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Limits to water transport in Juniperus osteospermand
Pinus edulis implications for drought tolerance and
regulation of transpiration
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Summary

1. An air-injection method was used to study loss of water transport capacity caused by
xylem cavitation in roots and branched?afus eduligColorado Pinyon) anduniperus
osteosperméUtah Juniper)These two species characterize the Pinyon—Juniper commu-
nities of the high deserts of the western United Stdtegperus osteosperntan grow

in drier sites thaP. edulisand is considered the more drought tolerant.

2. Juniperus osteosperm#as more resistant to xylem cavitation tifaedulisin both
branches and roots. Within a species, branches were more resistant to cavitation than
roots for P. edulis but no difference was seen between the two organsl.for
osteospermaThere was also no difference between juveniles and aduls in
osteospermahis comparison was not made Predulis

3. Tracheid diameter was positively correlated with xylem cavitation pressure across
roots and stems of both species. This relation suggests a trade-off between xylem con-
ductance and resistance to xylem cavitation in these species.

4. During summer droughB. edulismaintained higher predawn xylem pressures and
showed much greater stomatal restriction of transpiration, consistent with its greater
vulnerability to cavitation, tha. osteosperma

5. These results suggest that the relative drought tolerande eflulisand J.
osteospermeesults in part from difference in their vulnerability to xylem cavitation.
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Introduction This study addresses the vulnerability to xylem
cavitation of Juniperus osteospermaEngelm.

Pinyon—Juniper communities are found throughout the(Cupressaceae) (Utah juniper) &idus eduligTorr.)

high deserts of the south-western United States, Prte (Pinaceae) (Colorado Pinyon Pine), and its rela-

dominantly at elevations between 1500 and 2000 Mionship to the relative drought tolerance of these two
(Johnston 1994). The Pinyon—Juniper habitat is semi- P

. L S species. Characterizing cavitation in xylem conduits
arid, receivingc. 40 cm of yearly precipitation. The P g y

- . . is potentially important for understanding the water
actual rainfall over a local elevational gradient, how- P y Imp 9

stress response of a plant. Thermodynamics of water

ever, can vary more than twofold (West 1988). Jur"'Dermovement require that if a plant is to continue extract-

dominates in the lower, drier sites and with increasinqng water from a drying soil, the water potential of the

elevation (and precipitation) community structure .
. . . xylem sap must be below that of the soil and decrease
shifts to dominance by Pinyon (Woodbury 1947; y b

. : : . "in concert with the soil as it dries. As a result, xylem
Woodin & Lindsey 1954; Padien & Lajtha 1992; . . ) yie
water is typically under tension (absolute negative

Lajtha & Getz 1993). As a result, Juniper is generallyP_ressure) and considerably so in xeric environments

accepted as the more drought-tolerant species, 'meduring drought. Below the vapour pressure of water

mixing with desert flora at Fhe lower enq while Pmyon (2:3 kPa at 20 °C), xylem sap is in a metastable state
gives way to montane conifers at the higher altitudes. . . s ,
and at a certain critical pressure an ‘air seed’ can be

*Present address: Department of Biology, University of pulled into the xylem conduit across a pit membrane
California, Los Angeles, CA 90095-1606, USA. (Zimmermann 1983; Crombie, Hipkins & Milburn

tPresent address: Department of Botany, Duke Universityl985; Sperry & Tyree 1990; Cochard, Cruziat & Tyree
Durham, NC 27708, USA. 1992), which provides a nucleation site for the forma-

tPresent address: School of Renewable Natural ResourcedOn of water vapour, resulting in a gas-filled conduit.
University of Arizona, Tucson, AZ 85721, USA This process is termed xylem cavitation.
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Resistance to xylem cavitation potentially confersthe field were taken to the laboratory and at least 5 cm
drought tolerance because maintenance of water fillesvas cut off each end while under water, eliminating
and functional xylem elements during drought ensuresir filled tracheids and leaving segments 20 cm in
efficient supply of water to evaporation sites in leaveslength for determining the vulnerability curves.

The greater the cavitation resistance, the higher the
gas-exchange rate and the greater the potential for
. . . . VULNERABILITY CURVES
extracting water from a drying soil. In many species,
the roots are more vulnerable to cavitation than stem# vulnerability curve shows the relationship between
(Sperry & Saliendra 1994; Alder, Sperry & Pockman xylem pressure and the loss of hydraulic conductance
1996; Hacke & Sauter 1996). In such a situation, rootsvia cavitation. The air injection method we used to
may be the first to fail during drought, so that droughtproduce vulnerability curves has been shown to simu-
tolerance may be related more to the cavitation residate the process of cavitation accurately for a variety
tance of roots than stems. Differences in cavitatiorof different species (Sperry & Tyree 1990; Sperry &
resistance also have been found between adults arBhliendra 1994; Aldegt al. 1996), including conifers
juveniles of the same species, with the more drought(Sperry & lkeda 1997). This method is based on the
prone juveniles being more resistant than adultgrinciple that the critical pressure difference at which
(Sperry & Saliendra 1994). air will be aspirated into xylem conduits, whiai

If cavitation resistance confers increased fitnessyivo is produced by negative pressure inside the
especially in arid environments, why do plant speciexylem, can be instead generated by positive pressure
vary so widely in vulnerability to cavitation? This outside the conduits. Sperry & Saliendra (1994) give a
may result, in part, from a trade-off between xylemdetailed explanation of the experimental procedure.
conductance and cavitation resistance. Tyree, Davis &riefly, the newly cut 20 cm segments were placed in
Cochard (1994) show statistically that vulnerability to a two-ended pressure bomb and the hydraulic conduc-
cavitation increases with increasing conduit diametetance k) was measured wheke(kg m s* MPa™) is
and thus conducting capacity. This relation was weakequal to the mass flow rate of water through the seg-
however, owing to the lack of a necessary linkment (kg s%), times the plant segment length (m), and
between pit membrane porosity, the actual parametativided by the hydrostatic pressure head causing flow
associated with cavitation, and conduit diameter. through the segment (MPa). After the initial measure-

We hypothesized that the superior drought toler-ment ofk, the bomb pressure was increased in incre-
ance ofJ). osteospermaompared td®. eduliswould  ments of 1-0 MPa, forcing air into the xylem conduits.
correspond to a difference in vulnerability to xylem After a 10 min exposure to an injection pressire,
cavitation. Furthermore, we hypothesized thatwas remeasured. Previous experiments have shown
branches and roots within a species would differ inthat 10 min is sufficient to saturate the response at that
vulnerability to cavitation and that the relative risk of particular pressure and that exposure beyond this does
xylem cavitation for these two species would corre-not further changé& (Sperry & Saliendra 1994). The
spond to stomatal regulation of transpiration andconductance at each air injection pressure was
xylem pressure. We tested these hypotheses by a corexpressed as a percentage loss of the initial conduc-
bination of laboratory measurements of cavitationtance and was plottadthe negative of the air injec-
vulnerability and xylem anatomy, and field measure-tion pressure. To determine mean cavitation pressure,
ments of xylem pressure and transpiration. we replotted vulnerability curves as the loss of

hydraulic conductance per unit pressure change

(rather than plotting the cumulative loss of conduc-
Materials and methods tance) and took the mean of this distribution based on

the mid-point of each pressure change.
PLANT MATERIAL
Plant material for determining vulnerability to cavita-
tion was collected at two sites, Lake Fork Canyon,
28 km south-east of Spanish Fork, UT (1830 m elevaAfter vulnerability curves were completed, root and
tion, 111° 25'W 39° 56'N), and at the mouth of Big branch segments were cut at their mid-points, hand-
Cottonwood canyon, 18 km south of the University of sectioned and mounted for viewing under a light
Utah (1520 m elevation, 111° 47'W 40° 38'N). Root microscope. Transverse sections were divided into
segments were cut from lateral roots running nearlyfour 90 ° radial sectors and the diameters of 50 tra-
parallel with the soil surface at depths of 30—40 cm.cheids within each sector were measured in the most
Root diameters were 0-4—0-6 cm and branch diameterscent growth ring (200 measurements per segment).
were 1.1-1-6 cm. Stem and root segments were sarMeasurements were made using a drawing tube and
pled in lengths of 30 cm or more and were immedi-bit pad (Micro-Plan I, Donsanto Corp., Natuck, MA,
ately bagged after sampling to minimize dehydrationUSA) and tracheid cross-sections were approximated
during transport.Juniperus osteospermpuveniles as perfectly circular. Tracheids were grouped into
were less than 1.0 m tall. Bagged plant samples frond um diameter classes and their contribution to the

TRACHEID DIAMETERS
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total conductance was calculated based on thd&esults
Hagen—Poiseuille equation (Zimmermann 1983;

Nobel 1991), which states that the hydraulic Conduc_Plnus edulisbranches had a mean cavitation pressure

tance of individual cylinders is proportional to their of — 4-50 £ 0-25 MPa (mean + SE) which was over

. . . 2 MPa less negative than — 6-56 = 0-34 for
diameter raised to the fourth power. The hydrauli- . .
. . osteospermébranches (Fig. la; statistical analyses
cally weighted mean diameter for each segment Wash . .
roughout were carried out using one-wagva, fol-

calculated as the sum of all diameters to the fiftht

power divided by the sum of all diameters to theIowecl by multiple pairwise comparison with t,he
fourth power, Student-Newman—Keuls method or by Studetit’s

test, as appropriate; significance level 0-05 or less
unless noted). A mean cavitation pressure of
XYLEM PRESSURE AND LEAF TRANSPIRATION —2-97 £ 0-22 MPa foP. edulisroots was also signifi-
- i - 6 + 0O
Measurements were made at the beginning (May) angantly less negatlvg than . 6.04 _.O 1t
osteospermaoots (Fig. 1b). Within-species compar-
end (August) of the annual summer drought at four. ;
. L . . . isons showedP. edulisroots were more vulnerable
field sites in Utah and northern Arizona (including the
. . than branches buk osteospermeoots and branches
Lake Fork site described above) to assess the response . . .
were not different (Fig. 1)Juniperus osteosperma

of xylem pressure and stomatal conductance tq . -
. i . —6- +0. -
drought. The three additional sites were near Zlor{uvenlle branches (- 6-31 +0-45 MPa) were not signif

National Park, UT (112° 53'W 37° 17'N), Grand icantly different from adult branches of the same

Canyon National Park, AZ (112° 10'W 36° 2'N), and SPE¢!®S fg: 'ga 1|.a)' EJ'ﬁeretnces n ;he Vﬁlnerab"'ty
PinEda|e, AZ (1100 11'W 34° 17'N) curves OIF. edulisanddJ. osteospermarancnes were

All measurements were made on adult plants not apparent until pressures below — 4-0 MPa (Fig. 1a).

. “Q1e curves oP. edulisandJ. osteospermepots, how-
Predawn and midday xylem pressures were measure

with the pressure chamben & 3-4 plants per ever, were significantly different at all pressure values

species). Leaf gas exchange was measuied 8 (Fig. 1b). At a xylem pressure of — 6-0 MPagdulis

plants per species) with a Li-Cor 6200 portable gas?:i:i??l?gézztsalIvv?:edrgjs“c():s(t:g:su;:rtrl:wlgt |tr;]il;oth
exchange system (Li-Cor, Lincoln, NE, USA). ’ P

Transpiration rates within the cuvette of the Li-Cor pressure had an average loss of only 26-7 and 49-4% in

6200 were used to estimatesitu rates of transpira- its branches and roots, respectively.
tion. The stomatal conductance of these small-leaved

trees (< 0-2 mmol N s™) is typically much less than

the boundary layer conductanceX-5 mmol m?s™) 100
even under low wind velocities (Nobel 1991). As a

result, the total leaf conductance is closely approxi- 80
mated by the stomatal conductance, regardless of
boundary layer conditions. In addition, errors that
arise from miscalculation of vapour pressure deficit
owing to inaccurate measurement of leaf temperature
are minimized in low-humidity environments and
small-leaved plants. A large 2 °C error in measure-
ment of leaf temperature at 30% relative humidity
causes only a 16% error in calculationtofin any
regard, our use of the Li-Cor 6200 to meadaris
chiefly to draw comparisons between the two species,

40
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60 |- +
40}

% loss of hydraulic conductance
o

not necessarily to measure absolute valudgs sftu : %
transpiration. *

Thein situloss of xylem conductance from cavita- 20 % '
tion was predicted from vulnerability curves of the l ) ) L -
xylem and field measurements of xylem pressure. The -2 -10 -8 -6 -4 -2 0
in situxylem pressure was estimated as the mid-point Xylem pressure (MPa)

between predawn and midday shoot xylem pressure., . .

hi h | h ig. 1. Loss of hydraulic conductance at decreasing xylem
This cgrrespond§ to the xy gm pressure_ at t E‘pressures estimated with the air-injection technique. Data is
hydraulic mid-point of the soil-to-leaf continuum fit with Weibull function [% Loss = 100 (1 =€ ¥ Pinus
where hydraulic conductance to bulk soil and to tran-edulis branches ¢{, b = 5.23, ¢ = 5-:32) and root® (
spiring leaf surface is equal. This ‘midpath’ xylem b =3-26, ¢ = 2-21)Juniperus osteospernult branches
pressure is probably a better estimate of xylem pres(’: P =752, ¢ =4-22) and roo® (b = 6-56, ¢ = 2-37), and

. E osteospermguvenile branches/, b = 8:04, c = 3:13).

§ure n th_e Ie_lrger roots and branches Where vulnerabi ata points are the average of multiple plant segments
ity to cavitation was measured than either predawn Ofyheren = 5 for each group except osteospermaiveniles

midday shoot values. (n=7) andJ. osteospermapots (= 3). Error bars are SE.
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The estimated contribution of each tracheid or
diameter class to the total hydraulic conductance is
shown in Fig. 2. In general, tracheids were widest in
the roots and narrowest in the branches of both
species.Juniperus osteospermpvenile branches
had a large population of tracheids in the b
class, contributing 51% of its total conductance, but
otherwise were similar ta). osteospermand P.
edulis adult branches. Greater than 85% of the
hydraulic conductance in branches of these three = . . ) |
groups is owing to tracheids in the 7-5 and 1276 0 10 20 30 40
diameter classes (5-1dm). Of the stem groups, Hydraulically weighted diameter (um)
only P. edulisstems had significant conductance Fig. 3. Linear regression of mean cavitation pressuse

owing to tracheids in the 17{fm size class, con- pygdraulically weighted tracheid diameteRinus edulis
tributing 13% of its total conductance. Of the five branchesd) and roots € ), J. osteospermadult branches

groups studied, root tracheids of both species had th€!). roots @) and juvenile branches\(; r>= 0-58.
most variable diameters. The wide breadth of tra-
cheid sizes ife. edulisroots was a result of interindi-
vidual variation in tracheid diameter (see Fig. 3), Although minimum xylem pressures were lower in
whereas the variation ih osteospermaas a result J. osteospermghan P. edulis the loss of hydraulic
of variation within individuals. The correlation of conductance during the drought was similar in both
mean cavitation pressure and hydraulically weightedspecies. The predicted loss of conductance in roots
tracheid diameter across roots and branches of botincreased from 9 to 28% i edulisand 1% to 17% in
species was significant? = 0-58 (Fig. 3). J. osteospermaver the summer: a 14-16% loss of
During the summer drought, midday xylem pres-conductance in each taxa from pre-drought values
sures were as much as 1 MPa higheP.iedulis(to  (Fig. 5b). Negligible loss of conductance (< 3%) was
— 24 MPa) than in). osteospermdto — 3-5 MPa; predicted for stems. These small changes corre-
Fig. 4). There were two reasons for this: (1) minimumsponded with no significant changes in measured
predawn xylem pressures were higherPRnedulis  whole-plant leaf-specific hydraulic conductance over
(- 1-8 MPavs— 2-8 MPa inJ. osteospermarFig. 4)  the drought in either taxon € 0-37;n = 23).
and (2) transpiration rates P eduliswere reduced If P. edulishad experienced the same range of tran-
much more than id. osteospermas the drought pro- spiration and xylem pressure asosteospermethe
gressed (Fig. 5a). The greater restriction of transpirapredicted loss of xylem conductance would be 55% in
tion in P. edulis was associated with essentially roots relative to pre-drought values (Fig. 5b, squares).
constant midday xylem pressure regardless of thé&tems would show a modest 6% drop in conductance.
predawn pressure (Fig. 4). At a predawn pressure ofictual losses in conductance would probably be
— 2 MPa, transpiration iP. eduliswould be zero greater than this because of the positive feedback
(Fig. 4, 5a). At the same pressure, transpiratiod. in between decreasing hydraulic conductance and
osteospermavas similar to pre-drought values fer ~ decreasing xylem pressure under transpirational con-
edulis(Fig. 5a). ditions. The greater reduction of transpiration and
higher predawn xylem pressureRnedulisrelative to
J. osteospermaere necessary to avoid extensive cav-
itation of the root system.

Mean cavitation pressure (MPa)

80 -

Discussion

As predicted from its occupation of drier habitdls,
osteospermavas more resistant to xylem cavitation
thanP. edulis(Fig. 1). Within the range of xylem pres-
sure measured in the field (0 to — 3-5 MPa; Fig. 4),
however, branches of the two species show similarly
small hydraulic conductance losses (Fig. 1a). Only
extremely severe drought that would cause stem
xylem pressures to drop below — 4 MPa would differ-
entially cavitate branches df osteospermand P.

Fig. 2. Contr_ibution of 5 um tracheid diameter classes 0 aqulis In contrast, the two species differed signifi-
total hydraulic conductance. Measurements were from the . L
same plant segments as used in Figidus edulidranches cantly in root cavitation over the same 0 to —3-5 MPa

(o) and roots € ), J. osteospermadult branches ), roots ~ ange, chiefly because rootsRfeduliswere consid-
(m) and juvenile branches\(. Error bars are SE. erably more vulnerable than were branches (Fig. 1b).

Percentage of conductance

Diameter classes (um)
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ar occur in either species, and whole-plant hydraulic
s a % conductances were statistically constant throughout
% 7 agA aa the drought. The important point is that the pro-
5 2r ("ﬁ&'—/n%i nounced stomatal closure i edulisand its higher
g A /{ 4 predawn xylem pressure were necessary to avoid
€ L8 extensive root cavitation (Fig. 5). The stomatal con-
Q; 3l n -t ductance and range of soil water potentiaFiagdulis
§‘ a - is hydraulically constrained relative Joosteosperma
2 - because of the necessity of avoiding cavitation.

4 ! L i While P. edulisappeared to be operating near its

-3 -2 - 0 hydraulic limits, the same was not the case Jor

Predawn xylem pressure (MPa) osteospermaMid-path xylem pressures could have

Fig. 4. Predawnvs midday shoot xylem pressure. Data is dropped to — 6 MPa before the xylem would become
from May and August samplings across the four field sites50% cavitated (Fig. 1). From the hydraulic perspec-
Pinus edulig 4), J. osteosperm@ ). Dotted line is 1:1. tive, this species should be capable of growing in
even more xeric sites than the typical habitats where
it was studied. It is perhaps significant that with the
These results suggest that root cavitation is moradvent of grazing pressure and reduced competition
important than stem cavitation in determining the rel-from palatable grasses and shrubs, and with a
ative drought resistance of the two species. Roots alsgreater restriction of wildfire which killsJ.
appear to be most limiting to cavitation resistance inosteospermathe Juniper woodlands of the Great
Psuedotsuga menzesiBetula occidentalis Acer  Basin have expanded in historical times to drier
grandidentatumand a number of other species lower elevations previously dominated by shrubs
(Sperry & Saliendra 1994; Aldet al. 1996; Hacke & and grasses (West 1988). The fact that juveniles of
Sauter 1996; Sperry & Ikeda 1997). the species are equally resistant to cavitation as the
It is important to realize that the most important adults (Fig. 1a) would facilitate this expansion into
consequence of cavitation is not necessarily the resuthore arid habitat.
of its occurrencebut rather the result of itssoidance The results include some caveats. While we exam-
In our study, little actual cavitation was predicted toined branch and root xylem, we only looked at one
size class of each (diameters of roots 0-4—0-6 cm and
branches 1-1-1-6 cm). Arecent studystiedotsuga
menziesi(Sperry & lkeda 1997) found that the vul-
LN @ nerability of root xylem to cavitation increased with
decreasing root diameter (to a minimum of 2 mm).
5 The hydraulic constraints of the species studied here
fA may have been under-estimated because the smaller
“‘ roots were not examined. Finally, while we mea-
s sured xylem pressure and transpiration across four
widely spaced sites, we only quantified cavitation
0 } } } resistance at one of these sites. Although the
60 - % ®) Pinyon—Juniper habitat receives similar precipitation
50 |- k& throughout the great basin (West 1988), it is possible
\\ that differences could exist in cavitation resistance
] across the species’ ranges.

30+ The results supported the existence of a trade-off
" _\\\ between increasing hydraulic conductance (via larger
~aa diameter conduits) and decreasing cavitation resis-
10 &\\A tance (Fig. 3). Nearly the identical result was also
1 %\Aﬂs\\ )
-3 -2 -1 0

E (mmol m?s™)
\
\
ED
D

-
T

40

% Loss hydraulic conductance

found for Psuedotsuga menziegigperry & lkeda
1997) and a trio of conifers in the north-eastern
Midpath xylem pressure (MPa) United States (Sperry & Tyree 1990). However, in a
Fig. 5. (a) Midpath xylem pressure (halfway between mid- SUTVEY of seve_ral Europe_an co_mfers, Cochard (1992)
day and predawn xylem pressussmidday transpiration found no consistent relationship between conducting
rate €) for P. edulis(A) andJ. osteosperm@a). Data from  efficiency and cavitation resistance. At the level of
May and August sampling dates across the four field sitesihe interconduit pit, there is good reason to suspect a
(b) Midpath xylem pressuespercentage 10ss in root xylem .o 4o _off hecause a pit membrane that is less perme-
conductance foP. edulis(A), J. osteosperméA), andP. bl . hould also b | ducti
edulis assumingJ. osteospermaxylem pressures ). able to air entry should also be one less conductive to
Dashed lines are root vulnerability curves from Fig. 1b, water. However, the overall conductance of the
upper curveP. edulis lower curve:. osteosperma xylem is also dependent on the length and diameter of

0

4
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the conduit itself, and the surface area of interconduit.ajtha._ K. &_Ge_tz, J. (_1993) Photosyn;hesis and water-use
p|t membranes_ These factors can Vary |ndependent|y eﬁlClenCy In pinyon—juniper communities along an eleva-

of individual pit membrane structure, thus potentially ggil%rlad'em in northern New Mexic@ecologia 94,

complicating the situation. Nobel, P.S. (1991)Physicochemical and Environmental
Plant PhysiologyAcademic Press, San Diego, CA.
Padien, D.J. & Lajtha, K. (1992) Plant spatial pattern and
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