resuilt was the same as when degassed
wvater was absorbed. In figulre 3C, the stream of
water entering the stem was initerruipted for 10
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FIG. 2. Water intake and weight loss of hemlock twig with 4 cm of stem only frozen at A, entire twig except
end of stem frozen at B, and with 4 cm section of stem only frozen at C. Initial twig weight = 10.9 g. Air tem-
perature at 210 except as noted at B for sub-zero values.
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Legend
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li(;. 3. (otitiiiOus recor(l of wvater inttake att(l wveight loss of hemlock twig (iiiitil twig NO-= 25.3 0). Note that
timlie scale has bieell telesciolie(l at 2200 Mfa.rchl 20, and at 1500 Marcih 21; a breakl in timile is iti(licate(l betweeti 2100
March 21 and 0700 March 22. Thie ordinate scale goes fromii 10 to 21 g} for the segment of tlle curves runiniig from
2100 Mlarch 20 to 1500 March 21. The scale goes from 20 to 31 - for the cuirves frolii 1500 March 21 to ell(l of
111tCIIe1,1tr111elits. Ailr teill)perattre at 200 except as nioted at E for suli-zero vadues.

minitites wthile the cult cl(d was expose(d to air before
the stem was allowe(d once again to take tip de-

gasse(l and(I filtered water. As a colisequelnce, the
tralnspiration rate diecrease(l to 1.2 %/hr as thouigh
aln impedimenit to flow ha(l been introduce(l. The
rate of inifluix of water was initially an(l greatly
diminishe(d and only gra(duially did it become eqtlal
to the transpiration rate. The latter was also
slowly reduce(d by the impediment. As shown in
figilre 3D, the impe(liment was nearly eliminate(d
by cutting off uinder water only a few millimeters
from the end of the stem. There was Inow a rapi(d
inrush of water followed by a steady state influix
of 3.7 %/hr that matched the increased transpira-
tion rate. Next, the entire twig, except the first
few cms of the stem and(I the potometer, were

slowly frozen to -13' for more thani 10 houirs and(I
then rewarmed, figire 3E. I)uiring the freezinig
phase, no water entered the twig, and( transpiration
was greatly re(lllce(l. Uponi rewarming to 1-room1
conditionis, i.e., 200 alnd ani R.U. of 30 to 40 %,
transpiration was restarte(l followed by a matchilg
water intake at 2.5 0//hr or somexvlibt less tliai

the rates prior to freezinlg.

Twig l:qiilibraited to io ltitn A., I ri)or to IrcczI-

intg iEntire T7wiq (otnd Stein. A twig w,vas equilibrated
to 10 atmospheres of nitrogen at 0.50. Then the
presstire was slowly reduiced to 1 atmosphere and

the enitire twig was slowly frozen to -15° for 5
hotirs. Next the twig was slowly rewarmed and

heldl overnight at 15. The water infliux alnd weEight
loss were meastired the following day at 220. The
stea(ly state infltix after connection with potometer
was 4.5 %/hr. After freezing the stem for 1 houir,
the influx was redulced only slightly to 4.0 %/hr.

Stein Freezing of T7wig wcith Spring Growcth.
In 2 experiments, 1 illustrated in figuire 4, a twig
with 2 to 3 cm of new growth on all tips -as

dehydrated uintil the hydrostatic tensioln in its xylem
sap ilncreased to approximately 132 psi. It was

then joined to the potometer containinig watel at
220 sattirated with air. Abouit an houir later the ten-
sionl (lecreased to 35 psi anld the steady state rate of
wNater intake, as well as the rate of eight loss,

wvas 5.2 %/hr. The stemiwas frozeii in the uisuial
wav with CO., snovx for abouit 30 minnltes and( the
tenisionl iincrease(l to aliout Ill psi, figulre 4\A.
After rewarming of the stem, there followxed an
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HAMMEL-FREEZING OF XYLEMl SAP WITHOUT CAV'ITATION5

inirutsh of water and a steady state influx which
was the same as before stem freezing; the tension
was also reduced to 35 psi. Therefore no change
in the resistance to the flow of water through the
stem had occurred due to freezing a section.

OIn the other hand, a marked increase in re-
sistance to flow was produiced at the cuit end of the
stem by separating the potometer from the stem
for 15 minuttes, figuire 4B. After rejoining the stem
to the potometer, there was no inruish of water btit
oinly a very gradual increase in the infltux as the
tenlsioni increased to greater than 170 psi. The
impediment was removed bvy cttting off 7 mm from
the endl of the stem tinder water and again joining
the stem to the potometer. Now there followed anl
inrush of water, figture 4C, and( the tension dropped
to 21 psi. The steady state infltlx and rate of
weight loss were less than initially (from 5.2 to
2.9 %/hr), possibly duie to the partial collapse of
some of the conducting tissue in the new growth
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FIG. 4. Water intake and weight loss of a 35.7 g

twig that had 2 to 3 cm of new growth on each tip.

when the tensioni exceeded 170 psi. The reduced
infltux cannot be attributed to residual impediment
left in the stem because the tension, after steadv
state infltux, was not increased. On one occasioni
involving no freezinig, a twig with new growth was
dehydrated unitil the tensioln exceeded 210 psi.
WN!hen it was joine(l to the potometer in the normal
way, the infltux of water was very low; probably
dutle to collapse anid damage to the conduicting
mechaniism in the nCew growth.

Stent FrecZing witht Partial Cavitation. Partial
cavitation cani be produiiced by stem freezinig, espe-
cially when the sap tension is allowed to increase
in excess of 300 psi by prolonged stem freezing
when the transpiratioin rate is high. Partial cavi-
tation did occtur in 1 twig. Prior to stem freezing,
the water influx was 8.0 %/hr. Dulring stem freez-
ing, the hydrostatic tension increased from 63 to
348 psi before rewarming occurred. Althotugh
there followed an inrtush of water, the steady state
influx did not return to the prefreezing rate; botlh
the steady state influx and transpiration were re-
dulced to 3.9 %/hr. On 2 other occasions, a similar
partial cavitation was produiced even when de-
gassed water was used in the potometer.

Part II. Hvdrostatic Tension in Twigs oit
,Some Ez'Cr9grecn (a1td Dec'iduous Tr-ees (antd Shriu1bs
Befor-c (atnd AftCe FreezCing Stewal in Situt. A 2 to 3
cmii sectioni of the stem of twigs oii several trees
and shrubs was frozen for 5 miuttes withl CO.
snow. jilst prior to freezinig the stem (still at-
taelded to the tree), the hydrostatic tension in anl
a(ljacent twig was (letermined. The experimenital
stemIi Xwas often frozen in the morninig wheln the
sap telnsioni was still low. The tensioni in aniother
a(ljacenit twig wNas measutred in the afternooni wlheni
tranispirationi was greatest. One to 2 hoturs after
sundowni, the tension was meastured in yet another
adjacent twig and in a twiglet from the experi-
mental twig whose stem was frozen. The experi-
mental twig was examined daily for signs of wilting
and in some instances more twiglets were teste(d
for hydrostatic tension. All of these tests were
made in July.

Table I suimmarizes the restults obtained when
freezing for 5 minutes the intact stem of several
trees and shrubs. WVhen cavitation occuirred, as in
the American elm, grey birch, black oak, suigar
and red maple, black cherry and dogwood, the ten-
sion in the cavitated twig continued to rise to
valuies in the high hundreds of psi with conseqtuent
wilting, withering and even crisping of the leaves
within a few houirs of cavitation on a dry day.
The tension in the cavitated twigs was not relieved
after darkness when the tension normally drops, as
in the control twigs.

When cavitation did not occtur (easterni hem-
lock, white pine, julniper, and yew), the tension in
the twig with frozen stem followe(d the normal
diuirnal variation in tension observe(d in the control
twigs. Irreversible damage was (lone, however,
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Tal)le I. lv,dros/a/wi Tl'siulon in AXv/cm Sap of Tw'Igs. Beforc (I1d Aft/er FreesinJ in
of Stenm for 5 l1int/cs
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even to these frozen stems so that after a few
weeks the leaves an(d stems were (lead, buit the
(lisfuinction canniiot be attribtute(d to cavitation in
the xylem sap. In 2 instances, hemlock stems
frozen in mid-April, before new growth had ap-
peared, wenit on to develop 1 to 2 cm of new growth
which appeared normal but which was (lead by
mid-jtiine.

If the tensioni was high wheni freezing took
place, cavitation was also observe,d in the dawni
redwood and partial cavitation was observed in the
mouintain laurel and in the box. On the other
hand, only slight cavitation occuirred in the scarlet
oak wshen the xylem tension was very low, 4 psi,
wvheni frozen; similarly for the dlogwoodl when
freeziiig the sap at only 24 psi.

Part III. HIydrostatic Tension -Us. Volumste of
I Voter Expressed fromI Tzcig. These tests were
made onlytupon twigs from the 10 year old Con-
necticuit grown hemlock. The initial hydrostatic
tension in the twig was measure(l with the twig in

-I/Ph (psi)1
.008r

A
.006 F

the pressulre chamber (8,9). Then a small amount
of sap was expressed from the twig by over-pressure
in the chamber; the amount removed was weighed-:
and the new hydrostatic tension was determinedl.
Suiccessive removals of sap were made and weighed,
and the hydrostatic tension was determined after
each removal.

An example of the relationship between the
reciprocal hydrostatic tension and the volume of
water removed from an autuimn (October) hemlock
twig is illtustrated in figure 5A. Pressing out the
first 0.4 ml of water from this 7.4 gm twig droppe(d
the turgor pressure within the cells to zero and, at
the same time, increased the osmotic pressture of
the cell sap. Pressing ouit more water can only
increase the osmotic pressulre which now is balanced
only by the hydrostatic tension in the sap outside
the cells. The linear part of the cuirve in figure
5A is the zero tuirgor line for which osmotic pres-
suire and hydrostatic tension are equial for every
voluime. To the right, it extrapolates to the intra-
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FIG. 5. A) Reciprocal of negative hydrostatic pressure of xylem sap vs. volume of water expressed from the twig
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Reciprocal of hydrostatic tension vs. fraction of intracellular water. V = V. - Vexpressed. Since the linear portion of
the curve pertains to cells at zero turgor pressure so that the balancing hydrostatic pressure equals the osmotic pressure
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celluilar water in the leaves of the twig, V.. Ideally,
infinite tension is required to stuck out all of the
cell water. To the left, it extrapolates to the initial
osmotic pressture, OP., of the intracellular sap be-
fore any water was removed. For this twig and
another October twig, OP, was 391 and 365 psi
respectively (for the same turgor pressure) and
w,was equal to 80 % and 7/7 % of the total water

conteint of the twig. Five twigs pressed in January
after they ha(l experienced several recent freezing
periocis yielcled values of OP, anI V1,, which were
respectively 410, 40/7, 365, 385, 400 psi and 76 %,
83 %, 80 %, 91 %, 83 %. These values average
to OP,, - 393 psi an(d V0, = 83 % of total leaf
wvater conteint aindl are not (lifferent from the Octo-
l)er values. OCne suimmer twig (Jtuly) had a sig-
nificantly lower initial OP. at the same turgor
pressuire, namely, 27/7 psi while the volume of its
intracellular sap was 7/7 % of total water content
of leaf.

Discussion

The resul-ts reported here are interpreted to mean
that freezing can and does occuir in stems and in
entire twigs of hemlock and in stems of some other
evergreens withouit increasing the resistance to the
flow of water throtugh the frozen part after re-
wNarming has occtirred. This, in turn, is interpreted
to mean that freezing has not produlced cavi,tation
in the xylem sap even thotugh A) the sap was
unqu1estionably frozen; B) it contaiined dissolve(l
gases: andl C) it was uin(ler tensioin before freezing
andl after.

If the dlissolved gases containe(d in the sap do
come otut of soluition when the sap freezes (becauise
the soluibility of gas in ice is so very low), then
perhaps the apparent lack of cavitation can be ex-
plained in 4 steps: A') (lescribing the construction
of the conduicting tube which permits the normal
hy(drostatic tension to exist in the sap without
collapsiing the wall of the tube, B') analyzing the
relationship between the hydrostatic tension in the
sap andl the physical properties of the wall of the
conid(utcting tube, C) applyiig the analysis to esti-
mate how muich sap water mLst freeze in or(ler to
re(luice the tensioni in the uinfrozeni sap to zero, and(I
1)) suiggesting the uniule property of gymInosperms
to \ lhich freeziig ws\ithotut cavitation applies. The
analysis is asedI Ipon a imo(lel of a tracleid( as
(lepicte(l in figre 6.\ for a la.te growth, thilck
w\,alled tracheil in the secondary xylem of aL g-nm-
nosper-mn .

In the trachearv elements of most vascuflar
plants, the physical and( chemical properties of the
strtuctuiral components of the cell wall are pre-
suimably selected and arranged to prevent collapse
of the lulmen when the water contained therein is
ndler 10 to 20 atmospheres of suiction pressuire

(liriing transpiration. The high tensile strength of

the cellulose microfibrils, the way they are arranged,
and the hydrophilic properties of cellulose, hemi-
celltulose and pectic substances in the cell wall
strongly suiggests that the cell walls of the tracheids
andI vessel elements are pre-stressed by an amotunt
which exceeds the maximtum suction pressures en-
couintered during transpiration.

The tracheary elements of the secondary xylem
consist of a thin, outer primary wall and an inner
and thick secondary wall in which forms the
specialized perforated plate and/or bordered pits
for the free fluiid communication between adjacent
elements (5, 6). The primary cell wall, when first
formed, shows a predominantly transverse orienta-
tioii of microfibrils, but as the cell matures the
orientation becomes more disperse and the micro-
fibrils appear interwoven. After the primary wall
ceases to increase in surface area, a mtuch thicker
3-layered secondary wall is laid down consisting of
cellulose, hemi-cellulose, pectic stubstances and gums
and is heavily lignified. The otuter layer of the
secondary wall develops as annuilar or helical thick-
einings with the microfibrils of cellullose running
transverse to the axis of the cell. The fibrillar
orientation of the inner layer may vary between
transverse and helical. The comparatively wide
central layer of the secondary wall consists of
laminations of microfibrils oriented between longi-
tudinal and steeply pitched helical. The microfi-
brils are grotupings of cellutlose molecules arranged
suich that crystalline regions of celluilose molecuiles
(micelles) are longittudinally separated from re-
gions where the molecuiles are less perfectly joined
ancl allowing water to attach to the hydroxyl grouips
in this amorphotus region. Other constituents of
the wall, gums, hemi-celluloses, pectic stubstances
are also highly hydrophilic and swell when absorb-
ing water.

These details of the wall of a tracheid have
been briefly reviewed to suiggest that the transverse
microfibrils of the primary wall and of the outer
layer of the secondary wall are pre-stressed (under
tension) by the swelling of the hydrophylic mole-
culles of the central layer which must be uinder
compression.

Hooke's law may now be appliecl to this working
iodlel of the cell wall of a tracheid in order to

estimate the (lecrease in hydrostatic tension calise(I
1w anI increase in voluime wheni sap water expan(ls
upon freezing. Referring again to figuire 6.A, the
change in tension of a uinit length of the ouiter
elastic band of thickness t composed of the primary
wall anid ouiter layer of the secondarv wall mn;
L)e describiedI by Hooke's law,

dL
-= = -dT,

L , E

where L is the circumference of the outer elastic
b)and of radiuis r0 and E is its Youtng's Moduluis.
The modulutis of elasticity, E, of this cellulose ma-
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FIG. 6. A) Model of a tracheary element in cross section showing the construction of primary and secondary walls
and showing the compression pressure P, generated by the hydrophylic central layer, the hYdrostatic pressures Pi and
P. all acting to produce the tensile stress (T., + TC) of the outer thin elastic bank of thickness, t. B) Model of
tracheids at the boundary between partially frozen and unfrozen cell sap showing the hydrostatic tensions and posi-
tiolns of the tori in the bordered pits.

terial will probably equal or exceed the longitudinal
moduluis of elasticity of green wood which is a!bout
1.2 X 106 psi. The relationship between the pres-

suire, P0 + Pc, exerted by the swollen central layer
and the tension, T. + T,, in the outer layers of
thickness t is

(T., + T,) t = (PO 4 F)+ .

where T, is the pre-stressed tension due to the
compression Pc of the middle layer. Assuming
that Pc and therefore Tc do not vary with changing
P. and r., Hooke's law can be written

dr. 1

= [(P,, + PF) dr. + r. dP,]
ro Et

or

[1 -

(P. + P.) rO dr.
I

rO

ro

0dP

Et

For a uinit length of cylinder, the ratio of the
lumen volume, Vi, to the total voluime, VO, is also
the inverse ratio of a change of pressure in the
lumen to the change of pressure on the outer
shell, i.e.,

Vi ri2 P. P.
A = =-__r =

V.1, r,,2 Pi Pi

These ratios are based on the assumption that the
hulk modulus of elasticity of the thick secondary
wall is infinite.

d*1, dr.,
Sinice VO = r., and -- 2 , the above

V. ro

equation of Hooke's law can now be written

1 EtVA

2 ri

dV.
- (APi + P0)] = AdPi

V.

or
1I/ Et A\ Vi

A Pi = - { - _,-
2 -\ A ri Vi

sinlce both Pi and Pe are negligible compared with

Et VA

ri

Approximate values for the constants in this
expression are:

E = 5.2 X 106 psi;
this value was obtained by Barkus (1) as the
longitudinal Young's modulus for the cell wall
material of Sitka spruce. The same modulus for
the gross wood was albout one third, or 1.8 X 106
psi.

A = 0.6 or ranging from 0.4 to 0.7 (1)
ri= 5,u as measured in a hemlock stem
t - 0.05ju, the wall thickness was estimated

to be about 10 % of the cell radius and
the outer transverse layer was estimated
to be about 10 % of the total wall thick-
ness.

For these values
AV4

AP. = 3.4 X104-

WVater expands by about 9 % when it freezes.
Therefore, from this application of Hooke's law
to an idealized tracheid, there is an estimated de-
crease of 30 psi in the hydrostatic tension when
1 % of the sap in the tracheid freezes. To change
the tension in the sap from 100 psi to zero, only
3 % of the sap wouild need to freeze. As more of
the sap in an isolated trachei(d freezes, what was
once negative hydrostatic pressure (tension) before
freezing started n-ow becomes positive hydrostatic
pressulre. As most of the tracheidI sap becomes
frozen, the yet uinfrozen sap conitainilng the (lis-
solvedI gases may be at a pressuire of 1000 psi or
more assulming that the structulral celluilose of the
wall does not yield, i.e., does not tundergo plastic
flow and permanently lengthen. Upon warming
and melting, the pressure changes would follow ir
reverse order so that not until 97 % of the sap ice
had melted would the sap pressuire return to zero
and only as the last 3 % of the ice melted would
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the hydrostatic tension of 100 psi rettirn to the
melted sap.

Althouigh the valtues of the conistanits uise( in
I looke's law to comptite the change in pressuire
associate(I wvith the expansioni uipoIn freezing of the
sap wvere selecte(l to be most representative for
hemlock anid ofther conifers, they mnay he in some
error. \Worrel (10) correlate(l the (liameter of
trees measuiredl lbv a cathetometer with the hydro-
static tensioin meeasuire(d by the pressure chamber
metho(d (8, 9). Over a perio(d of 1 wveek, he
slowly dehydrated an initially welll atered green-
hlouise growni Pin us r(odi(wt(a (3 cnm in (liameter anid(
4 mn in height) and( compare(d (liaimieter with the
hyldrostatic tensioii as tenisioni increase(l. From his
(lata

Al'1= J.' X 104

,ince.IIC

A1)
psi.

D

Al) 1 /\1'
- (assuimiing onlv the diam-

D 2 V

eter chanlges with dehydratioi), then
A '

Api = 0.75 . 101'
V

The constant obtained from this experimental data
is only abouit one-fifth the valtie obtained from the
above application of Hooke's law to anl idealize(d
tracheid. The smaller value oltaiine(d from \Wor-
rel's data mayr reflect the mo(lutltis of elasticity for
the gross wood which is usually about one thir(d

the nmoduiltis for the cell wall material (1).
Regardless of the precise relatioinship between

a change in pressuire andl the correspon(ling chainge
in Itmen voluime of a tracheid, the anlalysis st1g-
gests: A) wrhatever tensioin there was in the sap

lprior to freezing, it wouil(d hav e been re(lilcedl to
zero when a small amouint of the sap -x ater froze:
1 ) any additional freezing woul](d compress the sap

an(l retaini the dissolved gases in solution tintil the
last water froze; C) when melting wN-as again

possible, the oiutgasse(d bubbles would le uinlder
great pressuire to redissolve I)) only when the last
of the ice had nmeltedl wouwld tesiion (develop in the
mlIt wx ater agail].

Th,iese pressure clianiges \\ llich areblere siiggeste(l

to Wc11c ill the trlacheids of a frozeii stemii sectioll
could not take place in opeln ene(le( coin(lilctinig
tubes exteii(linlg throuigh- the frozeii sectionl. As

the water began to freeze and( expand, it would

flow ouit of the freezinlg zone throIugh1 the openl
tubes inito the unfrozeni regions where the tensioln
remains high. Thus, as all of the sap froze ill one

zone, the tensioin there cou1ld be onlly slightly re-

(Iticed ancl certainly no positive pressulre coukld
(levelol). Upon melting, the melt wxater xu ould be
tn(ler tensioni and the outgassedl bubbles wxould
expanl(l and cavitate the xylCiem sap. Therefore,

there muist be something abouit the tracheids foundl
in gymnosperms and in abuindance in other woody
planits which isolate the pressure changes occturring
in a freezing zone from the tension remaininig in
the adjacent tinfrozen sap. A mechanism is sug-
geste(l in figulre 6B. On the partly frozen side of
the boundary, enotigh sap has frozen to redutce the
tension to zero in all adjacent tracheids including
the one that straddles the bouindary. Therefore
there is no tension dlifference between these
tracheids, and the tori of the bordered pits remain
in open positioni. There is, however, a tensionl
(lifference between the tracheid straddling the
bouindary and( the adjacent tracheids on the un-
frozen side. This gradient closes the bordered pit
audIc isolates the frozen tracheids from the unfrozen
ones. These bordered pits remain closed tuntil the
tensioni rettirns after all the ice has melted.

An observation was made which can be easily
interpretedl by the above model. A hemlock twig
was enclose(d in the pressulre chamber with the cut
eni(I of the stem extending through the pressure
seal to the outside. The pressture was increased to
20 psi and the chamber was slowly cooled to -10°
while the stem extending through the seal was
maintainedl above 00 by a small heater around the
stem. As freezing occuirred, no sap appeared at
the cut en(d of the stem even thouigh the sap froze
inside the chamber and did not freeze in the stem
otutside. Presumably, the expanding sap was iso-
lated in the tracheids where the freezing occuirred.

Partial cavitation was observed with freezing
of a sectioln of hemlock stem, especially when the
tenision wNas allowed to increase to high levels be-
fore melting occuirred. If the bordered pits in the
tracheilds straddling the bouindary between partially
frozen andl unifrozen tracheids were to become
leaky, thel any otutgassed butbbles in the partially
frozen tracheids wouild not be uinder high pressulre
anid( may not be redissolved when the tension re-
tiurns ulponl rewarming. The sap in these trachei(ds
would then cavitate.

Extensive cavitation leading to wilting, wither-
ing, and( (leath by dehydration within a few hotirs
in the several angiosperms tested may also be
expllaine(l by suiggesting that these species rely
heavily uipon vessel members rather than trachei(ds
folr coIn(liictioln of water from root to leaf. Unlike
the slhort tracheids with bor(lered pits which may
seal when a pressutre gradient develops betweenl
a(ljacent elements, the vessel members are lonIg
andl may be continuious from root to leaf. \When
Inot continuious, they are terminated with perforated
plates which will not pass an air-water interface
btut also will nlot isolate 2 end-to-end vessels;
the perforated plate cannot maintain a pressuire
gradient in the liquid between 2 connected vessels.
Therefore, when melting occurs, the melt water
may not be uinder pressuire and the gas bubbles
which were frozen ouit of solution may not be
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redissolved by the time the melt water must un-
dergo tension as the last ice crystals melt.

Those angiosperms which are evergreen in the
temperate zone and withstand winter freezing,
apparently rely upon their tracheids for water
conduction even in the summer time since they
show much less tendencv to cavitate when a section
of stem is frozen.

There is another pressure to consider which
may possibly assist in redissolving into the melt
water any bubbles frozen otut of solution. This
pressure results from the surface tension of water
compressing the enclosed gas in the btubble. Its
magnitude in dynes per cm2 is

2 S
p = _- _

r

where the surface tension of water against air at
00 is 75.6 dynes/cm and r is the bubble radiuis in
cm. To estimate the magnituide of r, first assume
that all the water in a tracheid is satuirated at 00
and when frozen it outgasses to form a single
bubble. The radius of such a bubble for a tracheid
which is 0.5 mm long and having a lumen raditus
of 5JA is 6.5 X 10-4 cm. The internal pressure in
this btubble due to surface tension would be 0.23 Y
106 dynes/cm2 or 3.4 psi. On the other hand, if
the gas were to form a series of bubbles each con-
taining the gas contained in a length of water
equal to 1 diameter of the tracheid, then the bubble
radii would be 0.86 X 10-4 cm and the internal
pressure would be 12.5 psi.

Of course, the actual size of the bubbles which
freeze out of solution is unknown and even more
tuncertain would be their size when tension returns
to the melt water as the final crystals melt. If
cavitation does not occulr, ilt is reasonable to sup-
pose that either the gas is redissolved or that the
bubble size is so small that the internal pressure
exceeds the tension in the xylem sap and the
bubble cannot expand. Therefore the resolution
pressture may result primarily from hvdrostatic
pressures in the melt water due to the expansion
of ice upon freezing in a closed system. To this
pressuire may be added a not insignificant pressulre
due to surface tension if the btubbles which freeze
out are sufficiently small. The bulbbles mar: be
rendered small both by the way they are frozen
out of solution at time of freezing and by the
primary resolution pressture dule to the expanding
ice. In those angiosperms which appear to have
cavitated xylem sap when frozen, the otut frozen
bubbles may be large in size due to the greater
volume of lutmen water per unit length of vessel
so that there is less internal bubble pressuire due
to surface tension. Dule also to the absence of an
isolating mechanism, the sap may not develop
pressure from the expanding ice and therefore the
bubbles may not be reduced to sufficient size and
increased to stufficient internal pressure to with-

stand expansion by the hydrostatic tension in the
sap; or as suggested by Dimond (2), the undis-
solved bubbles may simply obstrulct the pores in the
perforated plate producing increased resistanlce as
if cavitation had occurred.

The experiment illustrated by figure 5 was in-
troduced into this study of freezing withouit cavi-
tation in hemlock to show the seasonal effect upon
the osmotic pressure of the intracellular sap of
matture leaves. Apparently the absence of cavita-
tion in frozen xylar sap in the stem is not related
to the OP of the cell sap which appears to be higher
in the winter. There is also in figuire 5 some
information regarding the rheology of parenchyma
cells within the leaf.

The above disctussion of an approximate rela-
tionship between stress and strain for trachear)
elements pertains to tissue composed of dead cells
with thick lignified secondary cell walls and de-
signed to perform mechanical functions. Pareni-
chymiia tissue, on the other hand, is composedl of
living cells with only thin primary cell walls. The
rheology of these cells clearly differs from that of
the tracheary elements in that the hydrostatic pres-
sure in parenchvma cells is usually positive, seldom
zero and rarely negative (it may be negative only
when the suiction pressure of the xylem sap exceeds
the osmotic pressure of the cell sap which can
occur as a transient condition and perhaps duiring
death by dehydration).

An approximate statement of Hooke's law for
parenchyma cells may be derived on the assuimp-
tion that the cells are approximately spherical, at
least, when tuirgid. For a sphere, a change in
tension, AT, of an elastic element of the wall of
width rd4 and thickness t will be given by Hooke's
law as

dL
- -- rd4 = --- dTrd4
L E

or
dr I

- dT
r E

where L is the length of a great circle and( r is the
radiuts.

Since, for a sphere, the relationship betweein
internal hyclrostatic pressture, P, and tension, T, in
the wall is

Pr
T =-

aind

(IT = -
2t

2t

-(rdP + Pdr),

and since the voluime is V = 4/3 Xr r3 and

dV dr
= 3

V r

Hooke's law can be rewritten
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dV 3rr P dl'"

V 2 Et 3 1

Rearranging,

1 2PEt(A

3 rV

Retuirninig again to figture SB, the tuirgor pressuire,

TP, wiithini the leaf cell mav' be obtained for each
fraction, V/I7, of the initial voltume remaining in
the cell. Since TP = OP - Ph, the turgor pres-

sture for each V/V. may be oltained by subtracting
the reciprocal of the valtue on the solid line (re-
ciprocal of external hydrostatic tension) from the
reciprocal of the corresponding valLue on the broken
line (reciprocal of the osmotic pressuire). In fig-
tire 5SC, the ttirgor pressture and the osmotic pressture
within the cell and the negaitive hydrostatic pressture
external to the cell are plotted for each fraction of
the intracelltular voluime. The slope of the tuirgor
pressture line may be uised to estimate the modulus
of elasticity of the average cell wall of the leaf
pareilchyma since the slope is eqtual to

1 2 Et

r
- TP)

in the al)ove equLationi of Hooke's law. For the leaf
cells of the hemlock twig of figure 5, the modulutis
of elasticity, estimatedl from the initial slope, was

L' = 6,000 I/t psi.

The complex structure of the hemlock leaf, con-

sistin1g of tranisftusioin tissuie arouind the vasctular
anid( epidermal tisstue aroun(l the transfusion tisstue
(5), iintroduices 2 major errors in estimating the
average modtluLIs of elasticity from the above equla-
tioin. The cells are not spherical as was assuimed for
the ainalysis. Had the cells been assuimed to be cvlin-
dlrical, the ttirgor pressuire and transverse tension

Pr
X\-otild he relatedl by 7'

2t
, the same as for a

sphere, aindl the tuirgor pressuire antd longitudinal

Pr
tenision wouild he related bv T Shape,

t
therefore, wotuld affect the estimationi of E by less
than a factor of 2. A greater error will be made
in estimating the average ratio of cell radiuis to
wall thickness, r/t. An approximate ratio for a

species of pine, see plate 78, Esau (5), appears to
he 10 to 1 so that the modlutills of elasticity of the
cell walls for the hemlock leaf is approximately
EF = 60,000 psi. This is niot an extraordinarily
h:gh value for a struictulre composed of celluilose.
In fact, it is xery low compared with the modulusl

of elasticity of strands of flax fiber, 11 to 15 X
106 psi (6). By inference, however, this value
for the elastic moduilus of the micellar structure of
the living cell wall of the hemlock is adequate to
withstand ftull turgor pressture withotut plastic flow.
By the same calculation, the moduili of elasticity
for the Januiary and the Jtuly twigs were 44,000
and 25,000 psi respectively.

A remarkable fact to be noted in figuire DA is
that the data for zero tturgor is so nearly linear
and extrapolates to 80 % of the total water content
of the leaf. This indicates that most of the cells
of the leaf behave like osmometers and most of
them contribute water from in,tracelluflar sap.
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