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Abstract

Aims Todescribetherelation of variouswater status measures of woody
perennid plants (predawn and midday stem and leaf water potentid), to
indicesof physiologicd activity such asleaf conductance, vegetative growth
and fruit growth and composition.

Methodsand results Almondswere exposed to threelevelsof irrigation
over three years, and midday stem water potential (SWP) and leaf
conductance, collected at gpproximately weekly intervals, isreported for
thethird year of thestudy. A strong linear incressein both leaf conductance
and trunk growth occurred with increasing SWP, and this relation was
condstent both within and between trestments. A Smilarly positivelinear
relation was found between SWP and fruit sizein pear, with anegative
relation between SWP and fruit soluble solids and fruit color. In grapevine,
SWPwasfound to be uniform across al lower canopy positions tested
(trunk, cordon and near the base of current year shoots) and positively
correlated to early season shoot growth even before irrigation trestments
weregpplied. Midday SWPwasfound to be more sengitive than midday
leaf water potential (LWP) for detecting treatment differences over the
course of the season, but both were well correlated to average seasona
leaf conductance within and between irrigation trestments. Predawn SWP
and LWPwerenot aswell correlated to average seesond leaf conductance,
but the most important factor determining midday leaf conductance was
wind speed, indicating that grapeleaf Somatal responsesare quite sengitive
to thisenvironmenta factor.

Conclusion: In awide variety of woody crop species midday stem water
potentia (SWP) has been found to be avauable tool for quantifying the
degree of water stressexperienced by the plant, and for understanding the
physiological responses of the plant to water limited conditions. In
grapevine, SWP detected irrigation differences over 1 month sooner than
midday lesf water potentia when the number of vinesused and the number
of samplestaken werethe samefor both methods, and SWP had ahigher
correlation toleaf conductance than predawn leaf or stem water potentid.

Significance and impact of study: SWP as a standard method for
quantifying water stressin grapevine and other cropswill aid researchin
the development of reliable management practices to improve crop
productivity and quality.

Keywords gemwater potentid, SWP, leef water potential, LWP, predawn,
midday, leaf conductance, fruit growth, fruit quality

Résumé

Objectif : Décrire larelation des différentes mesures de |’ éat hydrique
des plantes ligneuses pérennes (potentiel hydrique faliaire et detige de
base et alami-journée), aux indices d'activité physiologique commela
conductancefoliaire, lacroissance végétative et lacroissancedu fruit et sa
composition.

Méthodesand résultats: Desamandes ont &€ exposées atrois niveaux
dirrigation plusdetroisans, et le potentiel hydriquedetigealami-journée
et laconductancefoliare, collectésaintervallesquasi hebdomadaires, est
présenté pour la troisiéme année de I'étude. |1 S est produit une forte
augmentation linéairetant danslaconductancefoliaire que denslacroissance
dutronc avec|'augmentation du potentiel hydriquedetige, cetterelaion
était cohérente tant pendant qu'entre lestraitements. Unerelation linéaire
positivesmilaireaéétrouvéeentrele potentiel hydriquedetigeet lataille
du fruit chez lapoire, avec unerelation négative entrele potentiel hydrique
detige et les solides solubles du fruit et la couleur du fruit. Pour lavigne,
le potentiel hydrique detige &ait constant pour toutes|es positions de base
delacanopée (letronc, le cordon et présdelabase destigesdel’ année
courante) et positivement corrélé avec la croi ssance des pousses de début
desaison, méme avant quelestraitementsdirrigation n'aient &é appliqués.
Le potentiel hydrique detige alami-journée aéé plus sensible quele
potentiel hydriquefoliairealami-journée pour détecter lesdifférencesde
traitement pendant ladurée delasaison, maisles deux éaient bien corrdés
alamoyenne de la conductance foliaire saisonniere pendant et entre les
traitementsdirrigation. Le potentiel hydriquedetigedebaseet lepotentie
hydriquefoliairede base nétaient pasauss corrdésalaconductancefoliare
saisonniere moyenne, maislefacteur déterminant le plusimportant dela
conductancefoliairealami-journée éait lavitesse du vent, indiquant que
les réponses des stomates de la feuille de vigne sont tout afait sensibles
acefacteur environnementa.

Conclusion : Le potentiel hydrique de tige alami-journée est un outil
d'aide pour quantifier I' état hydrique delaplante et pour comprendreles
réponses physiologiques de la plante dans des conditions d’ eau limitée.
Danslavigne, le potentiel hydrique de tige a détecté des différences
d'irrigation un mois plustét que le potentiel hydriquefoliairealami-
journée lorsque le nombre de vignes utilisées et |le nombre d'échantillons
priséaitleméme pour les deux méthodeset le potentiel hydriquefaliaire
avait une corrélation plus forte ala conductance foliaire que le potentiel
hydriquefoliaire ou detige de base.

Signification et impact del'éudeLepotentie hydriquedetige, comme
méthode standard pour évaluer quantitativement le stress hydrique dela
vigneet desautres cultures, aideralarecherche dansle développement de
pratiques fiables de gestion pour améliorer laproductivité delarécolte et
laqudité.

Motsclés: potentiel hydrique detige, SWP, potentiel hydriquefoliaire,
LWP, conductance defeville, croissance du fruit, qualité du fruit
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INTRODUCTION

Understanding the physiologica responsesof plants
to water limited conditionsis of general importancein
biology, aswell asof particular importanceto agricultural
science, and as such, thistopic has been the subject of
much research and many excdlent reviews (e.g., Bradford
and Hsao, 1982; Jonesand Tardieu, 1998). It isclear that
many, perhaps mogt, plantsare designed to function over
arange of water availability, and that a number of short
and long term responses, often called « stressresponses»
are exhibited by plants over thisrange. For the purpose
of thispaper, | will usethe approach suggested by L evett
(1980), with « stress » referring to an environmental
condition, which may beinternd or externa to theplant,
and « strain » as the impact of this condition on the
biological processof interest. | should admit at the outset
however, that | regard these and other related definitions
as provisional, since a clear and scientifically-based
terminology for describing the occurrence and
consequences of water dressin plantsrequiresathorough
understanding of the biological processesinvolved, and
for many of these processes our current understanding is
quiterudimentary. At thewhole-organismlevel, water is
obtained from the soil by rootsto re-supply water lost
fromtheleaves, and hencetheterm « water availahility »
can typically be regarded as referring to soil water
availability, and « water limited conditions» asreferring
to asany decreasein water availability thet causesadrain
(i.e, changein biological activity) in the plant. In their
review, Bradford and Hsiao (1982) present ageneral
picture of the many plant stressresponsesthat areknown
to occur aswater availability is decreased, with some
responses (i.e., reduction in growth rates) occurring firt,
and others (stomatal closure, reduced photosynthesis)
occurring later, but one key question, and afocus of the
present paper, is the question of how we quantify the
decreasein water availability in thefirst place.

Many contragting messures of plant water availability
have been suggested, each focusing at adifferent point
adong the soil-plant-atmosphere-continuum. The
usefulness of any particular measure however, will depend
on the objective in making the measurement on the one
hand, and on the relation between the point being
measured and the desired plant response on the other. For
instance, many current irrigation practices are based on
direct measures of soil moisture, or indirect estimates
of soil available water through an estimation of
atmospheric evaporative demand (Ferreres and
Goldhamer, 1990). These approaches assume, among
other things, that the soil serves asareservoir, and that
replacing thewater lost from thisresarvoir is equivalent
to maintaining the plants under non-stressed, or at least
«minimaly stressed » conditions. In the case of wine
grapesand other fruitshowever, moderatelevelsof plant
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water stress (e.g., the practice of Regulated Deficit
Irrigation, RDI) may be desirable for optimum
horticultural/economic productivity (e.g. Lampinenetal.,
1995, Shacke et al., 2000), and hence the assumption of
maintaining plants under non-stressed conditionswould
not gpply. Sincethe ultimate purpose of any management
practice designed to influence water availahility (irrigetion,
planting density, cover crop, etc.) isto obtain optimum
horticultural/economic productivity, | will proposethat a
key property of any measure of water availability must
bethat itisclosely related to the plant responses that
determine horticultural/economic productivity. The plant
isacomplex system, and fruit yield and qudity areafind
result from the interaction of environmental conditions
with many physiological processes, such as vegetative
growth petterns, stomatal opening, photosynthetic rates,
root nutrient uptake, etc. Hence, asafirst approximation,
any proposed measure of plant water availability, such as
plant water potential, should be closdly related to these
Processes.

Sincefor any given experimental system (field site,
greenhouse, etc.) the points along the soil-plant-
amosphere-continuumwill be physicaly interdependent,
it isexpected that any particular measure of plant water
availability within a site (soil-based, plant-based,
atmosphere-based) will probably be related to any other
measure of plant water availability at thesamesite. Hence,
if one of these measuresis correlated to any given plant
physiological processor horticultura characteristic, then
we may expect that the other measures may aso have
some correlation. The advantages of soil- and/or
atmosphere-based measures, and some plant-based
measures such as maximum daily shrinkage (Naor and
Cohen, 2003) are generally related to their practica
usefulnessin irrigation scheduling (e.g. automation), but
it is reasonable to assume that plant-based measures of
water availability should be moredirectly related to plant
physiological responses than soil- or atmosphere-based
measures. A key physiological measure of water
availability withinthe plant iswater potentid, and athough
someresearchers have questioned the genera relevance
of thismeasure to plant function (Sinclair and Ludlow,
1985) afew early studiesinwoody perennid crop species
(Garnier and Berger, 1985; M cCutchan and Shackel,
1992) reported aclose relation of water potential to both
irrigation regime and plant physiological activity, and
currently there are three alternative measures that have
been suggested: predawn water potentid (PWP), midday
stem water potential (SWP) and midday leaf water
potential (LWP). A number of recent studies have
determined therelation of one or morethese dternatives
to various physiological or horticultura characterigtics,
and/or compared the sensitivity of these aternativesto
variousirrigation practices. The sengitivity of ameasure
in responseto achangeinirrigation practiceisimportant
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if the method isto be used for irrigation management,
evenif themethod detects differences prior to any gpparent
differencein physiological responses. Presumably the
most sensitive method for irrigation scheduling would
aso bethemost useful measure of plant water availability.
Inreview of therecent udiesin deciduousorchard crops,
Naor (2006) concluded thet LWPwasnot asclosdly related
to plant physiologica processesaswas PWP or SWP, and
that other indirect plant-based measures of water
availahility, such asdiurnd stem diameter changes, dso
showed promise as practica toolsfor irrigation scheduling.
The following paper will present evidence in deciduous
treesand grapevinethat the plant-based measure of midday
stem water potential (SWP) is closely related to many
important physiological processes, aswell askey aspects
of fruit quality.

MATERIALSAND ANALYTICAL
AND EXPERIMENTAL METHODS

1. Physiological measurements

Values of water potential were measured with the
pressure chamber technique on leaves that were either
enclosed for morethan 10 minutesto prevent trangpiration
and alow equilibration with sem water potentia (SWP,
Fulton et al., 2001), or leavesthat were only enclosed
immediately before excision to prevent post-excision
desiccation (Turner and Long, 1980) to give leaf water
potentia (LWP). In some cases, measurementswere made
pre-dawn, aso using both approaches. Unless otherwise
specified, LWP was measured on upper canopy, fully
exposed recently matureleaves, and SWP was measured
onlower canopy maure leavestha were attached to sems
that were closeto the trunk or amain scaffold. Stomatal
conductance was measured on the abaxia (lower) surface
of upper canopy, recently mature sunlit leaveswith a
Steady-state porometer (Model 1600, LICOR, Lincoln,
NB), with minimal disturbance to the natural position
of theleaf. Trunk circumference was measured with a
ded tape, and converted to the equivaent cross-sectiond
areaof acircleasarelativemeasure of overal plant size.
When fruit was harvested, the number of fruits were
counted and the total fresh weight obtained to estimate
averagefruit Sze, and other measures of fruit quality (color,
soluble solids) were measured on a sub sample using
gtandard laboratory techniques (colorimeter, refractometer).

2. Plant material and experimental design

Almond trees of the « Nonpareil » and « Carmel »
varieties were planted and grown in an experimental
orchardin Winters, CA, under three contragting irrigation
regimes (WET, MEDUIM, DRY) for three years (1991
- 1993). Irrigation was supplied by under-treelow-volume
microsprinklers at twice-weekly intervalsfor the wet
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treatment and weekly or less often for the medium and
dry trestment. | rrigation amountsand timing were based
on maintaining contrasting levels of midday stem water
potentid (SWP). A >50 year old commercid pear orchard
having trees of the « Bartlett » variety wasirrigated with
under-tree impact sprinklers designed to give
approximately 100 % (WET), 60 % (MEDIUM) and
30% (DRY 1, DRY 2) of tree water requirementsfor a
period of threeyears (1992 - 1994). Indl yearsfruit size
and soluble solidswas measured, but fruit color wasonly
measured in 1993. For thefind year of thisstudy (1994),
thedtart of irrigation on one of thetwo blocksof dry trees
wasdelayed (DRY 2), based on the observation that trees
in this block required alonger period to deplete soil
moisturereserves. Thefield sitefor the grapevine sudy
was|ocated on the campus of the University of Cdifornia,
Davis. Theplant materid was own-rooted sixteen-year-
old Pinot Nair vinestrained using abilateral « T » trelis
systemwith four cordons per trunk. Vineswere planted
on 2.4 m spacing in East-West rows 3.7 m apart. Bud
break occurred on 15 March 2001 and flowering wason
26 April 2001. Twoirrigation trestmentswere gppliedin
two large blocks using in-line drip irrigation beginning
22 May 2001 and continued through 24 August 2001:
non-irrigated and weekly irrigation to cumulative crop
evapotranspiration (ETC) levels. ETc wasca culated using
the crop codfficient (Kc) vauesfrom Hanson et al. (1999),
and the reference evapotranspiration values (ETO)
calculated from anearby westher tation.

RESULTSAND DISCUSSION

One practical advantage that has been reported for
midday SWP isthe consstency of the measurement at
different positions within the plant. Presumably, thisis
duetothefact thet thexylemtissueisavery low resgtance
pathway for water flow, and hence, for therates of water
trangport that aretypicaly found during plant trangpiration,
the gradient in SWP is not large within the stem portion
of the plant. For Pinot noir grapevine, we studied the
effect of position on SWP for positions near the trunk,
which should have the highest SWP, and for various
positionsaong the cordon and on primary and secondary
shoots (figure 1A). The correlation for SWP measured
at any two contrasting positions along the water flow
pathway across awide range of SWP valueswas very
strong (figure 1B), with a mean difference of about
+0.01MPa (figure 1C). The random measurement error
cdculated from these data (SD = 0.08MPa) iscomparable
to that reported in other woody perennial species (SD =
0.05 - 0.07MPa, Fulton et al., 2001). The comparisons
showninfigure 1B are dwaysfor an upstream (X axis)
versusdowngream (Y axis) postion along thewater flow
pathway (i.e., thedirection of transpirational water flow
isaways from position #1 to position #2), and hence it
isexpected thet the average differencewould bedightly
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Figurel- (A) Diagram of the contrasting positionsin cordon-trained grapevinesthat wer e used to evaluatethe sze
of within-plant differencesthat may occur in midday stem water potential (SWP) asaresult of thewater potential
gradientscaused by transpiration. (B) Relation of SWP measured at a point upstream in thewater flow pathway to

apoint downstream in the pathway.
Lineshownisthefirst principal component axisfit tothedata(Y =0.90*X - 0.054, regressionr2 = 0.85***). (C) Histogram of the difference
betweenthe X and Y vauesfor each point shown in B. The overall mean [0 SD of this difference was +0.00820]0.081M Pa.

negetive, since the SWP should always decrease from
upstream to downstream. Thefact thet the differencewas
dightly positive (+0.01MPa) presumably indicates that
thereisno measurable SWP gradient within the accuracy
of these measurements. These data demonstrate avery
important practical advantage of SWP, namely that that
the measurement isessentidly independent of the choice
of leaf on the mgjor scaffold branches of the plant. This
result has also been found in anumber of other woody
perennia speciesincluding prunes, amonds and pears
(datanot shown).

Over the course of athreeyear study in amonds, clear
differencesin SWPwere exhibited for thethreeirrigation
trestmentsfor mogt of the seasonin al years (figure 2A
shows the 1993 season), and there were corresponding
differencesin leaf conductance from about mid-July
onward in 1993 (figure 2 B). For SWP, the tree-to-tree
variation was generally larger in the medium and dry
trestment compared to thewet treatment (note error bars
infigure2A), but theranking of treeswithin atreatment,
particularly the medium and dry trestments, was congstent
acrossdatesand highly significant (ANOVA not shown).
Presumably, thisindicated that therewereindividud trees
with more access to stored soil moisture reserves than
other treesin the same treatment. Since environmental
factors known to influence leaf conductance (air
temperature, light, etc.) changed from date to date, a
seasona average leaf conductance vaue was ca culated
for each individual tree, and this showed a strong and
positive correlation to the corresponding individua tree
seasond average SWP (figure 3A). Therewasasmilarly
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Midday SWP (MPa)

Leaf conductance (mmol m2 s‘l)

strong correl ation between the 3-year average SWP of
individual trees and tree Size, as measured by the trunk
cross sectional area at the end of the 3-year study
(figure 3B). These data strongly support the hypothesis
that water deficits, as measured by SWP, are a key
determinant of plant physiological responsesboth a the
leaf level (conductance), and at thewhole plant (growth)
level. Further, these data suggest that the dependence of
these responses is linear with SWP to a good
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Figure3- (A) Relation of tree averaged leaf
conductancetotreeaveraged SWP in 1993 (data from
figure2, linear r2=0.94***). (B) Rdation of trunk
cross-sectional area after 3yearsof growth (1991 -
1993) to tree aver aged SWP over the sametimeperiod
for almondsunder thethreeirrigation regimesshown
infigure2 (linear r2=0.78***).
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Figure5 - Relation of pear fruit Szeat harvest
totreeaveraged midday sem water potential (SWP)
during themain fruit growth period (June- August)
in 1994 (linear r2=0.80***).

approximation. Thiscontrastswith thewidely held view
that one or both of these responses should exhibit a
threshold response to water deficits.

Similarly toyoung amond trees, well established pear
trees al o showed astraightforward declinein SWPwith
decreased irrigation and progressive separation between
trestments over time (figure 4). Asaso found in amond,
significant tree-to-tree variation was found, particularly
within the dry treatments, and there was avery strong
correl ation between seasona average SWP and many
measures of fruit quaity. Lower SWPwasassociaed with
smdler fruit Sze (figure 5), higher soluble solids (figure 6)

T
-0.5

-125 -

Midday SWP (MPa)

SYMBOL TREATMENT
[ ] WET

MED
DRY(1)
DRY (2)

o
A
A

T
MAY JUNE AUGUST

Date, 1994
Figure4 - Midday stem water potential (SWP)
during the 1994 growing season in pears
under four contrasting levelsof irrigation.
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Figure6 - Relation of pear fruit soluble solidsat
harvest to tree averaged midday stem water potential
(SWP) during the main fruit growth period (June-
August) in 1994, asin figure5 (linear r2=0.74***).

and more advanced coloration (yellow color, figure 7).
The effects of individua tree differencesin SWP were
paticularly cleer for fruit 9ze(figure 5), and showed that
there were some treesin the most severe dry treatment
(DRY 2) which had both SWP and fruit size valuesthat
were comparable to some of the trees in the WET
trestment. Overal tree growth, as measured by pruning
weight, was dso highly and positively correlated to SWP
(N =47,r2=057***, datanot shown).

Henceit isclear that, asin amonds, reductionsin
SWP had profound effects on many physiologica
responsesin pear trees, including anumber of important
aspects of harvested fruit quality.

InMay, prior to the application of any irrigationto a
block of Pinot noir grapevines, asurvey indicated that
therewereclear vine-to-vinedifferencesin SWP in some
cases with adjacent vines exhibiting differences on the
order of 0.5 MPa(figure 8). Differencesin vine vigor
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(linear r2=0.51***),
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Figure 9 - Reation of shoot length at theend of May to

vine averaged midday stem water potential (SWP)
observed during May, prior toany irrigation, for a
subset of thevinesshown in figure 8. Lineisthelinear
regression through thedata (r2=0.38*).

were also apparent in this block, and the length of
randomly sdlected shootson each vineby theend of May
had a significant positive correlation to vine SWP
(figure 9). Stetisticaly significant differencesin SWP
between irrigated and non-irrigated vines began to appear
inearly June, and athough theirrigation trestment effect
on LWPwas of the same magnitude, LWP vaueswere
more variable, and hence did not show statistically
significant differencesuntil late July (figure 10). Thedaily
patternin LWP, SWP and lesf conductance wasfollowed
on 6 occasionsin 2001, and both LWP and SWP showed
asgmilar daily pattern, with minimum va ues condstently
occurring in the afternoon period (2:00 - 3:00, figure 11).
Asexpected, therewas also aprogressive increasein
separation between irrigated and non-irrigated vines as
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Figure8- Spatial distribution of themidday stem
water potential (SWP) measured on individual vines
in May beforeany irrigation wasapplied. For darity,

the SWP valuesar e plotted aspositive quantities.
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Figure 10 - Midday stem water potential (SWP, top)
and leaf water potential (L WP, bottom) over the 2001
growing season for Pinot noir under irrigated

and non-irrigated conditions.
Each point isthemean of 6 vines, and error barsare [ 2SE, which
for this sample size is an approximate 95 % confidence interval.
Agerisksindicateadatistica difference betweenirrigated and non-
irrigated vines.

the season progressed in both SWP and LWP, but the
differences dueto irrigation were more apparent in the
afternoon period than at other times of day, particularly
pre-dawn (figure 11). On any given day, the daily pattern
in stomatal conductance was similar for irrigated and
non-irrigated vines, and also showed a progressive
increase in separation between treatments as the season
progressed, but the daily pattern itself wasnot congistent
over the season. On some days there were relatively
condtant values of conductance from mid morning tolate
afternoon (figure 11, 9:00 - 17:00, June 12) whereason
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in Pinot noir vinesfor anumber of datesin the 2001 growing season under irrigated and non-irrigated conditions.
Each point isthe mean of 6 vines, and error barsare 00 2SE, which for this sample sizeis an approximate 95 % confidenceinterval.

Table1 - Resultsof stepwiseregression analysisfor midday leaf conductance asthe dependent variable
and wind speed, air temperaturesolar radiation, air vapor pressuredeficit (VPD), SWPand LWP

astheindependent variables.
Vauesfor conductance were averaged by vine (6-10 measurements per vine), but SWP and LWP vaueswere only single measurements per
vine. Thesedataarefor al vinesfrom al treatments taken on nine dates from June 12 through August 17, 2001.

Factor Partial R* | F value P>F

Wind (m s™) 0.41 133.9 <0.0001
Temperature (°C) 0.14 131.2 <0.0001
SWP (MPa) 0.13 52.4 <0.0001
Radiation (W m™) 0.12 66.2 <0.0001
VPD (KPa) 0.01 10.33 0.0009
LWP (MPa) N/A N/A ns at .015

other daysaclear maximum vaue occurred, dthoughthe
time of maximal leaf conductance varied from late
morning on somedays (11:00, July 20 and August 17) to
|ate afternoon on others (18:00, June 13). These data
uggest that grapevineleaf conductanceishighly sendtive
to environmental factorsaswell as plant water status. A
sepwiselinear regression was performed for midday leaf
conductance asthe dependent variable and environmentd
factors of radiation, temperature, vapor pressure deficit
(VPD) and wind speed, aswell as SWP and LWP as
independent variables, and this analysis showed wind
speed as the most important factor, followed by
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temperature, SWP and radiation, al with a similar
influence (table 1).

Therelationship between SWP and conductance was
dearly influenced by wind, with windy days (wind spesds
>35ms?) having generally low leaf conductance and
alower regression dope of conductance on SWP than
low wind days (wind speeds < 2.8 m s'1, figure 12). On
low wind days, the average leaf conductance was
428.4 mmol m2 s, compared to high wind dayswith
an average leaf conductance of 230.0 mmol m2s1, In
order to comparethe sengtivity of the dternative messures
of plant water deficitsused inthisstudy, an average water
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Figure 12 - Relation of midday leaf conductanceto
midday stem water potential (SWP) for the Pinot noir
vinesshown in figure 11, divided into environmental

conditions of high and low wind speed.
Each point isthe mean of 3 - 5 vauesof conductance (fully exposed
leaves) and one value of SWP per vine.

potential and leaf conductance was calculated for each
vineover dl thedatesand timesshowninfigure 11. Since
al vineswere represented a each time point, acomparison
among these average values of |eaf conductance will
represent a comparison among vines, averaged across a
wide range of environmenta conditions. For these data
there was asignificant and essentially linear relation
between leaf conductance and al of the alternative
measures of plant water status, but the correlation
coefficient of conductanceto LWP and SWPwas higher
than that to predawn LWP or SWP (figure 13). A close
and linear relation between midday LWP and SWPwas
found by Williamsand Trout (2005), and the valuesthey
observed were over asomewhat wider range (SWP: -0.2
t0-0.8, LWP: -0.5t0-1.1MPa) asfound in our sudy, but
Williams and Trout (2005) also reported amuch higher
rangefor predawn LWP (to -0.8MPa), with anon-linear
relation to midday LWP, probably indicating that much
higher levelsin stress occurred in their most stressed
trestment as compared to our study. It isalso interesting
to note that there was a systematic difference between
predawn LWP and SWP of about 0.08 MPain our studly,
presumably indicating that leaf, and hence plant,
transpiration may not be negligible at thistime, asis
normally assumed. At midday, the difference between
LWP and SWPwastypicaly 0.4 - 0.5 MPa (figure 11),
soatributing al of this predawn differenceto transpiration
would imply that predawn transpiration was 16 - 20 %
of midday transpiration, whichwould be surprising. Hence
itisnot clear whether al of the predawn difference was
due to transpiration or acombination of transpiration
effectsand hydraulic conductance effects. In either case,
predawn |leaf water potentia has been used asameasure
of water gress'water avalability inanumber of viticulturd
studies, and one advantage of the use of plant-based
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Figure 13- Reation of vineaverageleaf conductance
tovineaverageleaf or ssem water potential
duringthedaytime (LWP, SWP) or at predawn
(PDLWP, PDSWP), with averagestaken over all days

and timesshown in figure 11.
Each point isthevineaverage vaue, and thelinesare theregresson
linesfor each aternative measure of plant water status (r-square
vauefor each lineisaso indicated).

measures for thisisthat the water stress experienced in
different studies can be compared onthe same basis. For
this purpose, the data of Schultz (2003) was compared to
the data of the current study (figure 14). The range of
seasond average scomatal conductance observed in the
present study corresponded to the upper range of the
conductances observed by Schultz (2003), but such
differencesin stomatal conductance may be related to
differencesin any number of environmental or cultural
conditions, for examplelower air temperatureleading to
lower somata conductance or higher sail fertility leading
to higher leaf nitrogen content and higher stomatal
conductance. For conductances over 150 mmol m2s1
however, the equations used by Schultz (2003, figure 2)
systematically underestimated the conductances that he
observed (curvesin figure 14), and for thisrange there
may havedso been ardatively steep linear rdlation with
alow r2, smilar to that shown in figure 13 and redrawn
infigure14. Inany case, itisclear that theleve of stress
measured by Schultz (2003) far exceeded that foundin
thisstudy, and consistent with thisinterpretation, thelow
levels of ssomatal conductance found by Schultz (2003)
were not found in this study during daylight hours.

CONCLUSION

Inawide variety of woody crop specieswe have
found midday semwater potentid (SWP) tobeavauable
tool for quantifying the degree of water stress experienced
by the plant, and for understanding the physiological
responses of the plant to water limited conditions. The
primary criterion for any proposed measure of water sess
in plantsshould bethat it is corrdated with thewel known
short- and long-term responses of plantsto water limited
conditions, such asreductionsin leaf conductance and

oo
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Figure 14 - Relation of leaf conductanceto predawn
leaf water potential for the data of figure 13
(UCD Pinct noir) and data reported

by Schultz (2003, figure 2) for Grenacheand Syrah.
Also shown are the linear regression through the UCD dataasin
figure 13, and the curvilinear rdation for Grenache and Syrah given
in Schultz (2003, figure 2).

reductionsin plant growth. For both of these responses
we havefound very strong and essentidly linear relations
with SWPinanumber of crops, including grapevine, and
hence we suggest that SWP is agood candidate as a
dandard measure of water Sressinwoody perennid plants.
We have also reported strong and essentialy linear
relaionsof fruit quality attributes (Sze, soluble solidsand
color) to SWPin pear, and hence propose that SWP should
be auseful tool to predict, and possibly manage, fruit
development in awide range of woody perennia crop
plants.
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