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Desprre two centuries of research, the mechanism of water trans-
port in lll.'lnls is still debated"™ The prevailing eohesion—-tension
theary™, which states that water is pulled upwards by capillarity
in cell-wall pores, remaing vulnerable to challenge hecavse its
corollary is difficult 1o prove: that large negative prossures exist
in xylem conduits’. Recent xylem pressure-probe and z-tube
experiments suggest that cavitation limits xyvlem pressures (o
ahove =0L5 MPa, despite the much more negative prossures pre-
dicted by the cohesion-tension theory and measured with the
standard pressure-chamber method ™" Here we show, using cen-
trifugal foree 1o induce negative pressure between —0.5 and

=35 MPa in intacl <tems, that xylem conduits remained water-
filled and conductive o species-specific pressures ranping from

— 1.2 to helow = 3.5 MPa, Resolts were consistent when stems were
air-tried or injected with air. Agreement among these techniques
demonstrates that xylem can support karge negative pressures, that
the pressure chumber relinbly measures these pressures, and that
cavitation is mucleated by air entey through conduit wall pores.

Megalive xylem pressures (.0 can exist only il cavitation,
the nucleation of the phase change to vapour, does not oceur,
Homogeneous cavitation in water theoreticallv occurs between
— 80 ind —200 MPa'' " and is relatively insensitive to solutes
at the concentritions found in xylem sap”, The stability of xylem
water above this pressure limit depends on the absence of hetero-
geneous nuckeating sites where water contacts xylem walls or
inclusioms, and on the exclusion of air by capillary [orees in
cellowall pores™™ " The sylem pressure-probe®™'™ and #-tube
experiments” are ambiguous because they alter the wiler's
environment from its native state. m the former case by the
insertion of 4 glass capillary tube through the xylem conduit
wall, and i the later by modelling the xylem conduit as o 2-
shaped glass capillary tube centred on a centrifuge and rotated
to generate negalive pressure. The exposure of water to these
lorcign surfices could have caused cavitation at o less negitive
W than in intact sylem conduits,

We determined the minimum ¥, causing cavitation in intact
sylem conduits by modifying the z-tube method'™™ to spin stem
segmenls rather than gliss fubes as supgested previously”,
Although conduits ut segment ends were severed, segments were
long enough te include entire conduits. The extent of cavitation
wis determined by comparing the hyvdraulic conductivity (&,
svlem Aow rate per pressure gradient) of the segment before and
after spinning. Cavitated conduits, ulthough initinlly vapour-
lilled, guickly fill with air as gas diffuses from surrounding air
spices™ ; thise conduits are then non-conductive even at atmos-
pheric pressure, and so reduce stem k™,

Papilus fremontfi (Fig. la) showed no decrease in &, after
cxposure to ¥ as low as —1.5 MPa: However, all stems were
completely cavitated and were non-conductive a1 or helow
=16 MPa. When Popuduy stems were spun at speeds above the
cavitation threshold (—1.0 MPa) for up to 3 b, there was hittle
or no decrease in &y, (Fig. 2). Conversely, when spun below the
threshold {(—1.8 MPa), stems showed 100%, decrease in &y, alter
as litle s 60 s (Fig 2). Four other species showed differem
cavitation thresholds ol —1.4 MPa (Safiv gosddingii: Fig. 1h),
=19 MPa (deer negundo; Fig, 1e), =30 MPa ( Abies lasiocarpa;
Fig. ld). und below —3.5 MPa [fripernes pamosperma : Fig, Ld ).
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FIG. 1 Decrease in hydraulic conductivity (K, In sylem agalnst sylem
pressure | ¥,.) generated by centrifuging (filled symbals) and alrdrying
lopen symbols) stams of a, Pepulus fremontil, b, Salix gooddingi, o,
Acar negunde and o, Ables lasiocarpa. Cemtrifuge data only are shown
for Juniperus monosperma (d). Decrease of k, from alr Injection of
sylem (a-c, open circles) is shown against the negative of the injection
pressure far comparison. All species were from Pima County, Arizona,
except A, lasiocarpa from the Wasatch Mountains of Utah,

METHODS, In centrifuge experimants, slems were re-cut underwater to
a fength (26-40 cm) saveral times longer than all or most of the con.
dults in each species {(W.T.P. and 15.5., unpublished ohservations), The
hent ends that centre the water column in 2-tubes™ weare UNMNECessary
because of capiliarity at inter-condull pits. Initial &, of each seement
was measured using a method described previoushy?™. The stem was
centred on the rotor of & centrifuge (Sorvall, GLC-1) and spun to gener-
ate a pressure (P); P=0.50w’r", where & is the density of water, w is
the angular velogity (rad s ") and ris hall the total stem length jcmy'™7,
Angular velocity was determined using the centrifuge tachometer. After
4 min (2 min for A, lasiocarpa) centrifugation, stams were left In damp
paper towels for 20-60 min to allow air to diffuse into vapourfilled
condults. Fingl k, was measured after removing 2-5 em from each
end under water to eliminate blockage by drained, severed conduits,
Cavitation was expressed as the percentage decrease of final k. from
its initial value, The centrifuge was toa slow to completely cavitate Alijes
or Juniperus. In air-dving experiments, decrease in k, was calculatod
from native and fiushed k., and sylem pressure was measured with
the pressurg chamber. Air-injection experments werg performed as
described previously™.

FFrom these data we conclude that negative ¥, can be sustained
for extended periods with little or noe cavitation unless W falls
below i defined, species-specific threshold. The higher cavitation
pressures: seen in pressure-probe’™'" and e-tube®™™ studics
appear to be o property of technique rather than of xylen.
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We obtained the sume relationship between %, and &, when
we gir-dried stems and measured ¥, with the pressure
chumber™ (Fig 12 compitre results forair-drving and centrifuga-
ton), The greater scatter in the air-dricd as opposed 1o cenin-
Fuged results (especially o, negnde) was probably i part a
result ol pressure-chamber cevor s stems  reached  100%,
cuvitation”. However, the general agreement  between  the
metheds indicates that the pressure chamber can measure nega-
tive ¥, when cavitation is not extensive,

These results ruised the guestions of what nucleated cavita-
tion, and why it oecurred at different pressures in different
species, The ‘air-seeding” hypothesis™ states that xvlem cavita-
ticrn is nucleated by dir sucked through wall pores when the
pressure difference across the air-water meniseus in the pore
exceeds that which can be sustained by capillarity. The air-seed-
ing pressure difference will be the same whether the airis pulled
in by negative ¥, usinan intact plant, or pushed in by elevated

air pressure, We tested this prediction by measuring the &y of
stems inserted through a steel ‘pressure sleeve’ as o function of

air pressure inside the sleeve™, In support of the hypothesis, the
air pressure causing a decrease in ok mnoair-injected stems was
equal and opposite te the negative YW, causing cavitation in
air-dried or centrifuged stems (Fig. | compare results for air-
injected, air-dried, and centrifuged).

Cur results jomn the already considerable evidence supporting
the existence of substantial negative pressures 10 sylem and the
validity ol the pressure-chamber method for estimating them”,
By using the same approach of spinning stems, a1 | correspond-
ence has been demonstrated™ between centrifugnlly induced
pressure (to — L6 MPa) and pressure-chamber measurements of
leaves attached. a1 the centre of rotation. The pressure chamber
was also consistent with ¥, predicted from pressure-probe
measurements of cell turgor (where cavitation 1% irrelevant) and
estimations of esmotic potential of cell sap™. Our evidence lor
the air-seeding mechansm also corroborates previous studies”,
and demonstrates that other potential causes of xvlem cavita-
tion, such as nucleation: at the wall-water interface’, are rela-
tively ummportant, Air-seeding will occur through the largest
pores in the conduit wall, these being located in the inter-conduit
pit membranes ™. These thin, porous arcas in conduit walls allow
inter-conduit passage of water but not 4 gas-waler meniscus;
this minimizes air-blockage of xylem when conduits are dam-
aped: The pore dinmeters in pit membranes range from less thin
0,05 to over 0.4 pm (4s opposed to <0.0] gm in cell wall proper),
depending on- specics and location in the plant, and their pre-
dicted air-seeding pressure has been shown to correspond with
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FIG. 2 Decregse in K, in centrifuged: stems of Popuius fremontil 85 a
functian of time a1 pressures above (lilled circles, —1.0 MPa) and below
(open-cifcles, — 1.8 MPa) the cavitation threshold of —1.2 MP3 from Fig,
1a, Mot the differant time scates {lilled clreles, minutes: ppen circles,
seconds). Limited cavitation at the longer spinning - times above the
threshold may have developed from lowanng of negative pressure by
evaporation during spinning.
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the cavitation pressure in several species™ ™. Although the
cceurrence iwnd mechanism of xylem cavitation is reasonably well
documented, its greater significance for determining the droughl
tolerance, huhitot preference and regulation of water use of a
species 15 o matter of continuing study. =]
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