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glycosyl-glucose (umol/g fresh wt. or pmol/berry)
stomatal conductance of leaves ABBQ_\EN\&

leaf area (m®)

ratio of leaf area/fruit weight Am\oumv

lateral leaf area (m?) .

main leaf area (m?)

not significant

photosynthetic rate (umol CO,/m*/s)

pruning weight (kg/vine)

red-free glycosyl-glucose (umol/g fresh wt. or pmol/berry)
significantly different

shoot growth rate (cm/d)

standard error of the mean
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time domain reflectometry
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~ vapour pressure deficit (kPa)

xylem sap ABA concentration
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SUMMARY

An excess of vegetative growth (‘excess vigour’) is detrimental in most vineyards. For grapevines in
general, excess vigour has negative implications for fruit yield, disease control, costs of production
and efficient water-use. For winegrapes in particular, the association between vigour and wine
quality is important: excessively-vigorous vines tend to have dense, shaded canopies and grapes from
shaded canopies tend to produce wines of lower quality. Therefore, control of excess vigour should
result in a more open canopy with a concomitant improvement in the quality of fruit for winemaking.
Withholding irrigation can form the basis of a useful management tool for improving water use
efficiency and reducing vine vigour. However, difficulties may be experienced in obtaining the
required degree of water stress, and yield may suffer in comparison with fully irrigated vines. The
general hypothesis tested in this study was that: ‘partial drying of the root system of grapevines will
result in reduced vegetative growth with beneficial effects for fruit yield, Jruit composition and
water-use efficiency.” The ideas which allowed the formulation of this hypothesis came from the
previously published work of Loveys and Diiring (1984) and Gowing ef al. (1990) which suggested
that partial drying of the root system may give rise to non-hydraulic root-derived signals capable of

changing leaf development and transpiration.

Experiments were initially conducted with container-grown grapevines (Vifis vinifera cultivars
Chardonnay, Shiraz; Vitis champini cv. Ramsey; Vitis berlandieri x Vitis riparia cv. Kober 5BB;
Vitis berlandieri x Vitis rupestris cv. Richter 110) with the root system divided between two
containers (= ‘split-root plants’). When half of the root system was slowly dried while the remaining
half was kept well-watered (="half-drying’), both shoot growth rate (SGR), stomatal conductance
(gs) and photosynthetic rate (Pn) were significantly reduced relative to control plants with both
halves of the root system maintained in a well-watered state. The initial decrease in both SGR and
gas cxchange in response to half-drying coincided with the decrease in soil water content of the dried
half of the root system. For half-dried plants, there was a relative increase in root development in
moist soil layers, both in the “wet’ container as a whole or in the lower part of the ‘dry’ container,
All species of grapevine appear to respond to half-drying of the root system, but genotype may affect
the degree of response. The effect of half-drying was transient and both gas exchange and SGR
retumned to pre-treatment levels within one or two weeks, despite the fact that one half of the root
system remained dry. Shoot function of half-dried, non-fruiting vines in the field also recovered in

the absence of rewatering of the dried half of the root system, and as with pot experiments, recovery
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coincided with a slowing in the rate of soil drying on the non-irrigated side. This appears to be the

first report of this phenomenon for any species.

During the course of this study, it became apparent that the benefits of a single brief period of shoot
growth depression during the season were likely to be marginal for field vines: significant and long-
term reduction in shoot growth would only be possible if the recovery of shoot growth was
minimised. Therefore, the strategy of alternating the drying from one half of the root system to the
other was tested on both non-fruiting potted vines and fruiting field vines with split-root systems.
The aim was to minimise or prevent recovery of shoot function by timing the switch so that it
occurred at, or just before, the start of recovery. This strategy was successful in both situations: for
container-grown vines, alternation of drying of half of the root system every 11 days on average
maintained shoot growth at a substantially lower rate than the well-watered controls and reduced
components of shoot growth by up to 40% while average gs was reduced by ca. 30% over a period
of 66 days. There was no significant effect on total root weight per plant in response to treatment

but the ratio of shoot weight to root weight was increased.

Field experiments were conducted with Vitis vinifera cv. Cabemet Sauvignon grafted to Ramsey at
two sites near Adelaide, South Australia. One-year old rootlings with split-root systems were
planted with each half of the root system on either side of a plastic membrane, buried to a depth of
about 1.6m, which separated the root systems. Drip irrigation to each side of the plastic membrane
was controlled independently. The ‘treated’ vines were maintained with one half of their root
system, or the other, without irrigation at any one time: in practice this meant that one side was
watered for 1-2 weeks while the other side was dried. The situation was then reversed so that the
previously dried part of the root system was irrigated and the previously wetted part was dried. By
comparison, both sides of the control vines were well-watered at all times. Soil water content,
measured with capacitance probes, was used to determine both the timing of irrigation events and the
alternation of the irrigation on ‘treated’ vines. The irrigation strategy, termed ‘partial root-zone
drying’ (PRD), was evaluated for three seasons at one site (Waite) and for one season at the other
(Blewitt Springs) on fruiting vines, commencing in their third growing season. For the last season at
the Waite site, PRD was applied over the whole of the irrigation period; in all other cases, it was
applied from fruit set to harvest. The timing of the alternation was successful in limiting the
recovery of shoot growth: most indices of vegetative growth were reduced by up to 30 to 35%
relative to the control. Lateral shoot growth was particularly responsive to PRD treatment: total
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lateral shoot length per main shoot was reduced by 50 to 66% relative to the control in the Waite
experiment, due to a combination of fewer and shorter lateral shoots. Average stomatal conductance
over the whole experimental period was reduced by 12 to 30%. There was a substantial reduction
(up to 50%) in the amount of irrigation applied to PRD vines at both sites, without any detrimental
effect on fruit yield. The reduction in vegetative growth in response to PRD significantly reduced
canopy density and increased bunch exposure. Fruit quality was significantly improved by PRD,
with concentration of secondary metabolites (anthocyanins, phenolics, glycosyl-glucose) increased
by up to 45% relative to the control: this was not associated with any significant change in berry

weight, or any other yield component.

As for container-grown vines, both shoot growth and stomatal conductance were reduced in response
to PRD without any significant effect on shoot water status (as indicated by leaf water potential \'y),
suggesting that a non-hydraulic signal is produced by roots in drying soil which affects shoot
function. There was a positive linear relationship between stomatal conductance and shoot growth
rate: this suggests that either the two physiological processes are influenced by the same non-
hydraulic signal, or that SGR is influenced by changes in gs which is affected directly by the signal.
The substantial reduction in vegetative growth in response to PRD was not associated with many of
the characteristic symptoms of grapevine water stress. For example, shoot diameter, berry size and
intemode elongation were not greatly affected, nor was there any significant effect on ;. On the
other hand, some of the responses to PRD were characteristic of water-stressed vines; however, the
magnitude of the response and/or degree of expression of the symptoms were relatively less than
with moderate to severe water stress. Furthermore, the reduction in SGR in response to partial
drying was mainly due to a termination of node initiation rather than a reduction in the rate of
internode elongation, whereas the latter component of SGR is more typically affected in response to

water stress.

The amount of irrigation water applied to PRD-treated vines was substantially reduced relative to
the control vines in all field experiments. For example, during the 1995/96 season in the Waite
experiment, the control vines received 1.34 ML/ha while the PRD-treated vines received 0.7 ML/ha,
ie. the amount of irrigation was effectively halved. The actual amount of irrigation water applied in
all seasons to control vines in the Waite experiment was less than that applied to commercial
vineyards in a nearby region with similar growing season rainfall and comparabie yield per hectare.

This study was commenced with the main aim of achieving vine balance through control of shoot
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vigour. However, the water conservation potential of the partial root-zone drying technique may

prove to be more important from an environmental perspective.

The results from these experiments suggested the possibility of a non-hydraulic signal produced by
roots in drying soil. For example, shoot function of half-dried plants recovered at the time when
there were no more roots dried in the ‘dry’ container. Recovery may be best explained in terms of a
positive signal, ie. when there is no further decline in water content and/or matric potential of the soil
around the drying roots, there is a decrease in flux of the signal from roots to shoots and thus shoot
function rapidly recovers. Also, both shoot growth and gas exchange were affected without any
associated effect on shoot water status. Consequently, the role of ABA as a putative signal
mediating this response was investigated. Stomatal conductance of partially-dried grapevines was
negatively correlated with concentration of ABA in xylem sap ([X-ABA]). For grapevines grown in
the field, gs decreased coincidentally with the reduction in soil water content of the dried part of the
root system and the increase in [X-ABAJ]; recovery of gs coincided with no further soil drying and a
decrease in [X-ABA]. Changes in [X-ABA] were not associated with any significant effect of
partial drying on shoot water status as indicated by ¥,

The results of this study allowed the original hypothesis to be accepted. The major findings were

that:

a. The effect of half-drying was transient and both gas exchange and SGR returned to pre-
treatment levels within one or two weeks, despite the fact that one half of the root system
remained dry;

b. Prolonged inhibition of shoot growth was achieved by alternation of root-zone drying from one
half of the root system to the other;

c. Vegetative growth and water-use of the grapevine were substantially reduced by partial root-
zone drying without any detrimental effect on yield; at the same time, fruit quality was

significantly improved.
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Chapter One - General Introduction

An excess of vegetative growth (‘excess vigour’) is detrimental in most vineyards. In the
past 30 years or so the problem of excessive vine vigour has become more acute in many
vineyards in Australia for several reasons: the proportion of irrigated vineyards, the use of
vigour-inducing rootstocks and the proportion of vineyards in cool regions have all
increased. Furthermore, changes in management practices such as the increased use of
fertilisers and virus-free planting material, and improved soil management can all be said
to have increased shoot vigour. For grapevines in general, excess vigour has negative
implications for fruit yield, disease control, costs of production and efficient water-use.
For winegrapes in particular, the association between vigour and wine quality is important:
excessively-vigorous vines tend to have dense, shaded canopies and grapes from shaded
canopies tend to produce wines of lower quality: Therefore, control of excess vigour
should result in a more open omsomuw with a concomitant improvement in the quality of fruit

for winemaking.

Shoot vigour may be controlied naturally in non-irrigated vineyards in Mediterranean-type
climates 5&_20 vine growth is largely dependent on winter rainfall stored as soil water and
water shortages commonly develop during the growing season. This leads to water stress,
resuiting in reduced shoot growth and generally open canopies, particularly if the vines are
stressed in the first half of the growing season. In Mediterranean-type climates (which

supply much of the world’s winegrapes), non-irrigated vineyards tend to have low fruit

yields and consequent poor economic returns. For this reason, most vineyards in Australia
are irrigated. Irrigation management strategies have been developed for some vineyards to

induce water stress and reduce shoot vigour to desirable levels to improve fruit quality;

“however, yield also tends to be reduced and the improvement in wine quality may not be

sufficient to increase, or even maintain, economic returns.

Many vineyards in Australia, western USA, Israel and South Africa have been converted,

in recent times, from systems where the whole surface is irrigated (flood, furrow, high




L

i

L..

Bumam ofsapun sjios Aepo sy uo saulA ay3 ey ajqissod s13] (1661 sAeA0T) spues desp
3y} uo umois asoys se swisjqold mnoTia swes a1y} aaey o) Ieadde you op suoiBas pajeSuur
-AJoAISUQIUI 10 UI A)I[IqeJieAR Jojem PaNWI] YA S[IOS ABD U0 uA0IF souaadeld ‘Aprequng
Yo1d saneadea uo 5130 AroNqIyur JURdIIUTIS 18X 0} S[qe 9q ABUI [DIYA S}OOI 35aY)

SI 1 Juswiiadxa 1001-117ds 9y} Jo sj001 AIp oY) 01 snoFo[eue 9q LW pue I9JEM 9AID9] 10U
[l ‘sures Iounm ey s[goid J10s Sy} Ul S[qe[leae I9jeam 0] JO ‘aonoeld uoneSii I91Ies 0}
asuodsal u pado[sasp SARY AR YOI ‘HID)SAS J00J U} JO JOPUIBWISS U] 'SA0QE PaqLIdssp
sjuawiIadxa 1001-11ds ay) Jo wLIsAs 1001 oY) Jo Hed palajem-[am 3y} 0) snoofeue se Jo
W3noy) 9q Aew pue SUIA IJOYM 31} JO SIULSNNDaI Iajem oY) AJsries Aewr woysAs uoneSin

-0JOW B jMm 32eJINS [Ios 3y Jo uonodoid lews Apapeel e 03 191eMm Jo uoneondde oy,

(1661

Bueyz pue saiae(q) prey oy ur ASojosAyd J00ys 109)Je 0} 9]qe puE SI00YS oY} 0} S3001

3} WO SAOW O] 3)qe ‘1001 3} Ul P32INos S )1 "3l ‘[euSIs [eINUSYD € JOJ BLUSIIO 3} JO
Auew soysnes (YgV) pioe oisiosqy “sjooys jo A3ojoisAyd pue yamoi3 yoq seyender yomgm
Teudis [edTWayd € JO WO 3y} U JOOYS S} 0} PaJeSUNUIIIOD S| UOIJEULIOII SIY ], "S100J

3U3 Ylm JOBIUOD Uy __Om.cﬁ Jo Surkip sy} Fuisues 10] wsueyoawr swos aaey sjuepd jey)
aouapias pood st a1y, (1661 Sueyz pue salav(] ‘0661 v 12 SUIMOL)) palarem-[lom st ped
12y30 Y} JfIyAs AIp 03 Pamoj[e SI waisAs 1001 9} JO Hed aJsym suIa)sAs J001-ds Jo asn ay)
y3noiy} Apemonaed ‘seroads jued Jo 95uel € 10] pojelISUCWAP USQ SBY ST, 'WeISAS 1001
oy} Jo sued patespAy sy wogy 1o1em Jo Ajddns Aq paurejulewr a1 SUOHESI Jajem AI01oRISHes

UayM U3AS YlmoId jooys sonpas Apueoymudis Aewr wieysds 001 ay; Jo ped yo Suiliq

“W)SAS 3001 93 Jo SwAIp [ered e JO SUIIS) UT SUOIBAIISGO 353}

urejdxa 01 sjqissod aq Aewr 3 (0661 UIMPOOL) PUE [[SUIA) JN0TJTA J00YS Ul SSEAIIIP B YIm
pejeIdOsse uaaq uayo sey spros deap uo uoneduu dup o3 uonedun BuLds Woy sauiA pue
$93.1) SINJBW JO UOISISAUOY ‘OS[y "Pa11a SI S0BJINS [210) 8Y) aJdyMm SISPJuLIds Aq pajedin
spredaura yim uoseduros Ul UOSESs 9Y) U JSI[JES UMOP MO[S 0) PaAIISqO Us)Jo SI spredouia
poredun-dup ul yimois 100ys ‘sejeun|d odA]-UesuBLISNIPSIA YHM SUOITI U] JoM SI JI0S JO

BaIR JleWs A[@Anefol e A[uo a1aym ‘(dup ‘8s) swaisds uoneSin-olonu 03 (siepjunds ndino



1

7

[

[

—J

1

) ] 0 3O (3

-
\
J

—

and drying cycles such that they accumulate shoot growth-inhibiting signals from their roots

as the soil dries and this contributes to their lack of vigour.

There has been some limited work with split-root grapevines grown in containers under
controlled conditions to investigate physiology and water relations (Diiring 1990,1992; Poni
et al. 1992). However, there do not appear to have been any field studies where grapevines
have been grown with split-root systems to control shoot vigour. Furthermore, there do
not appear to have been any field experiments with grapevines where spatially-separated
parts of the root system have been deliberately allowed to dry for this purpose; the
experiments with regulated deficit irrigation are perhaps the closest in this respect. Loveys
(1991) proposed that vigour control of grapevines may be achieved by modifying the
irrigation system so that a water deficit develops in part of the root system, thereby

producing a shoot-growth inhibiting signal.

Drying of half of the root system of split-root plants, while the other half was well-watered,
reduced total plant transpiration in a pot experiment (Poni ef al. 1992): it is possible that
partial drying of field vines may also increase water-use efficiency. Irrigation efficiency is
low in many vineyards in Australia and elsewhere. Also, over-irrigation not only wastes
water but also causes environmental problems such as depletion of ground-water reserves,

rising water tables, salinity and nutrient leaching.

There is little information on the influence of root signals in general, or ABA in particular,
on vegetative growth and yield components of grapevines, particularly under field

conditions, and none on their possible effects on fruit composition.

The general hypothesis to be tested in this study is that:

‘partial drying of the root system of grapevines will result in reduced vegetative growth
with beneficial effects for fruit yield, fruit composition and water-use efficiency.’
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Chapter Two - Literature review

2.1 Grapevine growth and development

The cycle of growth commences with budburst in spring; this is followed by a period of
rapid shoot elongation (Figure 2.1). The period from budburst to flowering is ca. 60 days;
therefore, unlike many deciduous, temperate fruit trees, much of the vegetative growth
occurs before the start of fruit development. The rate of shoot elongation is greatest early
in the season and then steadily decreases: by flowering, the rate is 50% of that achieved
earlier. Accumulation of both leaf and stem dry matter is linear from just after budburst
until the start of fruit growth when expressed as a function of growing degree days
(Williams and Matthews 1990); the increase in leaf area has a similar relationship with
temperature. Approximately two-thirds of final leaf area may have been formed by fruit
set. Shoot growth typically slows in mid-summer and is terminated by abscission of the

shoot tip.

‘Lateral’ shoots, which are borne in the axils of leaves on ‘main’ shoots (= ‘primary’
shoots which are derived from latent buds), may continue to grow after the time when main
shoots have slowed or ceased to grow, particularly in vigorous situations. On weak main
shoots, laterals develop little and abscise early. The degree of lateral shoot development,
ie. both the number and the mean length per lateral, are directly proportional to shoot
vigour. If the tip of the main shoot is damaged or deliberately removed (= “topping’,
‘tipping’, ‘trimming’ etc.), the growth rate of laterals will increase, particularly the most
distal ones. A late-season improvement in water status may induce growth of lateral shoots
after termination of growth of main shoots (Smart and Coombe 1983). The area of leaves
on lateral shoots (‘lateral leaf area’) may be up to 25% of total leaf area per vine (Williams
and Matthews 1990).

The inflorescence primordia (which will provide the bunches of the next season) are

initiated in latent buds from about the time of flowering; development of inflorescence
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Mature shoots of the growing season just completed (known as ‘canes’) are leafless and
woody; they bear the buds which give rise to next season’s fruit. Vines are normatly
pruned in winter to short or long bearers (“spurs’ and ‘canes’ respectively); the level of
pruning is usually described in terms of the number of buds or nodes retained per vine. In
some Australian regions, vines may be left completely unpruned or just skirted below the
cordon (to achieve some degree of crop control or to facilitate cultural operations): this

practice is termed ‘minimal pruning’ (Clingeleffer 1983).
2.2 Definition of vigour

Winkler et al. (1974) defined *vigour’ as “... the quality or condition that is expressed in
rapid growth of the parts of the vine. It refers essentially to the rate of growth.” Further
reading of that chapter reveals that these authors were mainly concerned with the ‘vigour’
of shoots, particularly in relation to pruning: for example, one of the principles of
grapevine pruning elucidated in that chapter is that “... the vigour of shoots of a vine varies

inversely with the number of shoots and with the amount of crop.” They also defined the

term ‘capacity’ as “...the quantity of action with respect to the total growth and total crop
of which the vine or a part of it is capable”. ‘Capacity’ refers to the ability for total
production rather than to rate of activity, ie. ‘vigour’. At the single shoot level, ‘vigour’
and “capacity’ are linked, ie. shoots of high ‘vigour’ tend to have a large ‘capacity’ for the
production of fruit and shoot mass. However, this is not necessarily the case at the whole
vine level because a vine with high average shoot vigour may have a relatively low
capacity, eg. a young, non-fruiting vine or a severely-pruned, mature vine. At the other

extreme, a vine with high capacity may have a low average shoot vigour, eg. a non-pruned,

mature vine,

On a single shoot basis, ‘vigour is a relatively easy concept to understand. Thin and short
shoots with few and small leaves are considered to have ‘low vigour’. On the other hand,
“high vigour’ shoots tend to have rapid shoot growth in spring which may be prolonged,

well into the growing season, often post-veraison. Asa consequence, such shoots are long
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‘low’ nor ‘high’ shoot vigour are necessarily undesirable: it is only when shoots have
either insufficient vigour on the one hand, or excessive vigour on the other, that there may
be undesirable consequences. It is the latter situation, that of excessive shoot vigour,

which is much more of a problem in modern viticulture than the former.

The term ‘vine vigour’ is widely used in viticulture, both in the literature and in practice,
but it is iess readily defined than ‘shoot vigour’. There are many reports in the literature on
the problem of excessive ‘vine vigour’ and its control where there has been no attempt to
define ‘vine vigour’. It is almost as if the authors have assumed that the concept of ‘vine
vigour’ is so well-understood in viticultural circles that it does not require definition.
Unfortunatety, at the whole vine level, the term ‘vigour’ has been often used when,
according to the definitions of Winkler et al. (1974), those authors should have used the
term ‘capacity’. There are many instances where ‘pruning weight’ (= the mass of the
mature, one-year old canes removed at the time of winter pruning) has been used or
recommended as a measure of “vine vigour® (eg. Shaulis et al.1966, Huglin 1986) when it
is more appropriately used as a measure of vine ‘capacity’, because neither high nor low
absolute values of the mass of prunings per vine are necessarily indicative of a high
average shoot vigour per vine. Also, the term ‘vigorous’ is often used in a pejorative sense
when a term such as ‘excessively-vigorous® would be more appropriate. There is nothing
inherently wrong with a ‘vigorous’ vine so long as it produces a high yield of fruit of

desirable quality, ie. so long as it is ‘balanced’.

For whole vines, or even vineyards, the term ‘vigour’ has been used in different ways. On
the one hand, ‘vigour” has been used to convey a sense of potential vine productivity.
Although Winkler et al. (1974) have used ‘capacity’ in this context, perhaps ‘vine size’ or
‘vine strength’ would be more appropriate. On the other hand, ‘vigour’ has been used in
relation to whole vines to describe the relationship between the extent of vegetative growth
of a vine together with its fruit production, ie. an ‘excessively-vigorous’ vine could be
defined as “...one with an excessive amount of vegetative growth relative to fruit growth”.

The term “balance’ has been used to describe the amount of vegetative growth relative to
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and particularly the importance of light interception by the renewal zone (May 1965), more
recent work has shown that shade reduces other yield components, eg. shade contributes to
the development of Early Bunchstem ..ZmoHoam (EBSN), a cause of poor fruit set (Jackson
1991). An excessively-vigorous vine may enter a ‘vegetative cycle’ (Smart and Robinson
1991) whereby the reduced fruit weight per shoot (caused by shading) results in a
stimulation of shoot vigour which in turn leads to more shading; this cycle can only be
broken if shade in the canopy is reduced and fruit weight per shoot is increased. Shoot
vigour may also be directly correlated with yield, independently of the light microclimate:
highly-vigorous shoots have a high incidence of both EBSN and primary bud necrosis (Dry
and Coombe 1994).

Large yield increases in response to changes in canopy management practices (up to 200-
300%; Smart 1992) are usually the result of a change in training system and have often
been attributed to the change in the light environment of the canopy. This is appropriate
where there has been an overall increase in vine capacity. However, if capacity has not
changed and there has been merely an increase in the ratio of fruit weight to pruning
weight, ie. the vine has become more balanced, then one could argue that the control of
shoot vigour is the most important effect. A decrease in shoot vigour is a common feature
of many training systems, particularly where shoots are positioned downwards, eg.

Geneva Double Curtain (GDC; Smart 1992).

2.3.2 Fruit composition

The influence of the canopy microclimate on fruit composition has been well documented
for a range of cultivars and macroclimates (Smart e al. 1990). Fruit from shaded canopies
has relatively lower sugar and tartrate concentration, higher malate and K concentration
and pH); shading also reduces anthocyanins and phenolics (both concentration and
absolute amounts per berry (Smart 1992) and the level of flavour compounds eg.
monoterpenes (Reynolds and Wardle 1989). Concentration of flavonols in skin of Pinot
Noir berries was correlated with degree of bunch exposure (Price et al. 1996). Ina

controlled environment, visible radiation enhanced sugar accumulation and colour
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2.3.3 Disease incidence

The incidence of fungal diseases is higher in dense, shaded canopies because the
microclimate is favourable to infection, development and spread. Furthermore, disease
control is facilitated with open canopies because penetration of chemical sprays into the
canopy is more efficient. Diseases such as oidium [Uncirula necator (Schw.) Burr] and
Botytis bunch rot (Botrytis cinerea Pers.) can reduce yield and detrimentally affect wine

quality. The tissues of vigorous shoots are often more susceptible to infection by diseases

"than those of shoots which are not actively growing.

2.3.4 Costs of production

Vigorous vines are more expensive to manage because larger, more elaborate trellis systems
are required to support the weight of the foliage and to avoid canopy shading. Also, costs
of pruning and harvesting are higher. Summer pruning of vigorous vines is often required
to permit machinery movement along rows and to facilitate other cultural operations such as
weed control, harvesting and foliage spraying. Up to six trimmings may be required in very
vigorous situations. Trimming of vigorous shoots stimulates lateral growth and may

increase shoot crowding and thus shading in the remaining canopy.

2.3.5 Water use

With relatively open canopies, vine water use is largely a function of leaf area (Williams and
Matthews 1990). Therefore, reduction in leaf area may reduce vine water use but the
relationship is not linear for several reasons, eg. in a dense canopy, the proportion of shaded
leaves (with relatively low stomatal conductance) is much higher than in an open canopy.
Winkel and Rambal (1993) have suggested that cultivars of temperate origin (eg. Shiraz)
tend to regulate their water status under conditions of declining soil water availability by
limiting leaf area because they lack efficient stomatal control. Even a relatively modest
reduction in leaf area, e.g of the order of 10 to 15%, will significantly reduce plant water

use (Saab and Sharp 1989).
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is relatively low due to a combination of low air and soil temperatures and low radiation
levels; unless appropriate canopy memmmaobﬁ, practices are employed, fruit yields can
decline and vines can readily become unbalanced. This problem is more common in cool,
maritime climates where shoot growth can be prolonged, well into the ripening period.
Other factors such as increased use of fertilizers (particularly those high in N), clonal
selection, virus-free planting material and improved soil management can be said to have

increased vine vigour,

2.5 Vigour control

Vigour may be controlled by chemical Eoﬂroamu. rootstocks, root pruning or root volume
restriction, planting density, pruning level and trellis system or water supply. Whereas all
of these treatments may successfully reduce shoot vigour, there is often a penalty
associated with their use, either in terms of yield or fruit quality, if one of these treatments
is used alone. For example, one of the pruning methods developed in part for this reason,
minimal pruning (Clingeleffer 1983), may reduce shoot vigour but the fruit may not be
appropriate for all styles of wine (in the absence of bunch thinning). To optimise the gains
from the use of some of these techniques it may be necessary to change other practices at
the same time. For example, if shoot number per vine is increased in order to reduce shoot
vigour, it may be necessary to increase cordon length per vine to maintain a desirable shoot

spacing, and this may require conversion of the trellis system.

2.5.1 Chemical methods

Several growth regulators have been shown to be effective in reducing shoot vigour: these
include maleic hydrazide, CCC, ethrel and paclobutrazol (Lavee 1987; Reynolds ef al.
1992). However, the response is difficult to regulate and it may vary according to

environmental factors. Also, their use may be associated with undesirable side-effects, eg.
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successfully limiting the root volume. Experimentally, an artificial barrier which did not
impede drainage has increased fruit weight to vegetative growth in apple and peach
(Williamson et al. 1992). In arid regions, regulating the size of the soil zone wetted by
drip irrigation can be used to limit the root volume because root growth is limited to that
zone; the reduction in shoot growth observed in response to ‘regulated deficit irrigation’
(RDI) may be explained in part by the decrease in wetted soil volume (Mitchell and
Goodwin 1996).

2.5.4 Planting density

Traditionally, vineyards in Australia and California (USA) were established with much
wider between-row spacings (3.3-3.6m) and within-row spacings (1.5-2.1m) than
vineyards elswhere. While the wide row-spacing was largely a reflection of the wide
machinery used in vineyards in the past, it was also found to lead to economic benefits
with respect to the yield/cost ratio. In more recent times, there has been a tendency to use
higher planting densities in new vineyards, particularly in the cooler regions. To a large
degree, this practice has been encouraged by the supposition that this will lead to desirable
devigoration. European experience, however, indicates that this is only likely to occur on
sites of low fertility. Furthermore, the narrow rows of high density vineyards result in high
establishment and operating costs. An alternative viewpoint is to combine low vine
density with trellises which allow high shoot numbers per vine for devigoration, a system

favoured by Smart (1992).

2.5.5 Pruning level and trellis system

Shoot vigour is inversely proportional to shoot number per vine, which is a function of
number of nodes retained at pruning (Tassie and Freeman 1992). The technique of
‘minimal pruning’ (Clingeleffer 1983) which has been widely used in vineyards in hot,
intensively irrigated regions of Australia, successfully reduces shoot vigour. Shoots of
vines under minimal pruning are shorter than shoots of conventionally pruned vines due to
fewer nodes and shorter internodes. The number of mature nodes is also reduced because

the distal part of the shoots fails to lignify during autumn (Possingham e al. 1990).
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fruitfulness (May 1966) and therefore downward training may be not only devigorating but

also yield-restricting.

At least part of the effect of shoot number per vine on shoot vigour must be attributed to
the competition between vegetative and reproductive growth: fruit weight per vine is a
function of bunch number which in turn is directly proportional to shoot number. An
inverse relationship between crop load and shoot vigour has been well-documented
(Winkler ef al. 1974). However, ‘crop loading’ as a method of vigour control, in isolation,
has inherent problems because of the relationship between yield (per vine or per unit area)
and grape composition. Although high yields will reduce vigour, the associated reduction
in ratio leaf area/fruit weight may result in grapes whose composition is undesirable for
their end use, be it for wine, dried fruit or tablegrapes. At the other extreme, low crop load
per vine (and high leaf area/fruit weight ratio) may stimulate vegetative growth such that

shading problems are created, leading to deterioration in grape quality.

2.5.6 Water supply

The shoot growth of grapevines is known to be sensitive to water stress (Smart and
Coombe 1983; Williams and Matthews 1990): internode elongation and duration of shoot
growth are particularly sensitive, especially when stress occurs early in the season, but
production of nodes can also be affected (Williams and Grimes 1987). Duration of shoot
growth has a direct influence on node production, as has the rate at which new nodes are
formed at the apex. A decrease in the rate of shoot growth in response to water stress has
been attributed to a direct effect of shoot water potential on cell turgor (Smart and Coombe
1983; Hardie and Martin 1990) but turgor often does not change in response to soil drying
due to osmotic adjustment (Sharp and Davies 1989) which is known to occur in grapevine
leaves (Diiring 1985) and roots (Diiring and Dry 1995). Furthermore, Nagarajah (1989)
noted that a decrease in the rate of shoot extension in grapevines may occur well before the

onset of any measurable decrease in pre-dawn leaf water potential.
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On the grounds that vegetative growth is more sensitive to water stress than fruit growth
during the first stage of berry development, Hardie and Martin (1990) proposed an
irrigation strategy which gradually increases soil water tension from flowering onwards;
they claimed that yield was not reduced on the basis of limited data from field trials. This,
and strategies such as regulated deficit irrigation [RDI] (= replacement of less than the full
irrigation requirement; Goodwin 1995) rely on a precise control of water application in
order to apply a ‘mild’ stress at critical stages during the season; accurate monitoring of
both vine and soil moisture status is required and the strategy may be difficult to apply
across a whole vineyard because of lack of soil uniformity and deficiencies in irrigation
system design. RDI has been used successfully with pome and stone fruit to reduce
vegetative growth, increase fruit yield and decrease the amount of irrigation applied
(Chalmers et al. 1981; Mitchell et al. 1988; Mitchell and Goodwin 1996). However, the
results from RDI experiments with grapevines indicate that any substantial reduction in
vegetative growth is usually associated with a significant yield penalty, as a result of an
effect on berry size (Goodwin and Macrae 1990; Goodwin and Jerie 1992; Mitchell and
Goodwin 1996). Furthermore, maintenance of a mild stress during summer may not be
practicable, even though vines hardened by mild stress will be buffered to some extent
against the effects of such conditions. Nevertheless, a sudden onset of high temperature

and low humidity may rapidly push plants from mild to severe stress.

2.6 Effect of partial drying of the root system

The following is a review of the effect of drying of a portion of the root system on shoot
and root growth and gas exchange, with particular emphasis on experiments which have

used split-root systems.

2.6.1 Shoot growth
For many years, plant physiologists believed that soil water deficit reduced the growth rate
of whole shoots, or shoot components such as leaves, by reducing the water potential, and

hence the turgor, of elongating cells (Hsiao 1973). However, it has now been
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wilting or abscission of leaves were observed in response to the treatment (Poni ef al.

1992).

2.6.2 Root growth

It is known that drought may cause more inhibition of shoot growth than that of root
growth and in some cases the absolute root biomass of plants in drying soil may increase
relative to that of plants in well-watered soil (Sharp and Davies 1989). With split-root
plants, increased root growth in the ‘dry’ pots relative to the ‘wet’ pots was observed with
peach (Tan and Buttery 1982) and with apple, pear and grapevine (Poni et al. 1992) but not
with tomato (Tan e al. 1981) or citrus (Kosola and Eisenstatt 1994). Nevertheless, 40% of
the total root dry weight of peach seedlings was maintained in the dried half (Tan and
Buttery 1982). There was no change in the ratio of shoot to root weight for the whole plant
relative to the control in any case. Roots maintained in dry soil obviously preserve their

water-absorbing capacity until rewatered when they resume growth.

2.6.3 Stomatal conductance

Stomatal closure during soil drying has often been studied in conjunction with
measurements of leaf and shoot growth. It was found that, as for shoot growth, gas
exchange may also decrease in response to drying of part of the root system, in the absence
of any change in shoot water status. This observation is important in furthering the
understanding of factors controlling stomatal opening. Over the last decade, analyses of
stomatal control have served mainly to invalidate the theory of stomatal control by leaf
water status alone and to demonstrate that changes in leaf physiology are more closely
linked to changes in soil water status than to the leaf water status (Davies and Zhang 1991).
Proof of this hypothesis has been achieved in different ways: for example, high ¥, of
plants with roots in drying soil was maintained artificially by either pressurizing the whole
root system of droughted plants (Gollan et al. 1986; Schurr ez al. 1992) or by drying half
the root system of split-root plants (Zhang and Davies 1990a; Khalil and Grace 1993).
Also, there have been several reports which have shown higher ¥, values in droughted

plants than well-watered, associated with lower gg (Loveys and Diiring 1984; Jones 1985;
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2.7 Chemical signals

Much evidence has been obtained from many different plant species under both controlled
environment and field conditions which suggests that plants can use chemical signals to
regulate shoot growth and physiology as the soil dries. This regulation may occur under
conditions where shoot water relations are not changed, but may also occur in conjunction
with hydraulic regulation (Dodd er al.1996). Chemical signals may move from roots to
shoots, or from one leaf to another via the roots, and they may be defined as ‘positive’ or

‘negative’ (Davies and Zhang 1991).

2.7.1 Positive and negative signals

A negative signal was defined as ‘... the reduced supply of something normally transmitted
from roots to shoot” (Davies and Zhang 1991). Negative signals are supplied by turgid
roots. As these signals promote stomatal opening and shoot growth, their production and
transport would decrease as the soil dries. Cytokinins are an example of a possible
negative signal: reduced xylem transport of cytokinins to shoots can be detected in
droughted plants. Evidence for cytokinins as root signals was provided by Meinzer et al.
(1991) for sugarcane and FuBleder ef al. (1992) for almond respectively. However,
Gowing et al. (1993) doubted a central role for these compounds in the signalling process.
They argued that, unless the roots dry out significantly, the reduction in the flux of
cytokinins will be very small and it is unlikely that shoots could detect and respond to
anything but a substantial change in cytokinin supply. Furthermore, the effect of root
excision in the split-root experiment described above (Gowing et al. 1990) cannot be
explained in terms of variation in cytokinin supply: the removal of drying roots could not
be expected to cause an increase in transport of cytokinins to the shoot and hence could not
explain the increase in leaf growth. Rather, these data indicate that leaf growth of plants
with roots in contact with drying soil is limited by the transport of an inhibitor from

dehydrating roots ie. by a positive signal.
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the shoots of plants droughted under controlled conditions, ie. reduction of stomatal
conductance and leaf growth rate (Zhang et a/. 1987; Zhang and Davies 1989a, 1990a,b;
Tardieu ef al. 1992a). Similar evidence has come from field experiments with almond
(Wartinger et al. 1990), maize (Tardieu et al. 1992b) and Ceanothus (Tenhunen et al.
1994) showing an apparent effect of xylem ABA on leaf conductance. Many reports have
shown that there is a good relationship between [X-ABA] and soil water status (Zhang and
Davies 1990b; Khalil and Grace 1993).

ABA can be synthesized in roots in many species (Davies and Zhang 1991). In a split-root
experiment with Commelina communis grown under controlled conditions, the half of the
root system in drying soil contained significantly increased concentrations of ABA
compared to the other half of the root system in watered soil (Zhang et al. 1987).
Concentration of ABA in roots increased with decreasing soil water content; roots in lower
layers of the soil profile contained increasingly more ABA as the soil dried (Zhang and
Davies 1989a). Since these increases in root ABA took place in the absence of decreased
leaf hydration, it is unlikely that the roots were the recipients of ABA transported from
water-stressed leaves (Jackson 1993). It appears that as soil water toﬁm_&& around the
roots falls towards -0.2 to -0.3 MPa, partial dehydration of roots stimulates ABA
production (Zhang and Davies 1989a).

Despite the evidence in favour of ABA, there are reports for several species that gs
frequently correlates with P, (Sadras et al. 1993) or that stomata start to close before
changes in xylem ABA are detected (Davies er al. 1994), indicating that chemical signals
may not be invoived in all cases. However, Tardieu et al. (1996) found, with sunflower,

that stomatal control depended only on [X-ABA] and that ‘¥, was controlled by water flux

through the plant (itself controlled by gg). Furthermore, they proposed that statistical

relationships between ‘| and g are only observed when ¥; has no controlling action on
stomatal behaviour. Nevertheless, sensitivity of stomata to xylem ABA may depend on V|
(Tardieu et al. 1993): stomatal sensitivity to the ABA signal may increase as ¥, decreases

(Tardieu and Davies 1992; Trejo and Davies 1994). This indicates that high values of gg
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some components of shoot growth, may be more sensitive than stomatal closure to non-
hydraulic signals such as ABA from drying roots (Gowing ef al. 1990). On the other hand,
it may be that one signal does not control both shoot growth and gs. If ABA does interfere
with growth processes, does it do so directly or does it indirectly inhibit supply of

photosynthate to growing points via an effect on gs?

2.8 Practical implications of this research

Attempts to manipulate shoot vigour and vine balance by the rate and timing of irrigation is
not a new concept: such strategies have been developed in vineyards in Mediterranean
climates with the aim of improving grape quality by deliberately inducing various degrees of
water stress (Williams and Matthews 1990). As outlined earlier, this approach is not
entirely successful as fruit yield tends to be significantly reduced and the improvement in
fruit quality may not be sufficient to increase, or even maintain, economic returns.
Furthermore, a ‘mild’ stress is difficult to impose uniformly on all plants in a vineyard. By
comparison, partial drying of the root system of each vine is potentially less dangerous and
easier to manage. As one half of the root system is always well watered, there should be
some buffering against severe stress conditions. Experience with orchard trees has shown
that only a fraction of the tree roots need to be in well-watered soil for the trees to survive a
period of severe stress (Layne ef al. 1981). Partial drying of field vines may allow shoot
vigour to be reduced without the yield-depressing effects, both short-term and long-term, of

severe water stress.

A desirable outcome of the manipulation of shoot vigour by partial drying may be an
improvement in the quality of fruit for winemaking. This may occur as a consequence of
improving the microclimate of the canopy. However, there is also the possibility of a direct
effect of a root signal on fruit composition, particularly if that signal turns out to be ABA.
There is good evidence in favour of ABA as an hormonal trigger of ripening in grapes:
endogenous ABA concentration rises coincidentally with sugar increase and berry softening,

and treatment of berries with ABA hastens the onset of ripening (Coombe 1989).
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Chapter Three - General materials and methods

This chapter describes the materials and methods that were common to most of the
experiments conducted as part of this thesis. Materials and methods that were specific to a
particular experiment will be described in the relevant chapters. All experiments are

tabulated in Appendix L.

3.1 Production of split-reot grapevines

Split-root vines from single cuttings: Thick cuttings 40-50 cm long were selected in winter

and the base of the cutting sawn for 15-20cm towards the tip with a bandsaw and callused
in a heat-bed (25°C) inside a cool-room (2°C). Callused cuttings were planted such that
each half of the cutting base was in a different plastic pot (Figure 3.1). The plants were
then grown in a temperature-controlied greenhouse for several months, then transferred to a
shade-house (Australia) or in the open (Germany). In the winter prior to experimental use,

the plants were cut back to one- or two-node spurs.

Split-root vines by approach grafting: Vines were propagated from dormant cuttings in

winter and subsequently grown in plastic bags in a greenhouse. 1In late spring, required
combinations were positioned such that the single green shoots from each plant could be
approach-grafted (Hartmann and Kester 1983) 20 to 25cm above the soil surface. The graft
was wrapped in clear plastic tape and the plants grown in a shade-house for the remainder
of the season. In the following winter, the original shoots were cut back to approximately
15cm above the graft union and a two-node spur retained on each side, both above and
below the graft union, ie four, two-node spurs per plant (Figure 3.2). At the same time, the
plants were transferred to two, seven litre pots and grown in the shade-house until required.
The following combinations were used with Vitis vinifera cv. Shiraz and Vitis champini cv.
Ramsey: Shiraz/Shiraz; Ramsey/Ramsey; Shiraz/Ramsey. The development of an effective
graft union was tested on several plants of each combination; one of the root systems was

removed by cutting one trunk below the graft union and subsequently monitoring the
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m.mmE.,m 3.2 Close-up of the graft of an approached-grafted split-root grapevine (Shiraz/Shiraz): the two
upper shoots are shown but the lower shoots are not visible.
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growth of both shoots above the graft union. The fact that every one of the test plants
(which were then discarded) had a successful graft union was used as an indication of the

state of the remaining plants used in later experimentation.

In some of the experiments which used these plants, shoots were allowed to develop both
above and below the graft union: these were designated as ‘upper’ and ‘lower’ shoots
respectively. Furthermore, on half-dried plants, shoots on the trunk connected to the
watered pot were designated as ‘wet’ and those on the trunk on the non-irrigated side as
‘dry’. As a result, such half-dried plants had four different shoot types: lower/wet,
upper/wet, upper/dry and lower/dry (Figure 3.3).

) ﬂw ﬂ
*¢

o.
/ 0"3\
LS
GRAFT UNION = \_
LOWER
..
&
R \
WET \\
’ SHIRAZ \ ’ RAMSEY ‘

Figure 3.3 Diagrammatic representation of a half-dried, approached-grafted split-root grapevine

(Shiraz/Ramsey combination) showing the different shoot types ie. ‘lower/wet’, “upper/wet’, “upper/dry’,

‘lower/dry’. In this example, the pot containing Shiraz roots is irrigated (‘wet’), the other pot is not
irrigated (“dry’).
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was not covered. The plants grown in the open were either placed on low benches (Exp.
2,3) or placed on ‘Weedmat’® on the ground. The sides of the black plastic pots were
covered with reflective insulation (‘ Sisalation’®) to reduce soil temperature. The

polyethylene pipe used for irrigation was also insulated.

Experiments 5-7: These were conducted in a greenhouse at the Geilweilerhof Grapevine

Breeding Research Institute of the Bundesanstalt fir Pflazenziichtung und Pflazenkultur,
Siebeldingen, Germany between May and September, 1993. The temperature within the

greenhouse was controlled by the use of automatic shutters which allowed the influx of

external air.

Experiments 13, 14_16: These were conducted in the Alverstoke vineyard on the Waite
campus of The University of Adelaide, South Australia (34°58” S, 138°38’E; elevation
121m above sea level) using field vines between January 1993 and June 1996. The site was
on a gentle slope with NW aspect and was relatively sheltered. Meteorological data was
recorded by an automatic weather station 500m W of the site (Appendix II). The soil is a
‘hard red pedal duplex’ (Dr 2.23; Northcote 1988) [Appendix III]. The mean January
temperature is 22.7°C and mean annual rainfall is 627mm of which 37% falls during the
period from September to February inclusively. The region is classified as ‘hot, moderately
maritime, arid, sunny and not humid’ (Dry and Smart 1988). Weeds were controlled under-
vine by use of a mixture of residual and knockdown herbicides sprayed onto the soil surface
in late winter/early spring. .H.ro. bare surface which resulted during the season was desirable
to check the wetting pattern from the drippers; infiltration rate was satisfactory but not
maximised by this treatment. Alleys were mown two or three times during spring and
sprayed with knockdown herbicide in early summer to kill volunteer growth. In the first
two seasons, NPK fertiliser was applied to the soil surface in spring but none was applied in
the last two seasons because the appearance of the foliage indicated that nutrient supply was

more than adequate and vines were vigorous.

Experiment 15: This was conducted using field vines planted on the property owned by Dr
J. Possingham at Blewitt Springs, South Australia. This site was 24km SSW of the Waite
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Pruning weight: This is defined as the mass of mature, one year-old shoots (= ‘canes’)

removed from the vine at pruning time in winter. All shoots from a single vine were
bundled together and weighed in the field with a spring balance (accuracy within 100g);
pruning weight (PWT) was expressed as kg/vine. In the 1995/96 season, vines were
summer-pruned by trimming the upward-growing shoots; the winter pruning weight
(measured in winter 1996) was corrected by estimation of the pruning weight equivalent of
the trimmings. The dry weight/fresh weight ratios of samples of green shoots in summer (=
0.21g/g) and mature shoots in winter (= 0.45g/g) were determined after oven-drying at
60°C for three days. Assuming that dry weight of mature shoot is equal to dry weight of
green shoots:

PWT correction factor = 0.47 fresh weight of green shoot trimmings

Leaf area per shoot: Leaf area per (main) shoot was determined non-destructively as

follows: a sample (usually 5 to 10) of shoots was selected at random on each test vine (see
individual experiments for details). For each shoot, the number of mature (N,,) and
immature (N;) main leaves was recorded. Also, the length (cm) of the main lobe (from the
petiolar point to tip of lobe) of the most distal mature leaf (“a’), and of the leaves 2 (‘b’), 4
(‘c’) and 6 (‘d’) nodes proximal to that leaf, was measured. On the same main shoots, the
number of lateral shoots of each lateral leaf number class was recorded:

Mean mature leaf length (L,) = (a + 2b+ 2¢c + 2d)/7

The relationship between mature leaf length (L, cm) and area per mature leaf (A, cm®) was
determined with a sample of 50 mature Cabernet Sauvignon leaves from the experiment in
November 1993 using a Li-Cor leaf area meter (Model LI-3000):

A =0.04628L""%° (r* = 0.78, p < 0.001)

Mean mature leaf area (An) = 0.04628L," >

Mature leaf area per shoot (cm?) = N,, . An,

Immature leaf area at each sampling date was determined by collecting a sample of shoot

tips from buffer vines (usually 5 each from ‘control’ and ‘treated’) and measuring total area
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3.5 Fruit sampling and fruit composition

Berry sampling: This was used exclusively for sampling fruit for determination of
composition in Experiments 14 and 15. Generally berries were sampled for several weeks
prior to harvest and at harvest: at each sampling date, a specified number of berries was
randomly chosen from the test vines, selected from as many bunches as possible. The
sample was immediately weighed on an electronic balance to determine mean berry weight
and half the sample (chosen at random) was stored at -20°C for later analysis of berry
colour and glycosyl-glucose (G-G); the other half was used to measure juice total soluble
solids (TSS, °Brix), titratable acidity (TA) and pH. The harvest sample was either
collected directly from the vine as above or selected at random from harvested bunches (see

individual experiments for details).

Determination of TSS, TA and pH of juice: Berries were crushed in a citrus fruit press, the
juice transferred to centrifuge tubes and centrifuged at 1500g for about five minutes. The
supernatant was transferred to another container for measurement of TSS and pH. TSS
was measured with a hand-held, temperature-compensated, digital refractometer while pH
was measured with a pH meter as described by Iland ef al. (1993). A five mL aliquot of the
supernatant was diluted to 25 mL (1:5 dilution)} with distilled water and stored at -20°C:
this was later thawed and used to measure TA (g/L as tartaric acid) using an Erison-

Compact titrator (Crison, version 3).

Determination of total anthocyanins, total phenolics and glycosvi-glucose of ber

bomogenate: A weighed sample (usually 50 berries), which had been stored in a 125 mL
plastic container at -20°C, was partially thawed and processed cold (<10°C) according to
the method developed by P. Iland (pers. comm). The sample was homogenised in the
storage container at 24000 rpm with an Ultra-Turrax XT25 homogeniser for 30 seconds.
After scraping any homogenate from the shaft to the vessel, the sample was homogenised
for another 15 seconds. The homogenate was thoroughtly mixed and a scoop of
approximately 1 g was transferred to a pre-tared centrifuge tube. The mass of the portion

of homogenate taken was recorded. Aqueous ethanol (10 mL, 50% v/v) was added, the
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Fruit weight/pruning weight FW/PW = fruit weight (kg/vine)/pruning weight (kg/vine)
Fruit weight/volume irrigation applied (g/L) = fruit weight (kg/vine) / volume of
irrigation water applied from budburst to

harvest (L/vine)

3.7 Gas exchange measurements

Experiment 1: Rates of gas exchange of leaves were determined using a portable gas
exchange system (LCA-3, Analytical Development Co., Hoddesdon, UK). The terminal
part of the main lobe was inserted into the cuvette which was positioned normal to the sun;
air temperature during measurement ranged from 25 to 33°C and maximum photon flux

density Q (umol/m?/s) ranged from 690 to 1300.

Experiments 2.3.13,14: Rates of gas exchange of leaves were determined using a portable.

photosynthesis measuring system (Li-6200, Li-Cor, Lincoln, Nebraska, USA). The terminal
part of the main lobe was inserted into a 1.0L chamber which was positioned normal to the
sun. Measurements were conducted during cloudless periods on exposed leaves with a

flow rate of 500 to 600umol/s.

Experiments 4,10,12.14.15: Stomatal conductance of leaves was determined using a
portable porometer (Delta-T AP4, Delta-T Devices, Cambridge, UK) according to the
manufacturer’s RooBEmnn_mmowm. The terminal part of the main lobe was placed into the
cup on the head unit which was positioned normal to the sun. Measurements were
conducted during cloudless periods on exposed leaves. The device was calibrated before
use on every occasion using the supplied calibration plate; if the measurement period was

longer than 1.5 hours, the device was re-calibrated.

Experiments 5-7: Rates of gas exchange of leaves were determined using a mini-cuvette

system (H Walz, Effeltrich, Germany;, Diiring 1993). The distal part of the leaf blade was
inserted into a cuvette chamber. Measurements were carried out at constant ambient

conditions (light saturation at 850 pmol quanta/m’/s; 350 ppm CO,; leaf temperature 21°C




[ S D A

C.0

L

1 O 02

{-,_‘}

(S

.

L.~

S

B

53qn) $59008 DAd $66] Jonm uy ] dxH JO jusunear) yoed Jo joid o[3uls e ur pajeIsul
sem (Brpensny Ezo.m ‘PIB[OPY ‘SUOIN|OS [BIUSUINONAUF OIS ‘WaisAs SuLroyuour
SNONUNUOD 19)2M [10S N )SOJIAUH) SIOSUSS JajeMm [10S aouejoeded JO 18s V "Youen)
[eui3LI0 oY) Jo 93pa aU3 WIOK WI(Z PUB SUI| SUIA S} WOJJ WSS ‘7661 Jo Suuds Apres w
[10s pagamsipun Ojul pajjelsul Apusuetiiad aam (Suof wgg) sepng aaem YAI (96/5661
PUB $S/b661 ‘p1 dxs) siosuss aoueporded 1o (G “dxy ‘A[uo uosess p6/€661 ‘b1 "dXT ‘g1

'dxq) Y1 Suisn Aq pansesur sem (94) JUSIIOD J9JeM IOS OLIISILN[O A STUBTISIXD PRI

"30BJINS J10S 2y} WoOolJ AJ[eonaa pawasur soping saem wog Suisn (VSN VD
‘eleqleq vueg “dio)) Juswdmby srmsiownog ‘esel] ) [ 1] Anewojosfjal urewop aw Aq
POINSBAW SBAM JUAIUOD Jojem [0S oujounjop  “(jros 8/197em ) palenopes sem Juajuod I9jem

[10s ‘SINOY gy 107 D,08 I Suidip-usao 1ae :j0d Yoes JO [PPIU SY) WIOIJ SII0D JOIOWRIP

wog T 0M] Junoenxs Aq pauniIalep sem JUSJUOD ISJeM [I0S JLIJRUNARID) STUSWISUXS 104

JUIUEINSEIUI 1I)EM [0S §°C

Y T UM gHS [yl yim

paned sem S3 ‘saseo Joyjo u] Suturow jey; o} Suruiow snoiasid ayt Jo AIRIUSSIIRT SBEM
Aep 1ejnonued e uo YOS ‘Supurow sy} ur painseaw Aj[euriou sem [1SUI[ J00OyS 9SNEI ‘958D
Iawiioj ay w :Aep SuMO[]0] 2y} JO Aep JBY) UC PaJRINOJEd YN 2yl yum pared sem 5§ ‘Aep
puodas £1249 I0 AJlEp PAINSEaW SeMm YOS SIOUA, SIUSUIDINSBALI U39M]aq S[2AIIUI BUO]
alom 2oy} aIaym Ajjerdadse ‘uonejodaiuy £q Aep Jepnonged jey) Jo YOS RIS 0} ‘Saged
swos w ‘Aressaoau sem 3 © Aep Jemorued e uo S8 pue YN 9320110 0) JHPIO Ul DI0JAIY,
‘(a1039q sAep uaaas 03 dn Aep snotasid oy} WO paLieA SIY)) JUSWSINSLIW SnolAaId

a1 20uIs sABp JO JAqUINU 9y} 19AC YIZua] JOOYS uI aseatou; ay) SumiFeraae Aq pajeynojes

sfemie sem Aep Jemonied B uc YOS YOS YIM S0ULIINPUOD [EIEI0)S JO UONB[RII0))

(L861 Sunq) 95°1 Aq Jsuroy

oy} Suikdnynur Aq s/, W/QTH [OWW 0} PAHISAUOD 316M S/, W/C0)) [ouNw st sjuswradxa asayy)
u 53 jo syuswieinsesly (Juawniadxs ayy uo Surpuadap L1 01 D.E1 uiod map) 9310AN0 aY)

Sunajus 11e ay3 Jo aunssaid snodea sajesm Ire 03 Jes] JueIsu0D (7, 1dXq) 0,57 (95 "s1dxq)

r



1 .o O ¢ 3

M
i

43

were installed according to the manufacturer’s recommendations in undisturbed soil, 25 to
30cm from the edge of the original trench and 60 to 65cm from the vine line, one on either
side of each vine. Sensors were placed at 10, 20, 30, 40, 50, 60, 70 and 100cm depths in
each access tube {two sets of sensors per vine). Readings were logged at 15 minute
intervals. Summation of data from 20, 30, 40 and 50cm sensors was subsequently used for
irrigation scheduling because most roots of nearby mature vines were found to be at a depth
of 10 to 50cm. The data for Figures 9.2 and 9.3 were derived by interpolation (at 0000 and
1200h each day) from plots of original data over time produced by use of manufacturer’s
software; this was done so that data from different probes (summed over several depth
classes) could be plotted on the same axes (this is not possible with the current version of
manufacturer’s software). Soil water retention curves were derived for soil at the site of the

Waite experiment (Appendix V).
3.9 Leaf water potential (V1)

W, was measured with a pressure chamber (Scholander ez al. 1965). Mature leaves (from
the canopy exterior in the case of field vines) were detached from the shoot by cutting
through the base of the petiole, placed into a plastic bag and measured within one minute.
Where xylem sap was collected at the same time for later ABA analysis, large leaves in

particular were selected.
3.10 Canopy measures

Bunch exposure index was determined by measurement of PAR in the bunch zone with a
ceptometer (model SF-80, Decagon Devices, Cambridge, UK) using the method described
by Botting ef al. (1996). ‘Leaf area/surface area ratio” and ‘leaf layer number’ (in the bunch
zone by point quadrat technique) were measured using the methods described in Smart and

Robinson (1991).

Leaf area/surface area ratio (LA/SA): In Experiment 14 in 1995/96, total surface area was

calculated as 5.5 m’ for all vines using the method described in Smart and Robinson (1991):
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Chapter Four - Grapevine shoot growth is reduced when half of the root
system is dried in a controlled environment

4.1 Introduction

Split-root plants have been used to study the effects of half-drying on shoot deveiopment of
woody plant species. For example, Tan and Buttery (1982) found that stem and leaf dry
weight of half-dried peach seedlings was reduced by 11 to 12% relative to control plants
with both pots watered; similarly, leaf area of passionfruit was reduced by 15% (Turner ef
al. 1996). As for shoot growth, drying half of the root system reduced stomatal
conductance of woody species (Tan and Buttery 1982; Poni ef al. 1992; Khalil and Grace
1993) and the magnitude of the response was found to be strongly correlated with the
amount of roots in the drying soil (Tan and Buttery 1982). Poni et a/. (1992) found that
total plant transpiration was decreased in response to half-drying and this was associated
with changes in stomatal conductance. On the other hand, Turner ef al. (1996) found that
half-drying had no effect on stomatal conductance and suggested that the reduction in plant

water-use was a consequence of reduced leaf area.

The first references to the use of split-root plants for the study of grapevine water relations
appears to have been those of Diiring (1990,1992) who used plants with roots divided
between two pots grown in a controlled environment. He reported a relative reduction of
net photosynthesis (Pn} and mHo_EmS_ conductance (gs) in response to drying of one half of
the root system, without any associated change in shoot water status: four days after the
start of drying, Pn and gs had decreased to 70 and 50% respectively of the control with
both pots watered. Using potted vines (Trebbiano/Teleki 8B) grown outside, Poni ef al.
(1992) maintained one half of the root system without irrigation for two months: ‘treated’
plants received the same amount of water per plant as ‘control’ plants with both pots
watered. There was no effect on shoot growth rate (SGR). In this experiment, apple,
peach and pear were used in addition to the grapevine and the results for all four species

were pooled for some parameters: gs, Pn and transpiration rate (E) of ‘treated’ plants
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in sunny conditions between 1100 and 1200h on the same four leaves per shoot. Leaf
water potential was measured on D3, D6, D7 and D14 (average of two leaves per plant;
leaves sampled were proximal to those used for gas exchange). Soil water content was
measured by time domain reflectometry at 1430h daily or every second day. Maximum

and minimum air temperatures during the experimental period were 19 to 28°C and 12 to

22°C respectively and RH ranged between 30 and 55%.

b. Experiment 2

Two-year-old Vitis vinifera cv. Shiraz (clone 12) split-root vines (approach grafts) were
grown in two, seven L pots per plant in a shadehouse during spring and early summer with
four shoots per plant (two shoots on each side, one above [‘upper’] and one below
[‘lower’] the graft union). For two months prior to the start of the experiment on February
26 (D1), plants were transferred to the open. On January 18, the two upper shoots were
pruned back to one strong lateral shoot at the base of the main shoot which was
subsequently trained vertically upwards by attaching to a string (all lateral shoots were
removed on this shoot as they appeared). The two lower shoots were cut back to six nodes
on February 24 by removing the distal portion of the shoot and all laterals removed from
the remaining nodes. Plants were blocked on the basis of stomatal conductance and
treatments allocated at random (three replicates per treatment). Treatments were: a) both
pots irrigated daily (C); b) one pot not irrigated from D1 until D23, the other pot irrigated
daily (T). From D1 to D13 inclusively, there were two, 15 minute irrigations per day; from
D14 to D22 the frequency was increased to four, 15 minute irrigations per day because soil

water measurements indicated excessive soil drying between irrigations.

The increase in the length of the two upper shoots (reference node = six nodes below the
shoot tip) was measured daily and the SGR calculated as cm/d since the previous
measurement. The increase in node number per shoot was determined at intervals from
four to six days. For the T plants, the shoots on the side with the irrigated pot were
designated as ‘wet’ and those on the side of the non-irrigated pot as ‘dry’. Soil water

content was measured every three days on average by time domain reflectometry. Gas
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Figure 4.1 Effect of wet/dry combinations on gas exchange and shoot growth, Chardonnay, Exp. 1. WD a)
and DD (L) treatments expressed as % of WW; on(a): DD changed to WD; on(b): 2l pots irrigated. *
indicates those days when WD significantly different (p<0.05) from WW and # those days when DD
significantly different (p<0.05) from WD.

a). stomatal conductance (gs; mmol/m%s): DD significantly different (p<0.05) to WW on D3 to 11
inclusively.

b). net photosynthesis (Pn; pmol /m?/s): DD significantly different (p<0.05) to WW on D3 to 11 inclusively
¢). shoot growth rate (SGR; cm/day): DD significantly different (p<0.05) to WD and WW on D4 to 7
inclusively
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Table 4.2 Effect of wet/dry combinations on leaf length® (cm) at nodes ‘0’ and *-2’(mean + se); Chardonnay,

Exp. 1.
ww WD DD Signif. diff. | Signif, diff.
(p<0.05) {p<0.01)
Node *0*
Length on day 2 2.5+04 22+0.1 22£0.1
Increase from day 210 6 43£0.5 34£0.5 13202 | WW&DD | WW & DD
Increase from day 7 to 11° 2107 | 2.5+03
Node ¢-2°
Length on day 2 48+0.5 4.6+0.3 43+0.1
Increase from day 2to 6 4.3%0.6 4.8+0.3 25+04 | WD &DD
Increase fromday 7to 1I° | 21+04 | 2403 { 23%02

Length of main vein; ° DD changed to WD from day 6

51

significantly lower from D17 to D25. The relative reduction in SGR of T plants occurred

during the period when soil water content of the ‘dry’ pot reached the minimum value and

SGR stayed at that level until rewatering on D23 (Figure 4.4). The initial reduction of both

SGR and gs of T plants relative to C (Figure 4.5a) coincided with the decrease in soil water
content of the ‘dry’ pot from D2 (Figure 4.4); SGR decreased to a minimum of 52% of the
C plants on D17 and gs decreased to a minimum of 72% of C on D12 (Figure 4.5a).
Recovery of SGR appeared to start after D19, gs after D18, and both recovered before the
‘dry’ pot was rewatered on D23; this coincided with the period when the “dry’

Figure 4.3 Effect of partial drying on shoot growth (SGR, mean + se, cm/day) of Shiraz, Exp. 2: ‘control’

7.5~
a
m 5.0
L
o
O 2.5-
wn
0.00 off on
_* 1 i 1 U «h 1
1] 5 10 15 20 25 30 35
Day

vines (C, M) and ‘treated’ vines (T, mean of ‘wet’ and ‘dry’ shoots,[d). T significantly different (p<0.05) to
C from D17 to D25. One pot of T not irrigated from D2 to D23.
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pot reached its minimum water content (8%). SGR and gs completely recovered by D29
(Figure 4.5a). There was no difference between ‘wet’ and ‘dry’ shoots of T plants for either

SGR or gs (except on D18 when ‘dry’ shoots had significantly lower gg).

Table 4.3 Effect of half-drying on shoot growth components (increment from D1 to D25) of Shiraz (Exp. 2)
and Ramsey (Exp. 3). Both pots irrigated (C); one pot not irrigated from D1 to D23 (T).

C T T as % of C | Signif,
Shiraz
Length (cm) 787 568 -28 <0.05
Node number 9.3+0.6 7.5+0.5 -19 <0.05

Mean internode length® (cm) 34+04 7.5+ 0.6 -11 ns

‘ Ramsey

Length (cm) 47£6 33+ 1 30 <0.05
Node number 7.8+0.6 6204 -20 <0.05
Mean internode length® (cm) 6.0+ 0.4 53+0.2 -12 ns

Mean internode length = length/node number

The shoot length increment to D25 was reduced by 28% in response to treatment, in
association with a reduction in number of new nodes and mean internode length (Table
4.3). For WL, there was no significant difference between shoots of C and T plants;
similarly there was no significant difference between ‘wet’ (W) and ‘dry’ (D) shoots of T
plants (Table 4.4). A comparison of upper (U) and lower (L) shoots of both treatments on
D18 showed that gg of UD shoots was significantly lower than that of LW, and gs of LD
shoots was lower than that of C shoots (significant only for L shoots; Table 4.5). There
was no significant difference between any shoots for W on the same day or three days later
(Table 4.4). Stomatal conductance and SGR were found to be linearly related when mean
values of upper shoots were calculated for the period D11 to D22, and C and T values were
plotted on the same axes (Figure 4.6a).

Table 4.4 Effect of half-drying on leafwater potential * (MPa; mean = se); Shiraz, Exp. 2 (see text for details
of treatments); no horizontal comparisons are significantly different .

Day | C (upper shoots) T (upper shoots) T (lower shoots)
Wet Dry Wet Dry
18 -0.89 & 0.05 -0.94 0,00 -1.01 £ 0.10
22 -0.97 + 0.03 -1.02 £ (.03 -1.01 +0.03 -1.00£0.2 -0.95 + 0.1
Measured between 1300 and 1530 h



B,

!

o

[

99UE}SUI SIU) Ul Pasn OS[e SI
Z 2313 ‘g 1dxg Ul ZeIys JO B 0) [BONUAPI seM ¢ 3dxg ul sjod Lastuey] JO JUAU0D Jajem [10§ Al asneoag .

[10S U 3583100p S} YHM PIPIOI0D (46 p SMB1d) ) 01 dateral siwe(d 1 Jo 53 pue YOS

J0 9582103p Tenmur oy, ‘(;p'p 9m31y) €7 UO SULAIeMAI [HUN [9AS] 181} JE Pakels YO§ pue
WINWITUTI $31 payseal jod AIp, oy JO JUSIU0d 13)em [10S Uaysm pourad oy) Surmp parmooso
siaerd [, 3O YOS UI UONONPal 2AIE[aI Y], "(WMOUS 10U gjep) ZE(T 03 #1 (] WO Iamo|
Apuesnyudts sem sjuejd 1 Jo YOS {67 U0 WNWIXBW B YOBSI 0] JUSISINSEIWL JO 1Ie]S

a1 woxy sjuefd I pue D) Yr0q IOJ pasealdul pue ¢ ams1,] 0} wiaped Ie[nuIs 8 pamous YOS
¢ Juowiradxy o

¢ dxq ‘Aesurey] (q

T dxg ‘zenys (e

2dfy

1[5E2 JO S1001S [[2 JO Senjea Uesul Juass1dal sexe uo stansT sueld parip-Jrey Jo syoouys (O ‘) AIp, 99N
pue (W ‘M) Jom, sanp ‘(g ‘D)sI00ys 040D XIS J0J (S/pyjowm ‘[ ZF-Z1( 00ys Jod meows 158) souejonpuod
[e1ewIO}s pue (PGS ‘ZTd-1 1 900ys Jod ueslr HI0S) 916l Mo 100Us Uaamiaq dijsuoneey 9y »msig

(sy,wfoww) SB

009 005 oor 00c 00z

L 1 1 L ]

b mda

£5°'L - S6280'0 = YOS

him.QﬂN_ -1 w
am @
b
2 o
o 2
|n “
¥
009 00§ 0¥ 008 00z
el M d
690 - 566800 = MOS 0
L0 =4 -y
w
amtz B
o
-y S
-

12



— O .o .o 4

1 =

3 C —3J o T3

N

-]

-

[

55

water content of the ‘dry’ pot from D2 (Figure 4.4). SGR decreased to 59% of the C level
by D14 whereas g5 decreased to a minimum of 80% of the C level on D21 (Figure 4.5b).
Recovery of both SGR and gs coincided with the rewatering of the ‘dry’ pot on D23 and
was not complete for either by D32 when measurements were terminated (Figure
4.5b).“Wet’ and ‘dry’ shoots of T plants were not significantly different for either SGR
(data not shown) or gs (Table 4.5), but the ‘dry’ shoots tended to have the lowest gs. The
shoot length increment to D25 was reduced by 30% in response to treatment, in association
with a reduction in number of new nodes and mean internode length (Table 4.3). There
was a strong linear relationship between gsand SGR when mean values of upper shoots
were calculated for the period D17 to D26, and C and T values were plotted on the same
axes (Figure 4.60b).

Table 4.5 Effect of half-drying on stomatal conductance (mean + se; mmol/nt/s) of upper and lower shoots
of Cand T (*wet’ and “dry’) of Shiraz, Exp. 2 (D18) and Ramsey, Exp. 3 (D21). Means foilowed by same
symbol are significantly different (p<0.05).

C T
Shiraz Wet Dry
Upper 430+ 20 360 « 30 280204
470 = 60 *# 270+ 40 *

Lower

Ramsey
Upper 540 £ 60 470+ 70 410+ 0
Lower 610+ 50 580 = 30 430 £ 20

4.4 Discussion

The DD plants behaved as expected: the reduction in gs, Pn and SGR by 70% or more
relative to WW was very similar to the results of Tan and Buttery (1982), Diiring (1992)
and Turner ef al. (1996). They observed a similar response within four to seven days,
coincidental with a decrease in soil water content and associated with a significantly lower
W.. Similarly, recovery of both gas exchange and SGR was delayed by several days after
rewatering whereas ‘¥, recovered almost immediately. SGR partially recovered to the WD
level after rewatering one pot but this was not the case for either gs or Pn, which remained
lower than the WD level until both pots were watered on D11. This suggests that SGR is

more responsive to soil drying than gg and also it recovers more rapidly.
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Ramsey. SGR of fully-dried Chardonnay increased from 8% to 72% of the control value
between D6 and D11 while one pot remained dry (Figure 4.1c). For Shiraz, the evidence
was less convincing: SGR increased from 52% to 66% of the control value between D17-
19 and D23 (Figure 4.5a). Furthermore, this relative recovery of the shoot function of half-
dried plants appeared to coincide with no further decrease in soil water content of the ‘dry’
pot. For example, in Exp. 1, SGR and gs recovered from D5 to D7 and minimum SWC
was reached on D6 (Figures 4.1, 4.2); in Exp. 3, SGR and gs recovered from D18-19 and
minimum SWC was reached on ca. D18 (Figures 4.4, 4.5a). Both SGR and gg recovered
completely within a few days of both pots being watered and one could speculate that this
may have taken place even if the ‘dry’ pot had not been rewatered. Khalil and Grace (1993)
observed a partial recovery of gs during the day prior to rewatering of the ‘dry’ pot in their
half-drying experiment; however, in their case, stomates were almost fully closed prior to
the partial recovery. This appears to be the only report of this phenomenon. Additional
experiments will need to be conducted to determine if complete recovery of SGR of half-
dried grapevines can occur while half of the root system remains in ‘dry’ soil: this is the

subject of Chapter 5.

The reduction in SGR and gg of half-dried grapevines in these experiments was not
associated with any significant change in shoot water relations, except for D7 in Exp. 1.
This one instance may have been a consequence of excessive drying of the ‘wet’ pot. The
irrigation frequency was increased from D14 in Exps. 2 and 3 when it became obvious that
the water requirements of the half-dried plants were not being met by the schedule in place
to D14 (Figure 4.4). Diiring (1992) decreased the leaf area of WD plants relative to WW in
order to reduce transpiration but this was not done in my experiments. The lack of any
effect on ¥y confirms the observations of Gowing ef al. (1990) and others that changes in
stomatal conductance are more closely linked to changes in soil water status than to the leaf

water status.

The rates of leaf and internode elongation were only affected on DD plants prior to D6 in
Exp. 1, a typical response to water stress (Williams and Matthews 1990). After D6, when

one pot was watered, and Wy had recovered, there was no longer any significant effect on
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drying was relatively delayed for Ramsey (Vitis champini) in comparison with the Vitis
vinifera cultivars. This may have important implications for commercial viticulture
because Vitis vinifera scions are grafted to rootstocks of non-Vitis vinifera parentage in
most vineyards throughout the world and it is known that many rootstocks are more
vigorous and more drought tolerant than ¥itis vinifera (May 1994). This will be
investigated in more detail in Chapter 6. There was a positive linear relationship between
gas exchange and shoot growth rate for half-dried plants, either when expressed as a
percentage of control plants over time (Exp. 1) or when actual values per shoot were used
(Exps. 2,3; Figure 4.6). This suggests that the two physiological processes may be
influenced by the same root signal, as proposed by Gowing ef al. (1990). On the other
hand, SGR may simply respond to changes in assimilate supply. These possibilities will be

further discussed in Chapters 10 and 11.

The water requirements of half-dried plants grown in containers appear to be supplied by
half the root system so long as the “wet’ half is irrigated frequently; this confirms the
observations of others (Turner et 4/, 1996). The experience from Exps. 2 and 3 indicates
that, if water is not applied frequently, the ‘wet’ pot will dry excessively and there is the
risk of an hydraulic effect on shoot growth and gas exchange. The large decrease in SGR
for treated Ramsey relative to the control between D11 and D14 may be partly ascribed to
that effect although the fact that there was no significant change in gs during that time
tends to counter this idea. It is possible that even the control pots were not being irrigated
frequently enough up to D14 because there was an actual decrease in SWC (Figure 4.4) and
SGR of control Shiraz (Figure 4.3) from D11 to D14.

Changes in Pn in response to half-drying in Exp. 1 were strongly correlated with changes in
gs ; this is similar to the results of Tan and Buttery (1982), Diiring (1992), Poni et al.
(1992) with other woody plant species, and suggests that stomatal conductance is the
dominant influence on changes in Pn. This appears to be first report of a significant

decrease in shoot growth in response to partial drying of the root system of grapevines.
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Chapter Five - Shoot growth and stomatal conductance of half-dried
grapevines can recover without rewatering of the dried half of the root
system.

5.1 Introduction

An important observation from the experiments described in Chapter 4 was that recovery
of both shoot growth and stomatal conductance appeared to start before rewatering of the
dried half of the root system. It was hypothesized that this may have taken place even if
the ‘dry’ pot had not been rewatered. The only previous reference to this phenomenon
appears to be that of Khalil and Grace (1993) who observed a partial recovery of gs during
the day prior to rewatering of the ‘dry’ pot; however, in their experiment, stomata were
almost fully closed prior to the partial recovery, unlike the experiments described in
Chapter 4 where stomatal closure, prior to recovery, was only partial, ie. there was no more
than 35% reduction in gs relative to the control. It is interesting that gas exchange of half-
dried plants in the experiments of Poni et al. (1992) appeared to recover relative to the
controls in the absence of rewatering of the dry half of the root system but the authors
made no reference to this. They may have overlooked this phenomenon because the actual
values of gg and Pn for control and half-dried treatments (means of four species: apple,
pear, peach and grape) were plotted over time. Using their data, derived by interpolating
from their graphs, gs of the half-dried treatment as % of the control was plotted over time
(Figure 5.1).

It is obvious that recovery, after partial stomatal closure, commenced 10 days after the
onset of half-drying and was completed ca. 18 days later. No soil water content data were
provided by Poni ef al. (1992) so it is not possible to conclude if recovery coincided with

no further decrease in soil water content of the dried container.

If the shoot function of partially dried plants is affected by a positive signal produced by
roots in contact with drying soil, and if recovery of shoot function coincides with no further

decrease in water content of the soil surrounding those roots, then it follows that recovery
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(Kosola and Eisenstatt 1994). Saab and Sharp (1989), Poni ef al. (1992) and others have
suggested that the plant tends to equilibrate with the wettest part of the root system and that
roots in drying soil are rehydrated during the night. Furthermore, transfer of water not only
keeps roots alive but also allows them to grow in dry soil (Glenn and Welker 1993). If
roots remain alive and continue to grow in the ‘dry’ container of half-dried plants after the
soil water potential has decreased to a level at which root growth is inhibited (should the
whole root system be exposed to such conditions), then this is circumstantial evidence of
water movement from ‘wet’ to ‘dry’ roots. Increased root growth in the ‘dry’ pots relative
to ‘wet’ pots of split-root plants has been observed with some species (Tan and Buttery
1982; Poni et al. 1992) and the relative root growth of ‘dry’ and ‘wet containers was
measured in Experiment 6 described in this chapter. More compelling evidence of water
movement from ‘wet’ to ‘dry’ roots could be provided by actual measurement of flow and
this is the subject of the experiment with tritiated water described in this chapter to test the
third hypothesis.

Turner et al. (1996) found that water uptake by the ‘wet’ roots of half-dried plants
increased relative to those of the ‘control’ plants. It is likely that the water-absorbing role
of the ‘wet’ roots gradually increases as the soil water content in the ‘dry’ container
decreases and the roots therein consequently reduce uptake as there is a decrease in the
water which is readily extractable by the roots. Eventually, a point may be reached at
which there is no further water uptake from the soil by the ‘dry’ roots, but this may occur
before the water in the soil of the ‘dry’ container is completely depleted (Figure 4.2).

The ‘new’ root system (i.e excluding the original root ball) of grapevines growing in pots,
where the roots are able to explore new soil, will initially be made up of fine (< 2Zmm
diameter), white roots. These roots may change to a brown colour relatively quickly: this is
the result of the oxidation of phenols released from vacuoles of dead or collapsed
epidermal cells and it appears to be a transitional stage in the “suberisation’ of fine roots
(the hypodermis develops suberin lamellae inside its cell walls). The factors that regulate
suberisation are not well understood but it is known that it occurs in response to dry soil

conditions in the field; some roots will become suberised and brown to their tips. When
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humidity in the glasshouse ranged from 19 to 27°C and 52 to 60% respectively. Soil water

content in the top 10cm was determined gravimetrically on D7.

b. Experiment 7

Two-year-old Kober 5BB (Vitis berlandieri x Vitis riparia) split-root vines from single
cuttings were grown in two, 5L pots outside for one month and moved into the glasshouse
on June 22. They were trained to a single vertical shoot (all laterals removed) and had 13
+ 1 leaves at the start of the experiment on July 5 (D0). Plants were blocked on the basis
of preliminary stomatal conductance measurements and treatments allocated at random
(three replicates per treatment). The treatments were: a) both pots irrigated (WW); b) one
pot irrigated, the other not irrigated from day 1 (WD); c) both pots not irrigated from day 1
(DD). From D8, one of the pots of the DD treatment was irrigated. Irrigation was
normally done once per day. The increase in shoot length (reference node = six nodes
below shoot tip) was usually measured every day (0800 h). Gas exchange measurements
were conducted on the same leaf per plant (leaves changed on D7) in the morning between
1000 and 1200h and again in the afternoon between 1300 and 1500h (two to three times
per period); on D4, measurements were carried out nine times between 0830 and 1630h.
From D7 (pm) to D9 (am), there were no gas exchange measurements due to equipment
failure. Soil water content was determined gravimetrically in the top 10cm every two to
five days. Leaf water potential was measured on D2, D4, D7, and D18 at approximately
1300h on one leaf per plant

¢. Experiment 8

Three-year-old FVitis vinifera cv. Shiraz (clone 12) split-root vines (approach grafts) were
grown in two, seven L pots per plant and grown in the open. One week prior to the start of
the experiment on January 16, all vines were thinned back to four shoots per plant (two
‘upper’ and two ‘lower’; see Exp. 2); those shoots were topped, reduced to 10-12 mature
leaves per shoot (at the time, there were ca. 20 leaves per shoot) and all lateral shoots

removed except for one terminal lateral, usually at the most distal node. The main shoot
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terminal lateral were trained vertically upwards. Soil water content was measured every
two to three days on average by time domain reflectometry; due to similar results, the data
from ‘wet’ pots of S+R- and S-R+ were pooled with that of 8+R+, and similarly for data
from “dry’ pots of S+R- and S-R+. Stomatal conductance was measured on the same four
leaves per shoot on D1,8,15 and 21 between 1030 and 1200h with a Delta T porometer.
Leaf water potential was measured on two leaves per shoot between 1300 and 1430h on

D15 (ambient temperature was 30°C).

The following experiment was conducted to test the second hypothesis namely that
recovery occurs because there are no more roots being dried.

e. Experiment 6

Four, two-year old 110 Richter (Vitis berlandieri x Vitis rupestris) split-root vines were
moved to a glasshouse on May 4 and transplanted to glass-sided containers (20 x 20cm
section, 47 cm high with the single glass side at an angle of 20° such that roots growing
vertically downwards intercept the glass wall; Figure 5.12. The glass sides were covered to
exclude light and covers were only removed for up to 15 minutes per day for
measurements. The root ball for each half of the root system was reduced to approximately
12 x 12 x 10cm and planted next to the glass wall such that the base of the root ball was, on
average, 10cm below the soil surface. This resulted in at least 34cm of new soil between
the base of the root ball and the base of the container. All plants were trained to a single
shoot (all laterals removed) with 12 leaves per shoot at the start of the experiment. From
May 22 (D6) until June 5 (D20), one container of each plant was not irrigated (‘dry’); the
other was irrigated twice daily (‘wet’). The container with the most root development at the
start of the experiment was chosen as the ‘dry’ treatment. ‘New’ roots were defined as

those which had grown from the original root ball since re-potting.

Gas exchange measurements were conducted twice each day between 0900 and 1200h
using a Walz infrared gas analyser on the same two leaves per plant from D1 (one leaf per
plant was changed each time on D8 and D15). At the time of gas exchange measurement,

air temperature and relative humidity in the glasshouse ranged from 20 to 27°C and 52 to
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f. Experiment 11

In late January, tritiated water (H;0) was applied to roots in the ‘wet’ pot of Vitis vinifera
cv. Ramsey split-root (approach grafted) plants at a time when the volumetric water
content of the soil in the ‘dry’ pot had decreased to 7% as a result of half-drying. Several
white roots in the ‘wet’ pot were carefully teased out at 1000h, placed in a vial containing
0.37MBq 3H,0 (total volume 10mL) and left for 10 minutes. Leaf disks (11mm diameter)
were sampled at 1100h and at hourly intervals thereafter until 1700h, and again at 0800h
and 1400h the following day. The plants used were the same as for Exp. 9 (Chapter 10):
four shoots per plant (two shoots on each side [‘wet’ and ‘dry’ sides], one above [‘upper’]
and one below [‘lower’] the graft union). Leaf disks were sampled from all shoots, ie.
lower/wet LW, upper/wet UW, upper/dry UD, lower/dry LD, frozen and thawed several
times before counting in a Beckman scintillation counter after addition of five mL

scintillation cocktail,

5.3 Results
a. Experiment 5

Average soil water content of ‘wet’ and ‘dry’ pots was 0.46 and 0.24 g/g respectively on
D7. A significant reduction in net photosynthesis (Pn) and stomatal conductance (gs)
occurred five days after mﬁmmmou of one of the pots was stopped (SDAW) and recovery
without rewatering was almost immediate (Figure 5.2). Relative to the average of the
previous seven days, gs and Pn on D8 (SDAW) were reduced by 33 and 32% respectively
(Figure 5.2). Changes in Pn were strongly correlated with changes in gs and Pn/gg ratio

(Figure 5.2).
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Figure 5.3 Effect of wet/dry combinations of SBB split-root vines on stomatal conductance (gg, mmol /m%/s)
of WD (A) and DD (M) treatments expressed as % of WW; Exp. 7. Off: one pot of WD and both pots of DD
not irrigated from D1; on: DD changed to WD. gg measured in pm (mean of two to three measurements
between 1300 and 1500h). DD and WD significantly different (p<0.05) to WW on D3 to D11 inclusively.
Insert: Gravimetric soil water content (SWC, g/g):average of both pots WW (0); irrigated pot of WD
(®);non-irrigated pot of WD (A);average of both pots DD to D8 and non-irrigated pot only thereafter (M).

(measured in the morning; Figure 5.3) were not significantly different to the controls over
the whole period of measurement. However, gg measured in the aftenoon decreased
relative to WW, coincidentally with the decrease in soil water content of the ‘dry’ pot
(Figure 5.3), and gg was significantly lower on D3 by which time the soil water content
was ca. 0.25 g/g (compared to ca. 0.55 g/g in the ‘wet’ pot). Recovery of gg (pm) of WD
plants relative to controls after D11 coincided with no further decrease in soil water content
and was completed by D14, at which time the soil water content of the ‘dry” and ‘wet’ pots
was ca. 0.16 and 0.55 g/g respectively (Figure 5.3). Stomatal conductance of DD plants
was significantly lower than WW from 1100 h on D4: the DD average (1200 to 1600h)
was 64% lower than WW (Figure 5.4). By comparison, gg of WD plants was only
significantly less than WW at 1500h.
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Table 5.1 Effect of wet/dry combinations on'¥; (mean = se, MPa) at 1300h. Mean of three plants, one leaf
per plant. One pot of WD and both pots of DD not irrigated from D1; DD changed to WD on D8; Exp.7. On

T
R —

G-

D7, DD significantly different to WW (p<0.01) and WD (p<0.05).

Day ww WD DD

2 -0.831 +0.06 -0.86 = 0.04 -0.78+0.03
4 -0.75+0.03 -0.73 £ 0.06 -0.84 £ 0.06
7 -0.78 £ 0.04 -0.84 = 0.06 - 1.04 £ 0.04
18 - 0.50 + 0.02 -0.56 £0.02 -0.64 + 0.03

Table 5.2 Effect of wet/dry combinations on net photosynthesis (Pn, mean = se,umol/m%/s), stomatal

conductance (gs, mean + se, mmol /m?/s), and Pn/g, ({umol COx/mmol CO, ] x 10%) on D3, D4 and D9; 5BB,
Exp. 7. One pot of WD and both pots of DD not irrigated from D1; DD changed to WD on D8. Measured

between 1300-1530h.

Day Pn g Pn/gs

ww WD wwW WD WWwW WD
3 11.3+0.9 9.2x0.8 222+ 19 168+ 18 8.0 8.5
4 7.7+£09 6.0+ 0.6 9413 72+ 8 12,8 13.0
9 11.6+0.5 9.6+ 0.8 1508 1209 12.1 12.5

S0 R S S e

1
>

The lower 6 to 8cm of ‘dry’ pots of WD plants was still moist with many white roots on
D22. By comparison, there were fewer new, white roots at the bottom of the ‘wet’ pots of
WD plants (Figure 5.5a). There were relatively few new roots in the lower 3 to 4cm of the
pots of WW plants, and many fewer than the ‘wet’ pots of WD plants. For the DD plant,

of which one pot had been rewatered 14 days previously, there was much new root growth

[
[ S

o

r -
Lo

in the ‘wet’ pot (Figure 5.5b).
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Figure 9.18 Anthocyanins (mean = se) of Cabernet Sauvignon/Ramsey split-root vines, 1995/96, Exp. 14.
Both sides of vine irrigated (C, M); one side of vine not irrigated from D45 until D179 [= 27/2/96] (T, O).
* indicates means are significantly different (p<0.03).

a} mg/berry vs time;

b) mg/g berry mass vs time;

¢) mg/berry as a function of the change in TSS (°Brix) of homogenate.
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Figure 9.19 Relationships between stomatal conductance (gs, mmol/m?/s), shoot growth rate (SGR, cm/day)
and anthocyanins (mg/g berry mass) of C (irrigated on both sides, closed symbols) and T (partial drying,
open symbols) Cabernet Sauvignon (Exp.14) over three seasons: 1993/94 (circles), 1994/95 (squares),
1995/96 (triangles). Both SGR and gg: mean from setto veraison.

a. SGRvs. gg:r=074%**
b. Anthocyanins vs. gg: r= 0.73***,
¢. Anthocyanins vs. SGR: r= 0.45%,
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Figure 9.20 Relationship between stomatal conductance (gg) and shoot growth rate (SGR) from D75 to

D141; Cabemet Sauvignon/Ramsey split-root vines, 194/95, Expt 14. C: both sides of vine irrigated; T: one

side of vine not irrigated during PRD periods; g and SGR values within three days of each other.

a. Tas % of C. Equation of line: SGR = 0.95g5 - 2.64; r° = 0.71%**,

b. Actual values of C (M) and T ([0). Equation of line: SGR = 0.005 + 0.84 QN = 0.23, ns) for C (dotted
line; SGR =0.008 - 0.09 (r*= 0.55*) for T (solid line).
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Figure 9.21 Effect of partial drying on shoot growth rate (SGR, cm/d) of ‘treated’ (T) as % of ‘control’ (C):
Cabernet Sauvignon/Ramsey split-root vines, Exp.15. C: both sides of vine irrigated; T:one side of vine not
irrigated from D98 (‘off”) until D181 (“on’). Arrows indicate days when irrigation of ‘treated’ switched

from one side to the other. V indicates veraison date. T significantly different (p<0.05) to C from D128 to
. D169.

——

Table 9.11 Shoot growth and canopy measurements of C (both sides of vine irrigated) and T (one side of
vine not irrigated during PRD periods) Cabernet Sauvignon/Ramsey split-root vines, Exp. 15.

Variable C T % diff. Signif
u Pruning wt (kg/vine) 4.73+046 3.62+029 -23 <0.05

Shoot no /vine 44+ 3 44+3 0 ns

Shoot wt (g) 108+ 16 82x6 -24 ns
J SGR (cm/day), set to veraison 1.74 £0.23 1212022 -30 <0.05
J Bunch exposure index, veraison +30d 151 195 +29 ns

-

Gas exchange: Stomatal conductance of C vines decreased from set until veraison, then

decreased further after veraison; gg of T vines followed a similar pattern but was
significantly lower than C from set until veraison, averaging 18% less over the whole
period (Table 9.12).
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Table 9.14 Fruit composition at harvest (D237) of C (both sides of vine irrigated) and T (one side of vine
not irrigated during PRD periods) Cabernet Sauvignon/Ramsey split-roct vines, Exp. 15.

Variable C T % diff. | Signif
TSS (°Brix) 23.6+0.2 23.6+04 0 ns
Titratable acidity (g/L) 3.0+0.1 74+03 -7 ns
pH 3.57+0.03 3.50+£0.02 0 ns
Berry wt (g) 1.11 £0.04 1.090.03 -2 ns
Total anthocyanins (mg /berry) 1.15+0.14 1.26 £ 0.1 +10 ns
Total anthocyanins (mg /g berry mass) 1.04+£0.14 1.17+0.11 +12 ns
Phenolics (ab. units /berry) 48+4 51£3 +6 ns
Phenolics (ab. units /g berry mass) 43 +4 47+3 +9 ns

9.3.3 Comparison of Waite and Blewitt Springs experiments

Actual SGR of Blewitt Springs vines was lower than that of Waite vines in 1994/95,
probably due to a combination of more shoots per vine and higher yield at Blewitt Springs
(Table 9.2). However, this did not explain the lower SGR at Blewitt Springs relative to the
1995/96 season at Waite because shoot number and fruit weight per vine were similar. The
relative effect of PRD treatment on SGR in the Blewitt Springs experiment was greater
than for any season of the Waite experiment. By contrast, actual g of vines in the Blewitt
Springs experiment was higher than for any season of the Waite experiment. This was
probably due to the difference in climatic conditions between the two sites, ie. lower
temperature and VPD at Blewitt Springs. The relative effect of PRD treatment on gg in the
Blewitt Springs experiment (-18%) was the same as the three-year average of the Waite

experiment.

Average irrigation rate (L/vine/day) during the PRD period for the Blewitt Springs
experiment was more than twice as much as for the last two seasons at the Waite site
(Table 9.1). Fruit weight for Blewitt Springs vines was higher than for Waite in the same
season, but similar to Waite in 1995/96 (Figure 9.16), and was correlated with shoot
number per vine (Tables 9.6, 9.12). Fruit weight/pruning weight ratio of Blewitt Springs
vines was similar to Waite in 1995/96, but berry weight was ca. 50% more for Blewitt

Springs (Tables 9.6, 9.13).
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More detailed analysis of the capacitance probe data will provide information on the likely
differential water use by roots at different soil depths; of particular interest is the rate of
water use by roots on the ‘wet’ side of the vine as the SWC on the *dry’ side declines.
However, because this was not one of the aims of this study, it has not been included. The
monitoring of soil water status was principally carried out in the experiments with field
vines: a) to ensure that drying of part of the root-zone was being successfully achieved
through a combination of spatial separation of drippers, the use of the plastic membrane
and the wide row x vine spacing; b) to schedule irrigation so as to maintain the soil of the
root-zone of ‘control’ and the wet side of ‘treated’ vines within prescribed limits; and c) to
determine the optimal time of alternation of the drying from one side of ‘treated’ vines to

the other.

Sap flow: There was no attempt in this study to correlate the absolute values of sap flow
rate with either soil water content or estimated whole-plant transpiration. Rather the
relative flow rates of the two halves of the trunk, which were presumably indicative of the
flow rates from the two halves of the root system, were used to show that: a) flow from the
‘wet’ roots was generally greater over a 24 hour period than flow from the ‘dry’ roots; b)
the change in relative flow rate from one side of the vine to the other coincided with
changes in irrigation from one side to the other; and c¢) the flow from ‘dry’ roots was
sufficiently high during the day to allow a significant flux of a chemical signal such as
ABA from drying roots. It is possible that roots in drying soil are rehydrated during the
night by water supplied by ‘wet’ roots as proposed by Glenn and Welker (1993).

Vegetative growth: Vegetative growth of field-grown Cabernet Sauvignon was
substantially reduced at both sites, and in all seasons, in response to PRD. Average shoot
growth rate (set to veraison) of PRD vines was reduced by 18 to 30%, pruning weight by
19 to 29%, total leaf area per vine by 25% and total lateral shoot length/main shoot by 55
to 66%, relative to control vines. The magnitude of the response with fruit-bearing
Cabernet Sauvignon grafted to Ramsey in the field was less than that achieved with de-

fruited, self-rooted Shiraz in the pot experiment (Chapter 7). Apart from the obvious
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and veraison. In subsequent seasons, actual SGR reached a peak soon after flowering and
declined thereafter, as is typical for grapevines in this environment (by veraison + two
weeks in the last two seasons, SGR of both treatments had reduced to less than one
oi&mwo. The actual rates of shoot growth were similar to those measured in other field
experiments with mature vines: for example, Matthews et al. (1987) reported a maximum
SGR of 4.4 cm/day just after flowering for cv. Cabernet Franc. In the first two seasons,
SGR responded to partial drying within three to four weeks, but not until six weeks after
the start of PRD in the last season. This difference can possibly be explained in terms of
soil water status; in 95/96, SWC in the root-zone on the ‘dry’ side of T vines remained
relatively high during the first two PRD periods and did not drop below the refill point set
for the irrigation scheduling of the ‘wet’ side (Figure 9.3a). As a consequence, SGR of T
vines did not significantly decrease below that of C vines until early in the third PRD
period. By comparison, in the previous season, the SGR of different treatments became
significantly different for the first time during the second PRD period, coincidentally with
substantial decrease in SWC on the ‘dry’ side (Figure 9.2a). In the last season, PRD
started ca. 40 days earlier than the previous two seasons but the inhibition of SGR in
response to PRD was earlier by only 10 days or so. Therefore, it may be difficult to
sufficiently dry the soil prior to flowering at the Waite site in order to induce a shoot
growth response to PRD. On the other hand, if a soil has a relatively low water-holding
capacity, this may be more readily achieved; for example, at Blewitt Springs, SGR
responded to PRD in the first period, coincidentally with a substantial decrease in SWC on
the ‘dry’ side of the vine. The implications of relatively high SWC in spring for the
practical implementation of PRD will be discussed in Chapter 11.

Pruning weight is a useful index of overall vegetative growth of a grapevine. The
significant decrease in pruning weight in response to PRD was almost Q&R_w due to an
effect on mean shoot weight, rather than shoot number per vine. The actual shoot weight
values indicate that the vines of both treatments were still excessively vigorous by the
1995/96 season, in spite of the lighter pruning and larger crop load: more than 60g per

shoot is indicative of high vigour according to Smart and Robinson (1991). Lower shoot




—

™

==

[eIS)E] URSW pUE JSqUINU [BId)e] YIoq :Imois8 aa1ie1adaa Jo Juouoduroo Aue Jo [enuelsqns

1sow 313 Sess “Burdip rented 0 9suU0dsaI UI ‘S)00US [RIR] JO (IMOIS UI UONINPaIL 3,

TUSWILIDAXS 21T M 9U) UI 946 ¢ 01 77 Wol) paduel (I d 01
asuodsa ur JY3rom aued UBSW JO 9SBIIOAP 91} [YIFus] SPOUISIuT et Uey) MOSIA 100YS JO
SI0YRJIPUI 19119 21am 3us| sued Jo yum Jad [YSom uesw pue Jysrom (dued) 100Ys 2B
ueaul JeY) pa3sedsns (0g61) 7v 12 MBWS "SSPOUIUI 193U0] pue jooys Iod sepou 210w 30q

aaey pinoys jooys moJia ySy e asneosaq xopered € ST S, "MO31A 100Ys Y31 JO 2AIBOIPUT
210M. SIUSUIIESI] 10q JO S100YS PATUWILIUN JO YIFUS] 100US [210} PUR ISqUIMU 3POU 3} ‘puBy
IOYI0 9} U WO YIS 01 XIS S “O[qRIISap oq 01 (166]) UOSUIQOY PUR MBUIG AQ PaIapIsu0d
oBueI o) UMM SBM 96/666 ] UT J00ys Jod YISus] spouIsul UBSW [enyoe aU ] ‘Siuswadxs
ORI JI0IJSP Ul PIAISSQO A[UOWHOD By} 0] JUSILIP ST (TUd 01 Y013 100Us Jo
asuodsaz o) ‘a10J0107 1 (0661 SMOIYNEBIA PUB SWRI[IA ‘€86] 2qQUICO)) pUR BWS) SSAIIS
101eM Aq Pa1oalje ST 1By} moad 1004s Jo Jusuocduros Jofew 1) ST UONB3UO[D SPOWIAIUI
‘(186 SOWILID) pUE SWIBI[IA )SSOIIS 19JBM O SATJISUSS 3¢ 0) UMOU] I8 SIpOU Jo uononpoid
PuE Y1018 100YUS JO UOTRIND SEAISYM QIOULIYIN,] “Jtuuolssed palIp-Jjey uo I91[1ed
pajeuruLIa) sem uorsuedxa Jea| 18} 94195q0 PIP (9661) v 42 Toum] yInoye ‘syrepd 1001
-1pds ‘pauIp-JIey YIm SIIpNIs IO HM PapIodal uaaq aaey 0} Jeadde j0u saop asuodsar
SIYL Y013 J00YS JO UOTIBUTULIS) JOT[IES PUR UOTJBNIUL 9POU JO Sfel SU) UL SSBaIdp

© JO J[NSa1 3 SBm SourA popod pue pIalf §)oq JO (T 01 asuodsal ul YOS Ul 3883109p

oYL -oyeI mo1d J00Ys JO UOTIQIYUT [RWIXeW JO spoliad oy} Suump (T d Aq paiosjie jou
sem STU1 Je1) $15983nS $100US 2MIBW UO SSPOUIAIUI [ENPIAIPUL JO 3SUS] SY} JO JUITIAMSESUL
“IoASMOY “S1usWIadXS PIoY U UI PAUTWEXS JOU SBM SSPOILISUI o1f1oads JO uonesuos

Jo a1 oy ‘syuswmedxs jod Ul PIAISSQO OS] Sem ST UONRSUOLS SPOWISIUL UO J09Jo Aue

J0 9ousnbasuod & J0U Sem SUIA P[aT JO (Y 01 9suodsax ut YiSUus] J00YS U UOT}onpar Ay,

(0661 SMIYNB PUE SWRI[IA) 018 [BIXe UBL) 9AT)ISUSS SSI[ ST 3 1nq soutasdesd
JO $S31S 1918 0] 95U0dSI UT IN9I0 UBD SSAUNIIY} J00YS PISEa109(] “YmoIs [eIaje] paonpal
IoYYeI Inq SSSWOTE J00US UO (T¥d JO 109JJ9 T 0) aNp JOU Sem W3 Ul Yorys ‘yiSus] 3rum 1od

1YS1oM 1007S 19MO] OSE JNq SI00YS ISHOTS 0} ANp ATUO 10U Sem (Td 03 dsuodsar ut Jygiom

261



1

_J

3

]

—

3

f“"*“}

—

193

length were affected with decreases of up to 66% relative to the control. As expected, the
trimming of ‘up’ shoots in 1995/96 stimulated lateral shoot development on those shoots
(particularly number per main shoot). However, the associated stimulation of lateral
development on the untrimmed, ‘down’ shoots was not anticipated; and neither was the
relatively greater degree of inhibition of mean lateral shoot length on those shoots than the

‘up’ shoots in response to PRD (i.e 41 and 29% decrease relative to control respectively).

The degree of lateral shoot development is an important indicator of vine balance (Smart
and Robinson 1991) and excessively vigorous vines are characterised by many and long
lateral shoots. Lateral growth may continue after the growth of main (primary) shoots has
terminated and late-season improvement in water status can induce growth of lateral shoots
(Smart and Coombe 1983; Reynolds and Naylor 1996). The degree of within-canopy
shading is strongly correlated with the degree of lateral shoot development and the
proportion of lateral leaf area to main leaf area (Smart 1992; P. R. Dry, unpublished data).
Lateral number per shoot is positively correlated with incidence of primary bud necrosis in
seeded grapevine cultivars (Dry and Coombe 1994). Late-season development of lateral
shoots is said to be undesirable because it competes with fruit ripening (Kasimatis 1987,
Reynolds and Naylor 1996). According to Koblet (1977), lateral shoots are net importers
of photosynthate, unless leaves are fully expanded. Lateral shoot development, as a
component of vegetative growth, has been infrequently measured in water deficit studies of
grapevines in the field: Williams and Matthews (1990) stated that leaf area on lateral shoots
was affected more by water deficit than main leaf area, and Goodwin and Jerie (1992)
reported that RDI reduced lateral shoot development (but did not provide any data).
Therefore, the detailed measurements of lateral shoot development and the observed
response of this component to partial drying in this study are a useful addition to the body
of knowledge which indicates an association between lateral shoot development and fruit

composition,

If the ‘down’ shoots had also been trimmed, it is possible that there may have been even

more lateral development on the ‘up’ shoots because they are inherently more vigorous
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example, intensively-irrigated, cane-pruned Cabernet Sauvignon on Ramsey had a
maximum leaf area of ca. 14m* (Sommer and Clingeleffer 1996) but these vines were
planted at a lower density than the Waite experiment. On the other hand, the TLA values
for the Waite control vines were similar to those reported for minimally-pruned Cabernet
Sauvignon on Ramsey (Sommer and Clingeleffer 1996) and to well-irrigated, self-rooted
Thompson Seedless (unpublished data of Williams and Grimes, cited in Williams and
Matthews 1990). The magnitude of the decrease in TLA in response to PRD of field vines
was similar to or slightly greater than that reported from experiments on deficit irrigation

(Williams and Matthews 1990).

The fact that there was no difference in trunk diameter after three seasons of PRD at the
Waite site may indicate that there was no detrimental effect on carbohydrate partitioning to
the permanent woody parts of the vine. If the mean diameter of the upper parts of the root
system below the split, but above the soil surface, is representative of the size of the root
system, then the fact that this was not affected by treatment may indicate that PRD
decreases the shoot/root ratio of field vines as well as potted vines (Chapter 7). However,
this can only be confirmed by actual excavation and measurement of the root system.
Differences in diameter between the west and east sides of the upper parts of the root
system were measured on some vines, but there was no effect of treatment or direction: in
the most extreme case, which happened to be a C vine, the east side was 40% less than the
west side. Nevertheless, this may indicate that, for some vines, there may have been a
difference in the size of root systems on each side of the plastic membrane, and this may

explain why the response to drying was greater on one side of the vine than the other in

S01me cases.

The effect of PRD on the frequency distribution of shoot length and on lateral shoot
development was similar to the effect achieved with a combination of lighter pruning and
‘Ruakura Twin Two Tier’ trellis system (canopy division into four curtains) on vigorous
Cabernet Franc vines (Smart ef al. 1990). This result indicates PRD has the potential to

devigorate shoots more economically than with the use of elaborate trellis systems.
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There is a high degree of variability associated with the measurement of stomatal
conductance on leaf areas of less than one em” due to the phenomenon of non-uniform
stomatal behaviour (‘patchiness”) under stress conditions. As a result, Diiring and Loveys
(1996) recommended that five to ten readings at different locations on the same leaf should
be used with field vines. Despite the likely occurrence of patchiness, and the use of a
porometer with a cup of less than one cm?, single measurements of leaves has produced
remarkably consistent results with respect to the gg response to PRD. One can only
assume that the use of a relatively large number of leaves per plant, careful leaf selection

and repetitive measures over space and time minimised this potential source of variability.

As for the other experiments described in this thesis, there was a strong correlation
between gg and shoot growth rate, suggesting that the two physiological processes are
influenced by the same root signal in response to partial drying. Stomatal conductance was
also strongly correlated with concentration of secondary metabolites in fruit. However,
since the relationship is negative, it would not be appropriate to propose an explanation

that invokes increased assimilation rate and thus an increase in substrate for secondary

metabolite synthesis.

Yield components: There was no significant effect of treatment on any yield component at

either site or in any season. This result was unexpected because some decrease in yield per
vine was anticipated from the experience of deficit irrigation experiments in a similar
environment with cultivars of Vitis vinifera where there had been a 50% reduction in the
amount of water applied, eg. a decrease of the order of 20 to 30% has been frequently
reported by McCarthy and Staniford (1984), Grimes and Williams (1990) and others.
Equally unexpected was the complete absence of any effect of PRD treatment on berry
weight: of all the yield components of the grapevine, this is the component which is most
sensitive to water stress (Smart and Coombe 1983; Williams and Matthews 1990).
Frequently, the decreased yield measured in deficit irrigation experiments can be largely
attributed to an effect on berry weight, eg. McCarthy and Staniford (1984); Matthews and
Anderson (1988,1989); McCarthy (1997). The lack of any berry weight response in this
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of 14 £ 1.5 t/ha (A. Thomson, PISA, South Australia, pers. comm.). The ratio of fruit
weight to volume of irrigation water applied (FW/VI) may be used as an index of irrigation
efficiency: the FW/VI calculated for the surveyed Southern Vales vineyards is 5.4,
compared to 10.1 for the Waite control vines in 1995/96. This suggests that the control
vines in the Waite experiment were irrigated more efficiently than those in commercial
vineyards, probably through the use of the soil water monitoring equipment. Furthermore,
because the amount of irrigation water applied to PRD-treated vines was substantially
reduced relative to the control vines, the irrigation efficiency of PRD vines was even
higher, i.e 20.2 in 1995/96. The increase in the value of the FW/VI index over the three
years of the Waite experiment was not the result of a reduction in the amount of water
applied (in fact the opposite is the case) but rather the result of a real increase in fruit
weight per vine over that time (Figure 9.14). The control vines in the Blewitt Springs
experiment were irrigated to the same degree as comparable vineyards in the same
{Southern Vales) region, and as a result, the FW/VI value was also similar; however, at 7.7,
the FW/VT value of PRD-treated vines was higher than the district average for vines with
the same yield. Ifthe irrigation of the vines in the Blewitt Springs experiment could have
been managed with the same degree of precision as in the Waite experiment, it is likely
that the FW/VI values would have been higher. Nevertheless, the success of PRD at
Blewitt Springs, with far less control than at Waite, is indicative of the potential of this
technique on a commercial scale. The difference in berry weight between the 1995/96
Waite experiment and the 1994/95 Blewitt Springs experiment, with similar yield per vine
in each case, may be partly due to the greater amount of irrigation applied at the Blewitt
Springs site; it may also have been a consequence of poorer set, resulting in fewer berries

per bunch.

The ratio of fruit weight to pruning weight (FW/PW) has been used as an index of vine
balance (Smart 1992). It equates inversely and approximately with leaf area/fruit weight
ratio. FW/PW has been termed ‘crop load’ by some authors (reviewed by Jackson and
Lombard 1993) but this term will not be used in this discussion. FW/PW increased over

time in the Waite experiment as the vines became more balanced with age. By the 1995/96
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of crop load) [Smart and Coombe 1983]; however, the differences in fruit composition
(particularly secondary metabolites) between treatments in this study are not likely to be
attributable to a difference of just one week in maturity in two out of three seasons. Itis
notable that moderate levels of water stress prior to ripening may have no effect on the rate
of ripening (Matthews and Anderson 1988) because the accumulation of sugar is said to be

much less sensitive to water stress than berry growth (Williams and Matthews 1990).

The fruit was harvested at a sugar concentration that is appropriate for red wine production,
i.e 22 to 24 °Brix, and the levels of both pH and titratable acidity for both treatments
indicate that the fruit would have been most suitable for this purpose. It is very important
that treatments are compared at the same °Brix because of the strong correlation between
sugar concentration and secondary metabolite concentration in other studies (McCarthy ef
al. 1996; Botting et al. 1996). In this study, all comparisons between treatments were

made with samples for which the treatment means were within 0.1°Brix.

At the same °Brix, pH was significantly lower in fruit from PRD-treated vines in the first
two seasons in the Waite experiment. This may have been a response to the differences in
canopy density in those two seasons: PRD reduced canopy density and it is a common
observation that both juice and wine from vines with shaded canopies tend to be relatively
high in pH (Smart 1992). There was a strong correlation between pH and canopy density
(as indicated by leaf layer number) and factors which tend to affect canopy density such as
SGR and lateral shoot number. In the last season, pH of T vines was lower than C but not
statistically significant; the relative lack of response in that season may be a function of the
decreased difference between treatments with respect to canopy density in that season,
arising from the change to a divided canopy for both treatments. Similarly, the lack of a
treatment effect on pH in the Blewitt Springs experiment may be due to the relatively
minor effect of treatment on canopy density in that case. The pH response in this study is
similar to that reported from some deficit irrigation experiments but, in general, the

response of pH to water stress is variable (Williams and Matthews 1990).
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1988,1989; McCarthy et al. 1996; McCarthy 1997). In those other studies, the size of the
irrigation deficit was comparable to the difference in irrigation volume between treatments
in this study. Furthermore, the PRD-induced increase per g berry weight was achieved
without the ‘advantage’ conferred by berry weight loss in those other studies.
Measurement of the amount of anthocyanin per berry over time during the ripening period
has provided evidence that there was a significant difference between treatments at least

two weeks before harvest which was independent of the rate of sugar accumulation.

It is difficult to compare the absolute values of anthocyanin and phenolic concentration
recorded in this study with those of others with the same cultivar because different
methods of extraction and measurement have been used in each case. However, it is
possible to compare the values in this thesis with those derived from studies with different
cultivars but with the same analytical procedure (described in Iland ef al. 1996) at the same
stage of sugar ripeness. For example, when compared at the same °Brix, the actual values
of anthocyanin concentration per g berry mass over all seasons and sites in my experiments
with Cabernet Sauvignon were 5 to 72% higher than for Shiraz (Vitis vinifera) grown in the
Riverland region of South Australia (Botting et al. 1996); taking climatic and cultivar
differences into consideration, the results are similar. Also, values of G-G (per berry mass)
for Cabernet Sauvignon were comparable with those recorded for Shiraz in the Riverland

where values ranged from ca. 1.5 to 3.6 pmol/g at a similar °Brix value (Botting ef al.

1996; McCarthy 1997).

Total G-G concentration (both per berry and per g berry mass) increased in response to
PRD in the only season in which this parameter was measured. In a deficit irrigation
experiment with Shiraz, McCarthy (1997) found that G-G concentration of fruit from the
non-irrigated treatment was significantly higher than the fully-irrigated treatment; however,
there was no significant difference in ‘red-free’ G-G. Similarly, although ‘red-free’ G-G
concentration increased in response to PRD, the difference was not statistically significant.
This is the first report of measurement and detection of G-G in fruit or wine of Cabernet

Sauvignon. The G-G assay is an estimate of the concentration of all glycosylated
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concentration of secondary metabolites per berry has been achieved, by whatever means,
manipulation of berry size by pruning level can be used to further increase concentration

per g berry mass.

What is the explanation for the increase in concentration of secondary metabolites on a per
berry basis in response to PRD? There are several possibilities: for example, it may be a
response to the decrease in canopy density induced by PRD. The influence of the canopy
microclimate on fruit composition has been well documented (Smart e al. 1990). Fruit
from shaded canopies has relatively higher K concentration and pH, but reduced
concentration of anthocyanins and phenolics (both per berry and per berry weight) [Smart
1992; Botting ef al. 1996]. For Cabernet Sauvignon in particular, levels of anthocyanins
and phenolics were correlated with the degree of bunch exposure in the field (Carbonneau
1985; Crippen and Morrison 1986; Morrison and Noble 1990) and experiments in
controlled environments have shown that exposure of bunches to visible radiation enhances
both sugar accumulation and colour development (Dokoozlian and Kliewer 1995a,b). Leaf
removal in the bunch zone (Smith et al. 1988) or partial defoliation of the whole canopy
(Hunter et al. 1991) between fruit-set and veraison was effective in increasing skin
anthocyanin concentration of Cabernet Sauvignon. Canopy shading has been linked with
undesirable “vegetative’ characters in Cabernet Sauvignon wines (Allen ef 4/, 1996) and
overall wine quality is lower from shaded canopies (Smart ef a. 1990). It is difficult to
separate the possible effects of leaf shading from those of bunch shading in field situations
(Jackson and Lombard 1993). Anthocyanins per g berry mass were strongly correlated
with canopy indices (bunch exposure index and LASA); Botting et al. (1996) found the

same with Shiraz.

Another possibility is that the effect of PRD on fruit composition is via an effect on shoot
vigour. There are very few reports indicating a direct link between shoot vigour and fruit
oonOmEoP and those reports are limited to effects on TSS, TA and pH. Working with
vines in a controlled environment, Jackson (1986) found a direct correlation between shoot

vigour and fruit composition (acid and pH) which was independent of shading. Total K
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9.5 Conclusions

a.

C.

c.

Partial drying of the root-zone of field vines, with alternation of the drying from one
half of the root system to the other, substantially reduced vegetative growth without
any decrease in fruit weight. The timing of the alternation was successful in limiting

the recovery of shoot growth.

The irrigation strategy adopted in each season and at both sites resulted in a
substantial reduction (up to 50%) in the amount of irrigation applied, without any

detrimental effect on fruit yield.

Fruit quality was significantly improved by PRD, with concentration of secondary
metabolites (anthocyanins, phenolics, glycosyl-glucose) increased by up to 45%: this

was not associated with any change in berry weight.

The component of vegetative growth most responsive to PRD was lateral shoot
development; other components such as main shoot length, were also affected but to a

lesser extent.

The reduction in vegetative growth in response to PRD significantly reduced canopy

density and increased bunch exposure.

Some of the responses of fruiting vines to PRD were typical of vines subjected to water

stress, eg. reduced shoot growth rate, but many of the typical symptoms were absen,

eg. there was no effect on internode elongation, berry size or ¥J.
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Chapter Ten - The concentration of ABA in xylem sap increases in
response to partial drying of the root system of grapevines.

10.1 Introduction

There is strong evidence from the experiments described in preceding chapters that
changes in shoot growth rate and stomatal conductance of grapevines in response to partial
drying of the root system are mediated by a non-hydraulic signal produced by the roots in
drying soil. Furthermore, it is likely that the signal is ‘positive’ in nature (Davies and
Zhang 1991) as opposed to ‘negative’, because a negative signal could not account for the

observed changes in stomatal conductance and SGR.

In the last 15 years or so, a large body of evidence has accumulated to link both stomatal
function and growth processes with ABA. This evidence (reviewed by Gowing ef al.
1993; Davies et al. 1994; Dodd er al. 1996) suggests that ABA, produced by dehydrating
cells, can move to the guard cells of leaves to restrict water loss and slow further
dehydration; at the same time, ABA limits leaf area development by inhibiting production
of new leaves and leaf expansion and sustains root growth. Originally it was thought that
ABA was synthesized in the leaf mesophyll and moved to the guard cells and to growing
points to exert an effect. However, recent results have provided evidence that increased
xylem ABA concentration [X-ABA] was root-sourced and quantitatively sufficient to
account for the physiological changes (reduction of stomatal conductance and leaf growth
rate) observed in the shoots of a wide range of species droughted under controlled
conditions (Loveys and Diiring 1984; Zhang ef al.1987; Zhang and Davies 1989a, 1990a,b;
Tardieu e al. 1992a; Jackson ef al. 1995; Liang ef al. 1996). Similar evidence has come
from field experiments with almond (Wartinger ef al. 1990), maize (Tardieu et al. 1992b),
Ceanothus (Tenhunen ef al. 1994) and grapevine (Loveys 1984a; Loveys and Diiring 1984;
Loveys 1991; Correia et al. 1995) showing an apparent effect of xylem ABA on leaf
conductance. Many reports have shown that there is a good relationship between [X-ABA]
and soil water status (Zhang and Davies 1990b; Khalil and Grace 1993).
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10.2 Materials and methods
a. Details of experiments

Experiment 8: Three-year-old Vitis vinifera cv. Shiraz split-root vines {approach grafts)
were also used to determine the relationship between g¢ and xylem sap ABA concentration
[X-ABA]. All vines had four shoots per plant (lower/wet LW; upper/wet UW; upper/dry
UD; lower/dry LD; see Chapter 5 for explanation of shoot nomenclature and other
experimental details). Treatments were: a) both pots irrigated daily (‘control’; two
replicates); b) one pot not irrigated from D3 until D18, the other pot irrigated daily
(‘treated’; four replicates). Stomatal conductance was measured on the same four leaves
per shoot every second day on average between 1030 and 1230h. On D10, because large
differences in gg between shoot types were measured in the morning, the decision was
made to collect xylem sap from leaves between 1400 and 1500h, even though the air
temperature was high, eg. between 38 and 40°C at the time of sampling. Leaf water
potential was measured on two leaves per shoot (all shoots on ‘treated’, upper shoots only

on ‘control’) and xylem sap was collected at the same time.

Experiment 9: The same plants were used as for Experiment 3 (Vitis champini cv. Ramsey
split-root approach grafts) except they were one year older; the experimental procedure
was the same as for Experiment 8. One pot of the six ‘treated plants’ was not watered from
D1 until D25 while the other pot was watered four times per day, as were both pots of two
‘control’ plants. At the start of the experiment, plants had 16 mature leaves plus one lateral
shoot on each of four shoots per plant, Soil water content was measured by TDR.

Stomatal conductance was measured with a Delta T porometer on leaves of the upper
shoots only of “control’ and “treated’ plants between 1000 and 1100h, up to and including
the morning of D23; the ‘conirol’ plants were only used to provide a reference value of g;.
In the afternoon of D23, between 1300 and 1420h (air temperature 25 to 26°C ), stomatal

conductance was also measured on three leaves per shoot on all shoot types (as for Exp. 8)
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b. Collection of xylem sap sample

ABA concentration was measured in xylem sap rather than in leaf tissue for the reasons
outlined in 10.1. A Scholander pressure chamber was used to express xylem sap from
leaves through the cut end of the petiole. Leaves were placed into the chamber within 30
seconds of collection. After determination of the balancing pressure, one sample was
collected from each leaf by applying an over-pressure of 0.3 MPa or less. Sap was
collected with a micro-pipette and placed into pre-weighed, one mL Eppendorf vials. The
vials were kept in ice before and after sap collection and light was excluded (except for a
brief period during weighing). Sw_m were weighed and subsequently stored in a -50°C

freezer for three weeks before ABA analysis.

¢. ABA analysis

Samples of expressed sap were assayed for ABA without any prior purification using
stable isotope dilution analyis (Loveys and van Dijk 1988). Twenty ng of Humuu_}w\w
standard (200pL of 0.1pg/mL) was mixed thoroughly with the thawed xylem sap sample in
the Eppendorf vial used for storage and the mixture was dried in a Speedivac vacuum
centrifuge for ca. 30 minutes. The methylating agent ethereal diazomethane (200uL) was
added and the tubes were covered with foil for 20 minutes or so until the yellow colour had
disappeared; the foil was then removed and the samples were dried in a fume-hood.
Methanol (100uL) was added, the mixture transferred to a new Eppendorf tube and
centrifuged. The supernatant was transferred to gas chromatography (GC) vial glass
inserts and dried in a Speedivac. Methanol (20uL) was added and the sample was analysed
by gas chromatography/mass spectrometry using selected ion monitoring. Ions monitored
were m/z 190 (base peak), 193, 162, 165. Quantification was by interpolation from a
previously constructed calibration curve relating peak area ratio (m/z 190/193) to mass
ratio (ABA/[*H;]ABA).
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‘treated’ shoots was 17% less than ‘control’ (‘up’ shoots only for both); five days later,
‘treated’ plants had partially recovered relative to the ‘control’ (11% lower gg for

3.2

1.50 1.75 2.00 2.25 2.50 2.75
log [X-ABA]

Figure 10.1 Relationship between stomatal conductance (g, mmol/m?/s) and xylem sap ABA concentration
({(X-ABA], nmol/mL) of four shoot types of half-dried Shiraz on D10 (code for symbols: upper shoots =
triangles, lower = squares; wet shoots = solid, dry = open); Exp. 8. One pot not irrigated from D3 to D18.
Regression line calculated for log/log piot of pooled values of all shoot types.

‘treated”). On D23, the “treated’ plant with the lowest mean gg relative to the ‘control’ (-
29%) was selected for measurement of [X-ABA]. Stomatal conductance and [X-ABA] of
the “dry’ shoots was lower and higher respectively than “wet’ shoots but only statistically
significant for the comparison between LD and LW shoots (Table 10.2). There was a
negative correlation (r = -0.6, p<0.05) between [X-ABA] and gg when leaves from all

shoot types were pooled. There was no difference between shoot types for \¥}.

Table 10.2 Effect of half-drying on stomatal conductance (gg, shoot mean, mmol/m®/s), leaf water potential
(*F';, shoot mean, MPa) and xylem sap ABA concentration ([X-ABA], shoot mean + se, nmol/mL) of
different shoot types on a single split-root {*treated”) plant on D23 (‘dry’ pot not watered from D1); Ramsey,
Exp. 5.

Shoot type g5 ¥, [X-ABA]

LD 283* -0.84 0.50% + 0.12
UD 293 -0.87 045+0.14
Uw 370 -0.85 0.35=0.10
Lw 503* -1.02 0.20* £ 0.01

* Significantly different (p<0.05)
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40cm depth, SWC levelled off at 22mm (=22% v/v) and 19mm (=19% v/v) respectively.

At the same time, SWC (15-55cm depth summed, maximum value per day) on the ‘wet’

0.3-
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Day

Figure 10.3 Effect of partial drying on xylem sap ABA concentration ([X-ABA], mean * se, nmol/mL)
during PRD period 8; Exp.16, Cabernet Sauvignon/Ramsey, Waite, 1995/96. PRD period started on Day 2.

Both sides of vine irrigated (M); partial drying ([0). Sap collected in morning (solid line) and afternoon
(dotted line).

side was maintained between 120 and 140mm in period 8, and between 107 and 137mm in
period 10. The relative increase of ‘treated’ [X-ABA] during the initial part of the PRD
periods coincided with actual decrease in soil water content on the ‘dry” side of the vine
and relative decrease of stomatal conductance (Figure 10.4a,b). In period 8 (Figure 10.42),
the decrease of ‘treated’ [X-ABA] relative to the ‘control’ from Day 4 coincided with the
relative recovery of gg after Day 5 and slowing of the rate of soil drying (minimum level

of SWC in the root-zone on the ‘dry’ side was reached ca. Day 5).

There was a strong negative linear relationship between gg and [X-ABA] (mean per day)
of individual vines on Days 4 to 5 in period 8, at the time when mean gg and [X-ABA] of
‘treated’ vines (relative to ‘control’) reached their lowest and highest levels respectively
(Figure 10.5). Similarly, there was a significant negative correlation (r = -0.40; p<0.05)

between gg and [X-ABA] (am) from Day 2 to Day 9 inclusively in period 8 (individual
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There was no correlation between gg and ¥}, (both measured in the morning) during either

period.

350,
300

250 -

Js

200

1504

100

0.0 0.1 0.2 0.3
[X-ABA]

Figure 10.5 Relationship between stomatal conductance (gg, mean per vine, am, Day 5, mmol/m?%/s) and leaf
xylem sap concentration ([X-ABA], mean per vine of am and pm on Day 4, nmol/tmL) of ‘control” (M) and
‘treated’ (partial drying, [1) during PRD period 8; Exp.16, Cabernet Sauvignon/Ramsey, Waite, 1995/96.

PRD period started on Day 2. Regression line calculated for both treatments pooled: gg = -702[X-ABA] +
314; r° = 0,72%*%,

10.4 Discussion

Pot experiments: The differences in stomatal conductance between shoot types in Exps. 8
and 9 cannot be explained in _”Q.B.m of shoot water status (see Chapter 5.4 for further
discussion). The correlation between gg and [X-ABA] provides circumstantial evidence
in support of the hypothesis that ABA is produced by drying roots and is transported to the
shoots where it exerts an effect on shoot function. This is further supported by the
observation that gg and [X-ABA] of ‘dry’ shoots of approach-grafted, split-root plants
tended to be lower and higher respectively than ‘wet” shoots in Exps. 3 (only gg measured;
see Chapter 4), 8 and 9. This difference between “wet’ and ‘dry’ shoots may be explained
in terms of an incomplete passage of the signal from the ‘dry” trunk to the ‘wet’ trunk
across the graft union, perhaps due to some characteristic of the approach-graft union;

however, in the absence of information on the anatomy of approach-graft unions
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measured concurrently with collection of xylem sap. These results are indicative of the

difficulties associated with the explanation of long-term physiological responses on the

basis of instantaneous measurements of plant hormones, even if such measurements are
conducted at what appear to be strategic times, and thus emphasise the importance of

temporal studies (as in Exp. 16).

Field experiment: [X-ABA] was higher in the afternoon than the moring in Exp.16. This
E_mm a similar result to Loveys (1984a) and Correia ef al. (1995) for well-watered and
droughted grapevines respectively in the field, but differs from field studies with other
species which have tended to show a lack of diurnal variation in [X-ABA] (Wartinger ef al.
1990; Tardieu ef al. 1992a). There have been relatively few reports of actual values of [X-
ABA] for grapevines: for field-grown vines (Vitis vinifera), Loveys (1984a) reported
values ranging from 0.15 to 0.50 nmol/mL while Correia ez al. (1995) reported values of
0.57 to 0.91nmol/mL in the morming, and 0.57 to 1.79 nmol/mL in the afternoon [these are
values before correction for symplast contamination: corrected values are generally 30 to
40% lower]. The values of both potted and field vines in this study are lower than those of
Correia et al. (1995), but very similar to those reported by Loveys (1984a) for grapevines
and by Khalil and Grace (1993) for half-dried sycamore grown in a controlled
environment, ie. ca. 0.2 to 0.4 nmol/mL (sap collected at ‘midday”). However, it may not
be valid to compare actual values of [X-ABA] between different experiments because
shoot function may respond to the flux of ABA rather than [X-ABA], and flux is
dependent on both [X-ABA] and flow rate of the transpiration stream.

The fact that actual [X-ABA] of ‘treated’ vines increased from Day 2 to Umw 4 while
control [X-ABA] remained relatively constant is important because it suggests that there
was a real increase in ABA synthesis in ‘dry’ roots, ie. the relative increase of ‘treated’ [X-
ABA] was not due to an actual decrease of [X-ABA] of control from some other cause.
Because average daily [X-ABA] has been shown to set the maximum gg achieved during
that day (Wartinger ez al. 1990; Correia et al. 1995), for period 8, this was plotted over
time together with g5 (measured in the morning) and SWC (Figure 10.4a) [‘treated’ as a %
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to calculate these correlations for the field experiment, but it is likely that the relationship

was the same.

Relationship between stomatal conductance and [X-ABA]: Stomatal conductance and [X-

ABA] of partially-dried grapevines were negatively correlated: this suggests that xylem sap
ABA concentration has an effect on stomatal behaviour that is independent of shoot water
status. [X-ABA] has been shown to correlate with gg in experiments with the grapevine
{Loveys 1984a,1991; Correia er al. 1995), other woody species (Fusseder ef al. 1992;
Khalil and Grace 1993; Jackson et al. 1995; Liang ef al. 1996) and non-woody species
(Zhang and Davies 1990a; Jokhan ef al. 1996) where plants have been exposed to varying
degrees of soil drying. Not only has this relationship been demonstrated under controlled
conditions but also in the field despite plant-to plant variation, different soil conditions and
changes over the drying cycle. Therefore, it seems reasonable to propose that gg of
partially-dried grapevines is regulated by xylem sap [ABA]. That such a relationship
exists is not surprising because xylem sap appears to be directly in contact with the
apoplast surrounding the guard cells (Dodd ef al. 1996). By comparison, other studies
have shown a relatively poor correlation between gg and bulk leaf ABA (Khalil and Grace
1993; Dodd er al. 1996); this suggests that bulk leaf ABA is not a sensitive indicator of soil
drying and this may be explained by the fact that most of the leaf ABA is isolated in the

mesophyll away from the apoplast around the guard cells.

Correlations between ABA. and shoot function are not sufficient to ascribe cause and effect
(Tardieu and Davies 1993). Therefore, as Dodd ef al. (1996) emphasized, experiments
which follow the time-course of changes in function and growth regulators are critical to
demonstrate that changes in the concentration of the regulator precede the physiological or
developmental response of interest, or that the two variables change simultaneously. This

criterion was satisfied in the field experiment.
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The potential source of ABA in xylem sap: Increased [X-ABA] in response to partial

drying could have been the result of increased ABA synthesis in leaves and/or roots.
Drying roots are known to produce ABA (Robertson ef al. 1990; Davies and Zhang 1991)
but there is also the possibility that increased [X-ABA] in response to soil drying is the
consequence of a redistribution of ABA as a result of perturbed water relations in older
leaves (Zhang and Davies 1989b). Loveys (1984b) showed that ABA could be transported
from leaves to roots in well-watered grapevines grown under controlled conditions.
However, for several reasons, the evidence weighs more strongly in support of root-
sourced ABA in the experiments in this study. For a start, there was no significant change
in shoot water status in response to partial drying and thus no stimulus for ABA synthesis
in leaves. Secondly, an increase in [ABA] in drying roots may precede the decrease of gg
of droughted plants and a tight relationship may exist between root [ABA] and soil water
content over a drying cycle (Zhang and Davies 1989a). Thirdly, in split-root experiments
with other species, the half of the root system in drying soil contained significantly
increased concentrations of ABA compared to the other (watered) half of the root system,
and the increase in root [ABA] either preceded or occurred concurrently with decreased gg
(Zhang ef al. 1987; Khalil and Grace 1993). The concentration of ABA in roots was not

measured in the experiments described in this thesis. However, in a related study with

. split-root Sultana (¥itis vinifera) grapevines grown in pots, concentration of ABA (nmol/g

fresh weight) in the ‘dry’ roots of half-dried plants increased five-fold coincidentally with
the decrease in SWC and decrease in gg ; furthermore, gg recovered after SWC of the “dry’
pot had reached its minimum level, coincidentally with a decrease in root ABA
concentration (Dry et al. 1996; B.R.Loveys and P.R.Dry, unpublished data). Therefore, it
is likely that the significant increases in [X-ABA] of partially-dried grapevines are caused
by enhanced synthesis of ABA in drying roots.

Does [X-ABA] measured in pressurized sap accurately represent the concentration of ABA

in the transpiration stream?: [X-ABA] of partially-dried and fully-droughted plants has

been shown to be negatively correlated with gg. However, it has been difficult to establish

whether [ABA] in the xylem sap is a true measure of the concentration in the transpiration
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indicate the amount of ABA which passes from the shoot xylem to the site of action, eg.
guard cells, meristematic tissue. Flux is the concentration multiplied by the flow rate of
the transpiration stream. However, the results of correlative studies reported in this chapter
suggest that stomata, at least, respond to changes in [X-ABA]. Furthermore, Trejo et al.
(1995) were able to change ABA flux at a given concentration of endogenous ABA by
manipulating temperature and VPD. At a given concentration, a three-fold variation in
flux had no effect on gg, while the same flux achieved by altering the ABA concentration
was able to decrease gg further. Working with detached leaves, Gowing ef al. (1993)
found that the relationship between gg and [X-ABA] was much closer than that between gg
and ABA flux. Dodd et al. (1996) state that once the stomata are open, then variation in
flux will have little influence on stomatal behaviour. These and other results suggest that
measurement of [X-ABA] is a useful indicator of soil water deficit, despite the potential

problems with interpretation of data .

The relationship between [X-ABA] and shoot growth: The relationship between [X-ABA]

and shoot growth over time was not directly examined in this study because shoot growth
had almost ceased in ‘treated’ vines when the field experiment was conducted. However, a
strong correlation between stomatal conductance and shoot growth rate has been
consistently demonstrated in the experiments described in this thesis: in particular, changes
in SGR over time in response to partial drying take place in concert with changes in gg.
Therefore, it is likely that shoot growth also responds to changes in [X-ABA]. ABA has
been shown to have an inhibitory effect on leaf growth (van Volkenburgh and Davies
1983) and leaf growth rate was negatively correlated with endogenous ABA accumulation
in leaves (Puliga et al. 1996). Application of ABA externally by root-feeding (Zhang and
Davies 1990a) or stem injection ( Tardieu e a/. 1993) have demonstrated relationships
between gg, leaf growth and [X-ABA] that were closely comparable with those caused by
roots in drying soil. In order to relate changes in shoot growth over a drying cycle, it
would be appropriate to measure ABA content in cells that are actually growing. This has
been attempted with the elongation zone of grasses; however, there are problems with this

analysis (Dodd et al. 1996) and growth reductions of up to 35%, induced by soil drying,
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respectively, based on the soil water retention curves calculated for soil samples at those
depths (Appendix V). It is likely that ‘¥, of the soil from 0 to 20cm depth (where roots are
relatively plentiful as a result of drip irrigation) would have been lower than -100 kPa by
Day 4. There are relatively few split-root experiments where ¥, has been measured: for
example, Ebel et al. (1994) found that leaf growth of half-dried, split-root sorghum, grown
under controlled conditions, was not significantly different to controls until the average ‘¥,
in the ‘dry’ pot had decreased to between -10 and -100 kPa. Therefore, this is similar to
the results from experiments with both field-grown, fruiting Cabernet Sauvignon vines
(described in this chapter) and with potted, non-fruiting Shiraz vines (Chapter 5). In Exp.
13 (Chapter 8), SGR and gy of non-fruiting vines appeared to respond (ie. ‘treated’
significantly less than ‘control’) when the SWC (0-50cm) of the ‘dry” side of the vine had
decreased to 19%: this corresponds to -354 and -78kPa at 20 and 40cm depths respectively.
However, because the SWC measured for 0 to 50cm may not have been representative of

the actual SWC at those depths, it is difficult to compare the results of Exps. 13 and 16.

There have been relatively few reports of experiments where there has been an attempt to
determine a correlation between [ABA] of xylem sap or tissues and soil water status.
Zhang and Davies (1989a) and Khalil and Grace (1993) found a strong negative correlation
between root [ABA] and soil water content. However, it is likely that roots respond to
changes in soil water potential rather than bulk water content: Zhang and Davies (1989a)
found that as ‘P, around maize roots decreased to -200 to -300 kPa, partial dehydration
stimulated ABA production in those roots. It is possible that the ¥, of the surface layer of
soil, eg. 0-20cm, may decrease to this level while the deeper layers of the root-zone are still
at much higher values. Such relatively ‘mild’ drying of the surface roots may be sufficient

to cause an increase in [X-ABA] and consequent change in shoot function.

Recovery of stomatal conductance and decrease in [X-ABA] in period & of Exp. 16 after
Day 4 coincided with no further decrease in SWC on the ‘dry’ side: at 20 and 40cm soil
depth, this corresponded to 22 and 19% volumetric SWC respectively, ie. soil matric
potentials of -100 and -77 kPa respectively (Appendix V). Similarly, SWC of the dry pot




-A

-3

Lo

i

!

.

Jo s1nsa1 oy} g dutAsdeId oy 1M Pajonpuod SIUSWLINAXS f1ouwap)sULa4 PUE UCL2]ap

Aue usaq aaey o} readde jou op a1 ] (9661) 72 /2 PPO(] AqQ SPUNOIS [BISASS UO PASIOIIID
U92q 2ALY sjusWLIadxa Yons woIj s)nsai a4} yng des wWa[dx WoIl YV SA0WAI 0] anbrutyosy
B JO asn a1 ST JuowiLadXo awuainisuia4 pue uoyagap Jo 9d4Ay orjroads jsowr oy, jusumyean;
VgV [eUIaxs £q parJsues A[[ensn ST UOLIILID juauiapisuiaL 94 ] YV BIXd JO 20108
sanend a1y pasowal (Q661) 70 12 Surmon Jo juswradxs 1001-11[ds Y1 Ul s1001 Jurkip

Jo uoIstoXs 21} Jey) pandie aq P[NOd N ‘PAINSBOWT 10U Sem VIV ySnoyle ‘ojdurexs 10,
"SUBIW IYI0 IO (SISAYIUAS YV JO SICHGIYUI JO 3SN) [BI1WOYD ‘(SIUeInuI JUsdyap-vgV JO
9sn) 2119Ua3 AQ SABM SNOLIEA UL PIASIYDR U SBY 401j2)a(7 "S[2AS] SUOULIOY Snouagopus
Jo uonedruew Aq PIASIYYE ‘UONOE SUOWIOY JO AT01J109dS 91]) 159] 0} BLISYIIO UTRLIA0

310W 9 0] PIES I8 JUIUAINISUI2L PUR UON3]3(] “TIDTJOp Iajem [I0S B YIlv paure)qo asuodsal
oy} payorurur sautaadeld paisjem-][am WOIJ S2ABS] PIYOeIop JO Wreans uoneldsuern

W) 01 YV Jo uononponur ay3 1eyl punoj (661) v 12 erouo) ‘Alreiurg des waAx

ur 1) 03 Jus[eAmnba vonenuaouos © je (Ureans uonendsuen o) 03 parddns) gy onopuAs
Jo uoneorjdde a3 03 papuodsal saaee] suraadeld umoi3-pran Jo viewols 1ey) punoj (ey861)
s£oA0T ‘adwrexs 10, "SIIPMIS ISYJ0 PUE SIY} JO SINS31 31} £q JoUI U9 IAEBY BLISILID

asat ‘ouraadeId ay) Jo aseo a1 uT :9j0I A1oje[n3a1 [enusiod e 21e0Ipul ABWI “olpotdny

pue uoyvyaLi0) [V JO 1Xau00 341 Ul (9661) 17 12 PPo( Aq PamsiAal] $103)f0

suouLioy Jo souestyusis [eordojorsAyd a1y Sunsa) 1oy errsyio pasodoid seq (£861) uossoer
“S9TpIYS 3110 WOIJ S1[NSSI oY} PIM I912050) PIISPISUOD 9q PINOYS BIEP 953Y] ‘ISAGMOL]
“w91sAs j001 o Jo Surkip [ened o) uonouny jooys autaaders Jo ssuodsar sy ut ygy Jo

JUSUWISATOATL 91} I0] 95e0 [es0AIbaun ue 110ddns 0) 90USPIAS JUSISIIINS 10U d1e Joydeyd smp

ur pajtodar sjuswniadxa St} WOLY S)MSAT Y] ‘UONR[OST U] THISISAS 1001 U] JO SUIAID [EIIE

0] uonsuny JoOys auIAadels Jo IST0dsal 9y} Ul Yy IO JUSWIAJOAUT 9] I0J 30USPIAS ST,

*$1001 AIp, a1} AQ pajoenxa Ay usaq pet] (B{00S [~ PUB (]~ USam1aq oT) 19jem a[qe[ieAe
-jue(d o) 10§2q pue ‘[enusjod ornew Y31y A[oATelal € pey SU0Z-1001 3y} Jo 1red A1p,

a1} JO [10S 9} USYM PRIIACOAI UOTOUNY JOOYS JBY] SUBSUW STYT, "BJN00]- &0 JO [enudjod
SLIBWI [I0S B '31 04/, ULT]) SS3] 0} asB2109p 10U PIp (£, ‘S “f s1adey) syueld paup-jey jo

0£T



-

]

-

;

—~
\

231

experiments with other species tend to support the case for ABA as a signal produced by

grapevine roots in response to changes in soil water status.

As noted in previous chapters, the initial decrease in gg in response to drying of the soil
around part of the root system, and the subsequent recovery of gg when the rate of soil
drying slows substantially, provides evidence in favour of ‘positive’ signal produced by
drying roots rather than a ‘negative’ signal. Inhibitors such as ABA satisfy the criteria for
a positive signal (Zhang and Davies 1991) because stomatal closure depends on an
increased amount of inhibitor in the transpiration stream. When there is no further
decrease in soil water content of the ‘dried’ part of the root-zone, the amount of inhibitor
decreases and stomata open. A chemical signal such as ABA, as opposed to an hydraulic
signal, provides a sensitive means of detecting small changes in water status of the soil in
the vicinity of each individual root tip. ABA can be synthesised by root tips in response to
loss of turgor (Robertson et al. 1990; Zhang and Davies 1987) and the turgor of root tips in
drying soil may decrease while root tips on the same plant in wet soil will retain turgor
(Davies et al. 1986; Zhang and Davies 1989b). As increasing numbers of root tips
encounter drying soil, the intensity of a chemical signal would be expected to increase and
this has been shown to be the case for [X-ABA] in the experiments described in this

chapter and in other studies.

The evidence in favour of ABA in the regulation of shoot function appears to be relatively
strong; however, the possible involvement of other anti-transpirant and growth-limiting
factors (chemical or not), acting in concert with ABA or independently, cannot be ignored.
There is a need for more research to determine if [X-ABA] truly indicates the ‘strength’ of
the signal arriving at the site of action. Also, does the sensitivity of the tissue change in
response to changes in [X-ABAJ, and how do the stomata and the sites of growth activity
actually ‘read’ the ABA signal?
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Chapter Eleven - General Discussion

11.1 The background to the study

This study had its origins in the observations of Gowing ef al. (1990) and others that
drying one half of the root system of split-root plants, while maintaining the other half wet,
could reduce various components of shoot growth of woody plants, without any associated
hydraulic change. Reduction of grapevine vigour had been successfully achieved by
various deficit irrigation strategies but this was usually associated with a significant
reduction in leaf water potential and a negative effect on fruit yield, mainly due to an effect
on berry weight (Williams and Matthews 1990). Because of the possible nexus between
the negative effect on yield and the perturbation of plant water status, it was thought that a
‘partial drying’ of the root system whereby there is a reduction in shoot growth, with no
associated change in plant water status, may have potential for vigour control in grapevines
without a detrimental effect on yield. At the same time, there was a possibility of an
improvement in the quality of fruit for winemaking because vigour reduction should Jead
to more open canopy with better bunch exposure, and the relationship between canopy
microclimate and wine quality had been well documented (Smart 1992). Loveys (1991)
first proposed the potential of partial root-zone drying for vigour control in grapevines in

the context of a discussion on root-derived chemical signals such as ABA.

The grapevine was a good candidate for study, not only for the reasons outlined above, but
also because experiments with split-root grapevines had shown that half-drying of the root
system caused a reduction in stomatal conductance without any associated hydraulic
change (Diring 1990; H. Diiring and B.R.Loveys, unpublished data). At the same time, an
increase in the bulk leaf concentration of ABA in response to half-drying (B.R. Loveys and

H. Diiring, unpublished data) suggested the involvement of ABA as a putative root signal.
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This strategy has been termed ‘partial root-zone drying’ rather than *partial root-zone
wetting’ because it is the ‘drying’ which is the functional component of this strategy, ie.
the plant appears to be responding to that part of the root system in drying soil. The aim of
the strategy is to maintain part of the root system in a drying phase at all times in order to

maximise production of the putative signal, so that recovery of shoot growth is minimised.

11.3 Leaf water potential

One of the most consistent observations in these experiments was that the changes in shoot
growth and gas exchange in response to soil drying were not associated with any
significant changes in shoot water status as indicated by ‘¥;. This was the case for both
field vines and vines in a controlied environment. Leaf water potential is the most
commonty used indicator of shoot water status and some authors have attempted to
quantify the degree of water stress in terms of absolute values of \¥; (Hsiao 1973).
Furthermore, the measurement of W} has been recommended for irrigation strategies which
aim to manipulate grapevine shoot growth (Hardie and Martin 1990; Goodwin and Jerie
1992). However, substantial reductions in shoot growth were achieved with PRD in this
study in the absence of any significant change in 'V;. Also, McCarthy (1997) found that
¥}, and soil water status were not correlated in a deficit irrigation experiment. Therefore,

the validity of the use of ¥ for irrigation scheduling must be questioned.

11.4 Symptoms of water stress

The substantial reduction in vegetative growth in response to partial drying was not
associated with many of the characteristic symptoms of grapevine water stress, as
described by Smart and Coombe (1983) and Williams and Matthews (1990). For example,
shoot diameter, berry size and internode elongation were not greatly affected and these are
known to be very sensitive to water deficits. Also, there was no tendril necrosis, abscission
of mature leaves or change in leaf colour, nor was there any effect on \¥;. On the other

hand, some of the responses to partial drying were characteristic of water-stressed vines;
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A chemical signal such as ABA provides a sensitive means of detecting small changes in
water status of the soil in the vicinity of each individual root tip (Zhang and Davies 1991).
It appears that the grapevine is one of those plants for which the drying of a relatively
small proportion of the root system is sufficient to generate a signal which will influence
shoot function, even though the bulk of the root system may be in soil of high water
content. This is not the case for all plant species: for example, Gallardo ef al. (1994) found
that it was necessary to dry out the whole of the root system of lupin in order to

significantly reduce shoot growth rate.

It may be argued that, even if the signal is produced by drying roots, the flux of the signal
from ‘dry’ roots to shoots will decrease in proportion to the reduced transpirational flow
from ‘dry’ roots as the soil dries. However, transpirational flow from ‘dry’ roots may be
possible due to rehydration of dry roots by ‘wet’ roots during the night (Saab and Sharp
1989) and this has been confirmed by the results of Exp. 11 (Chapter 5) in this study. Itis
likely that flow from °dry’ roots will be highest in the morning; Jackson ef al. (1995)
suggested that this was the explanation for the relatively high flux of ABA in the morning
in droughted conifer seedlings, and they proposed that stomata respond to a ‘morning dose’
of ABA. Labelled ABA moved from ‘dry’ roots to the shoots of split-root, half-dried
grapevines within 10 hours of application at a time when the water content of soil around

the ‘dry’ roots was relatively low (B. R. Loveys, unpublished data).

11.6 Recovery of shoot function

Shoot function of half-dried grapevines recovered, relative to fully-watered control vines,
without any change in soil water content of the dried half of the root system. This recovery
coincided with the point at which there was no further decrease in soil water content, for
vines grown in containers and in the field. Recovery of shoot function coincided with an
reduction in [X-ABA] for both container and field vines (Chapter 10) and a reduction in
root ABA concentration (Dry ef al. 1996; B.R.Loveys and P.R.Dry, unpublished data).
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maintained: for example, day-time sap flow in the ‘dry’ half of the root system was
reduced by no more than ca. 50% relative to the *wet’ half (Figure 9.5). Therefore, the
net result is a diminished export of the signal from roots to shoots. Also, rootsina
container of dry soil will remain alive for a relatively long time, so long as they are
connected to roots in a container of wet soil (Chapter 7): this suggests that the ‘dry’

roots are supplied with water by the ‘wet’ roots.
11.7 Response to partial drying

The vegetative growth of field vines was substantially reduced in response to partial
drying. Most indices of vegetative growth were reduced by up to 30 to 35% relative to the
control but lateral shoot growth was the most responsive index of all. Total lateral shoot
length per main shoot was reduced by 50 to 66% relative to the control in the Waite
experiment, due to a combination of fewer (-28 to -47%) and shorter (-5 to -35%) lateral
shoots. It is difficult to draw any firm conclusions about the relative effect of either timing
or duration of PRD treatment on these components because there were differences in shoot
number per vine, shoot positioning and shoot trimming between seasons, all of which
would have influenced the degree of lateral shoot development. The regulation of lateral
shoot growth has been a relatively neglected area of viticultural research and is worthy of
greater attention, not only because it is an important determinant of canopy density (Smart
1992) but also because there is the possibility of a direct relationship between lateral shoot
development and fruit composition (Jackson and Lombard 1993); however, the mechanism
of such a relationship is not known. Paclobutrazol sprayed on hedged Riesling grapevines
in the field significantly reduced lateral shoot development (Reynolds et al., 1992); fruit of
treated vines had higher TSS than controls and the authors suggested that this response
may have been due in part to a reduction in the proportion of photosynthate partitioned to

lateral shoots.

In the context of this study, further research is required to determine the mechanism by

which a non-hydraulic signal from drying roots may influence lateral shoot development.
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(1997). Also, the magnitude of the reduction in vegetative growth was sufficiently large so
as to significantly alter the canopy microclimate and thus affect fruit composition. At the
start of this study, a slight reduction in yield in response to a substantial decrease in
amount of irrigation water was considered to be acceptable so long as there was a
concomitant increase in fruit quality. However, I did not anticipate that the amount of

irrigation could be halved without any yield penalty at all.

Why does PRD cause a substantial reduction in vegetative growth without any yield
penalty? One obvious explanation is that as vegetative growth is inhibited, an increased
proportion of carbohydrate is partitioned to reproductive growth. However, this assumes
that the total amount of carbon fixed by PRD-treated vines was similar to control vines: it
may have been less due to the reduction in leaf area (although the leaves on PRD vines
may have been more efficient on average because there would have been a smaller
proportion of shaded leaves). Also, the relatively small decrease in stomatal conductance
(12 - 30% for field vines) would have had a some effect on carbon fixation. However,
Grimes and Williams (1990) found that a reduction in midday g5 of the order of 20%
relative to maximum gg had no effect on the yield of field vines in an irrigation
experiment. There is also the possibility that an increased proportion of carbohydrate is
partitioned to the roots in response to a reduction in vegetative growth. Root biomass of
plants in drying soil may increase relative to well-watered controls and roots may grow
deeper (Sharp and Davies 1989). Therefore, one of the potential benefits of PRD may be a
stimulation of root growth, resulting in a deeper, more exploitative root system; this may or
may not be an advantage, depending on the viticultural situation. There is obviously a
need for further research on the effect of PRD on carbon partitioning.

It is likely that one of the keys to the maintenance of fruit yield with PRD, despite the
substantial reduction in the amount of irrigation, was the maintenance of berry weight. In.
deficit irrigation studies, berry weight is usually the Eaﬁ ‘responsive’ yield component
(Williams and Zmﬁro.im 1990). In this study, the amount of irrigation with PRD was

halved; by comparison, a reduction of this magnitude with conventional irrigation would
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11.8 Shoot growth and stomatal function recover before the plant-available soil water

on the ‘dry’ side of the vine is completely depleted

In this study, inhibition of shoot growth appeared to take place in response to a relatively
small decrease in matric potential below that at field capacity. If this is the case, this
observation would concur with those of Ebel ef al. (1994) for plants in general, and with
van Zyl and Kennedy (1983), Christensen (1975), Hardie and Martin (1990) and others with
reference to grapevines. When the soil matric potential decreases below -60 kPa, it
becomes increasingly difficult for roots in that soil to extract water (Mitchell and Goodwin
1996). For partially dried plants, it is likely that the total water requirement of the plant
becomes increasingly supplied by the roots in ‘wet’ soil until a point is reached at which the
plant becomes completely dependent on those ‘wet’ roots. This stage is reached before the
plant-available water (between -10 and -1500kPa) has been fully extracted by the ‘dry’
roots, ie. when the soil of the ‘dry’ root-zone is at a relatively high matric potential; this was
demonstrated in Exp. 12a (Chapter 7). For example, in the pot experiments conducted on
the Waite campus (Chapters 4, 5,7), SWC of the ‘dry’ pot of half-dried plants did not ever
decrease lower than 7% in the soil mix used for those experiments (see Ch. 3.2): this
represents a matric potential of ca. -100 kPa. Similarly, for field vines (Chapters 9,10), the
SWC at 20 and 40cm depths on the ‘dry’ side of the vine did not decrease lower than 22
and 19% respectively, ie. a matric potential range of -100 to -77 kPa. By comparison,
much lower matric potentials (-1,000 kPa or less) have been recorded in irrigation
experiments where the whole root-zone has been dried and vines have been severely
stressed (McCarthy 1997). Therefore, recovery of shoot function appears to take place
when the soil of the ‘dry” part of the root-zone has a relatively high matric potential, which
is probably not much lower than the matric potential at which shoot growth is inhibited in

the first instance,

The previous discussion was written with the assumption that non-hydraulic signals are
produced by drying roots in response to changes in soil water potential rather than soil
water content. Although this may seem to be a reasonable assumption, it was not one of

the aims of this study to investigate the nature of the relationship between soil water
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experiments because it is not always possible to determine if the controls in those
experiments had been irrigated at an optimal level: if the controls had been over-irrigated
then a halving of the amount of water applied may have had no effect on yield. For
example, Freeman (1984) examined the relationship between fruit yield and crop factor (=
proportion of Class A Pan evaporation applied as irrigation, plus rainfall) in a long-term
field experiment with Shiraz grapevines. There was no yield response for a change in crop
factor over the range from 0.9 to 0.3; however, a reduction in irrigation amount equivalent
to a change in crop factor from 0.3 to 0.15 resulted in a halving of yield. The control vines
in the Waite experiment were certainly not over-irrigated: the actual amount of irrigation
water applied in all seasons was less than that applied to commercial vineyards in a nearby
region with similar growing season rainfall and comparable yield per hectare (Chapter 9).
Furthermore, the calculated crop factors for the irrigation period in 1995/96 for the Waite
experiment were 0.26 and 0.18 for control and PRD-treated vines respectively (Appendix
VI). By comparison, in the Shiraz irrigation experiment reported in McCarthy and
Staniford (1984), the crop factor calculated for the control vines was 0.36; a reduction in
irrigation amount equivalent to a change in crop factor from 0.36 to 0.22 resulted in 22%

lower yield.

Therefore, it is highly likely that, had a third treatment been included with the same amount
of water per vine as PRD-treated vines, ie. 0.7 ML/ha in 1995/96, but applied both sides of
the vine as for the control vines, the yield of that treatment would have been significantly
reduced relative to both PRD-treated and control vines. This hypothesis is currently being

tested in new field experiments.

This study was commenced with the main aim of achieving vine balance through control of
shoot vigour. However, the water conservation potential of the partial root-zone drying
technique may prove to be more important from an environmental perspective, Irrigated
horticultural crops occupy approximately 250,000ha in Australia, and major problems are

likely to be encountered in sustaining water supply to these crops in future, particularly
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¢. Microjet sprinkler irrigation: half-circle microjets are used instead of the usual full-

circle microjets; two sets per row on different laterals allows alternate inter-row spaces

to be ‘wet’ or ‘dry’.

Figure 11.1 Diagrammatic
representation of a grapevine irrigated
using the PRD technique. Sub-
surface drip lines supply water to one
side or the other of the vine. In this
figure, water is supplied through two
irrigation cycles to the right hand line.
The soil water content at various
depths is shown as output from the
Enviroscan® sensors: while the soil
around the right hand sensor wets and
dries in response to irrigation, there is
a gradual decrease in soil water
content on the other non-irrigated side
(source = Loveys et al. 1997).

i

o
RESS

For established vineyards with existing drip irrigation, the system may be modified with
minimal cost: the one-off cost of installing an additional lateral in each row and an
additional sub-main is likely to be less than the value of a tonne of sub-premium grapes.
The additional maintenance and operating costs associated with the application of PRD are
likely to be negligible. For new vineyards, the installation of sub-surface drip irrigation
may be an attractive proposition, not only because it will allow the adoption of PRD (if
two lines are installed per row), but also because it should result in reduced evaporative

loss and thus more efficient water use.

The opportunities for utilisation of PRD for vigour control may appear to be limited for
those vineyards in which the soil remains relatively wet due to high spring rainfall and/or

soil storage capacity. Fortunately, this is not the case for a large proportion of the vineyard
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irrigated vineyards in southern Australia and California, and Sultana is the most important
cultivar for both end-uses (Dry and Smart 1988). A large proportion of Sultana is grafted
to the nematode-resistant rootstock cultivar Ramsey in Australia and this combination
tends to be excessively vigorous under the growing conditions of the Murray-Darling
basin. Lighter pruning, eg. nil or minimal pruning (Clingeleffer 1983) cannot be used to
reduce shoot vigour with either end-use because this practice reduces berry size and this is
an important quality parameter with these ?.omsoﬁ -In fact, pruning tends to be relatively
severe in order to maximise berry size and cultivars such as Sultana are generally cane-
pruned because they have low fertility of basal buds. Therefore, PRD has the advantage
that shoot vigour of drying and table-grapes may be reduced without any detrimental effect

on berry size; furthermore, water may be conserved as with winegrapes.
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Appendices

List of experiments
Climatic data
Characteristics of soil at Waite Campus site

Calculation of anthocyanins, total phenolics, total G-G and ‘red-free’ G-G of berry
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homogenate

Soil water retention curve

Irrigation, rainfall, evaporation and crop factors

Appendix L List of experiments

Season Location Details No.
1991/92 Waite Chardonnay / container-grown 1
1992/93 Waite Shiraz /container-grown 2

“ Ramsey / 3

* Shiraz/Ramsey / “ 4
1993 Geilweilerhof SBB / container-grown 5

: 110R /¢ 6

[11 mww \ % q
1993/94 Waite Shiraz / container-grown 8

“ Ramsey / 9

“ Shiraz/Ramsey / “ 10

H Tritiated water experiment 11
1994/95 Waite Shiraz / container-grown 12

“ Chardonnay / 12a
1992/93 Waite Cabernet Sauvignon field vines - non-fruiting 13
1993/94 ¥ Cabernet Sauvignon field vines - first harvest 14a
1994/95 N * - second “ 14b
1995/96 “ « - third ¢ 14c
1994/95 Blewitt Springs | Cabernet Sauvignon field vines - second harvest 15
1995/96 Waite Cabernet Sauvignon field vines - ABA measurement 16
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Appendix ITI. Characteristics of soil at Waite Campus site

255

The soils of the Waite campus of the University of Adelaide were mapped and described by
Litchfield (1951). A large proportion of the arable land of the campus was classified as a
‘red-brown earth’. Subsequently, this soil type was reclassified as ‘Dr2.23 Hard Pedal Red
Duplex’ by Northcote et al. (1975; pp. 105-108). The Alverstoke vineyard is located on

one of the large areas of this particular soil type.

Depth (cm) Texture pH CaCO; (%) TSS (%)

NaCl (%)

0-15 Loam 6.5
15-30 Clayloam 6.8
30-70 Medium clay 8.0
70 - 120 « 8.5

0

0
0
5

0.03
0.03
0.04
0.08

0.01
0.02
0.02
0.02
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Appendix V. Soil water retention curve for soil in the Waite experiment

Water retention curves were determined in the laboratory on three undisturbed soil cores
sampled at 20 and 40 cm depths from the sides of a pit excavated 10 m away from the
experiment in the Waite vineyard. Soil matric potentials of -1, -5, -10, -20, -30 and -60
kPa were applied using tension tables, and of -300 and -1500 kPa using a pressure
membrane apparatus. Curves of the form ¥, = a6° were fitted to the data by least squares
regression to allow estimation of soil matric potential (¥,,, kPa) at different soil water
contents (8, % v/v): ¥ =0.0023 -6 (**=0.97;p <0.001) and ¥, = 0.00038 - 677
(" = 0.96; p < 0.001) for 20 and 40 cm samples respectively . Data are summarised in

Table 1. Readily available water was calculated as 54 and 44 mm/m respectively.

Table 1. Relationship between soil matric potential (¥, kPa) and volumetric soil

water content (SWC, %) of soil at depths 20 and 40 cm from the Alverstoke
vineyard, Waite campus.

i SWC
20 cm 40 cm
10° 29.0 24.0
60 23.5 19.5
100 22.0 18.5
200 20.3 17.0
1500° 16.0 13.5

a Field capacity; © wilting point
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1994/95
Time periods Control (mm) Treated (mm)
Irrigation
Prior to PRD 15/9/94 - 5/11/94 31 31
PRD period 26/11/94 -14/2/95 76 38
Total for start of PRD to harvest 26/11/94 - 6/3/95 94 56
Total for budburst to harvest 3/9/94 - 6/3/95 125 87
Rainfall
Prior to PRD 3/9/94 - 25/11/94 120 120
PRD period 26/11/94 - 14/2/95 47 47
Total for start of PRD to harvest 26/11/94 - 6/3/95 65 65
Total for budburst to harvest 3/9/94 - 6/3/95 185 185
Evaporation
Prior to PRD 3/9/94 - 25/11/94 337 337
PRD period 26/11/94 - 14/2/95 564 564
Total for start of PRD to harvest 26/11/94 - 6/3/95 695 695
Total for budburst to harvest 3/9/94 - 6/3/95 1032 1032
Crop factor
Prior to PRD 3/9/94 - 25/11/94 0.45 0.45
PRD period 26/11/94 - 14/2/95 022 0.15
Average for start of PRD to harvest 26/11/94 - 6/3/95 0.23 0.17
Average for budburst to harvest 3/9/94 - 6/3/95 0.30 0.26
1995/96
Time periods Control (mm) Treated (mm)
Irrigation
Prior to PRD 1/9/95 - 15/10/95 5 5
PRD period 16/10/95 - 27/2/96 129 65
Total for start of PRD to harvest 16/10/95 - 27/2/96 129 65
Total for budburst to harvest 1/9/96 - 27/2/96 134 70
Rainfall
Prior to PRD 1/9/95 - 15/10/95 63 63
PRD period - 16/10/95 - 27/2/96 82 82
Total for start of PRD to harvest 16/10/95 - 27/2/96 82 82
Total for budburst to harvest 1/9/96 - 27/2/96 145 145
Evaporation
Prior to PRD 1/9/95 - 15/10/95 135 135
PRD period 16/10/95 - 27/2/96 812 812
Total for start of PRD to harvest 16/10/95 - 27/2/96 812 812
Total for budburst to harvest 1/9/96 - 27/2/96 947 947
Crop factor
Prior to PRD 1/9/95 - 15/10/95 0.50 0.50
PRD period 16/10/95 - 27/2/96 0.26 0.18
Average for start of PRD to harvest 16/10/95 - 27/2/96 0.26 0.18
Average for budburst to harvest 1/9/96 - 27/2/96 0.29 0.23
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