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Summary

Shiraz (synonym Syrah) berry volumeincr easesin two
phasesand thismay befollowed by shrinkageduringthe
later stagesof ripening. Irrigation regime, nitr ogen appli-
cation rateand rootstock weretested for their effectson
theonset of volumelossand extent of volumeloss. M axi-
mum berry volumecorreated well with volumeof berries
at 35d after flowering, theend of the cell division phase.
Post-maximum berry shrinkagewasnot assever eof vines
grown with split-root irrigation ascompar ed with standard
irrigation. However, theseberriesweresmaller at harvest
duetolesspre-veraison expansion. Berriesgrown on vines
with standard irrigation had greater post-maximum vol-
umelossthan those berriesgrown in adeficit irrigation
treatment. Despitethis, maximum berry volumecorredated
well with final volumein all treatments. N application rate
had an effect on theonset of post-ver aison expansion but not
on theamplitude of maximum berry volumeor final berry
volume. Deficit irrigation delayed theonset of volumeloss
by 11.d. Rootstock also had an effect on theonset of volume
loss with berries from vines grafted on the rootstock
101-14 Mgt losing volume 7 d earlier than berriesfrom
vinesgrafted on Ramsey. Theseresultssuggest that onset
and degreeof volumelossin Shirazissensitiveto external
influences.

Key words: ripening, grape berry, berry weight, berry
shrinkage, deficit irrigation, nitrogen, rootstock.

Abbreviations: DI=deficit irrigation, SRI=split root
irrigation, STD=standard irrigation.

Introduction

MitisviniferaL. cv. Shiraz (synonym Syrah) berriescan
lose volume during later stages of ripening and if thisis
severe enough they can show symptoms of shrivelling. The
timing of the volume loss and the degree of volume loss
have large implications for not only yield but final berry
composition. An increase in sugar concentration may be a
consequence of thiswater loss, however, anthocyanins and
acidity may diminish during thelate part of ripening (Somers
1976). Basicinformation isrequired asto whether the onset
of weight lossin Shiraz can be altered or the degree of weight

loss can be manipulated. Thisinformation can later be used
for field trials through the manipulation of standard vine-
yard practises.

Water stress can impact on grape berry development.
Deficit irrigation can reduce final berry size in cv. Shiraz
(McCartHy 1997) but itisuncertainif it affectsthe degree of
weight loss during the later phase of ripening. Weight loss
likely results in grape berries when water inflow into the
berry cannot keep pace with evaporative water loss. It is
possible that this could be ameliorated by reducing the ex-
tent of post-veraison xylem disruption inside the berry
(Rociers et al. 2000, 2001). Whilewater deficit clearly inter-
fereswith both cell division and cell enlargement in grapes
(WiLLiams et al. 1994), resulting in smaller maximum berry
volumes, continued xylem connection to the post-veraison
berry could enhance water uptake by the berry and there-
fore reduce volume loss. Indeed, mild soil water deficit ap-
plied to tomato during the early stages of fruit development
resulted in increased xylem connection into the ripening
fruits, whereas partial rootzone drying (PRD) imposed dur-
ing the same period had the opposite effect (Davies et al.
2000). Therefore, one objective of the present study wasto
vary water levelsduring flowering and early berry develop-
ment to seeif it changed the extent of volumelossin ripen-
ing Shiraz berries.

In additionto soil water status, nitrogen availability can
also have an effect on berry size, as can rootstock, along
with an influence on yield and composition (KeLLER €t al.
2001). Ramsey, for instance, isavigorousrootstock produc-
ing highyields (Cirami et al. 1984; Hepser et al. 1986) and
conferring drought tolerance (McCaRrTHY et al. 1997).
101-14 Mgt isalow-moderate vigour rootstock, while Shiraz
on itsown roots resultsin amedium to high vigour canopy
(Dry and Grecory 1991). Both nitrogen and rootstocks may
affect berry volume either through their influence on veg-
etative vigour or through an effect on fruit set and thus
berry numbers.

The objective of thiswork was to gain information on
factors that impact on the onset of volume loss and/or the
degree of volume loss in Shiraz berries. We examined the
impact of deficit irrigation, N application and rootstock on
berry volume during development. A pot system was used
to test the effects of these treatments becavuse non-destruc-
tive, precise and accurate measurements of berry volume
changesinthefield are extremely difficult. Itisalso easier to
carry out experimentson berry volumein acontrolled situa-
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tion where effects of rain and soil differences can be mini-
mised. However, before any results from such studies can
be integrated into a practical vineyard situation, rigorous
testing of specific treatment effects in specific field situa-
tionswill berequired.

Material and M ethods

The vines used in this study formed part of two larger
studies examining the effects of nitrogen, irrigation and root-
stock on vine physiology. The opportunity was taken to
learn more about Shiraz berry shrivel by making additional
measurements on berry volume during the season.

Nitrogen and irrigation: Potted Shiraz (clone
PT23) vineswere utilised in this study. These vineswereon
their own roots, their second season of growth, first season
of fruit and growninamedium of river sand: loam: peat moss
at 2:2:1. Thevines had two shootsthat weretrained upright
with one bunch per plant and were placed in a bird proof
enclosure. The potswere 11| in size and those used for the
SRI treatment had a partition down the middle. The vines
were exposed to three N application treatments and three
irrigation treatmentsin afactorial design. After aninitial base
application of 0.5g N prior to bloom (14 November), atotal
of 0g, 1.5gor3.0gof N wasapplied asNH,NO, at 8 inter-
valsfrom bloomtoveraison. Vineswereeither daily irrigated
(STD), deficitirrigated (DI), or exposed to daily irrigation of
half the root zone. In this split-root irrigation (SRI) treat-
ment, irrigation was alternated weekly between the two
halves of the split rootsfrom bloom to harvest. The DI treat-
ment was started at bloom (18 November), where at thefirst
sign of |eaf wilting water was applied to field capacity. This
treatment was terminated at the beginning of veraison
(9 January) and followed with STD irrigation until harvest.
The SRI treatment was initiated at bloom and terminated at
harvest. One berry from one bunch was chosen at random
from 5 vines per treatment for height and width measure-
ments twice weekly using hand callipers, to calculate berry
volume. Shoot length was measured at harvest, and yield
components were determined by weighing the bunches and
counting the number of berries per bunch. In this study,
50 % bloom occurred at 18 November, 2000 and 50 % veraison
occurred 61 d subsequent to this (18 January, 2001). Volume
was last measured at 102 d after flowering (DAF, 28 Febru-
ary) and berrieswere harvested at 118 DAF (16 March).

Rootstock and irrigation: Threeyear-old
potted Shiraz vines (clone PT23) grafted to own roots,
Ramsey or 101-14 Mgt, were used for thiscomponent of the
study. The vines were trained to three upright shootsin a
bird proof enclosure, and where possible selected for two
bunches per shoot. The 26 | PV C potswerefertilised monthly
with acompleteliquid fertiliser (MEGAMIX PLUS®, Rutec,
Tamworth, Australia), providing approximately 4 g nitrogen
during the season plus other nutrients. The vines were ex-
posed to two irrigation treatments: daily irrigation (STD)
and deficitirrigation (DI), wherefrom fruit set on, watering
tofield capacity occurred at the point of leaf wilting. Inthis
study, 50 % bloom occurred at 12 November, 2000 and 50 %
veraison occurred 57 d subsequent to this (8 January, 2001).

The first drying cycle of the DI treatment commenced on
12 December, and continued on an average of 7 d cyclesfor
the remainder of the season. However, if leaf wilting oc-
curred prior tothe 7 d interval the vines were watered. Leaf
photosynthesis and stomatal conductance were measured
with a portable LCA-4 system (Analytical Development
Company, Hoddesdon, England) as a non-destructive indi-
cator of plant water status. M easurements were taken mid-
way through the drying cycle of thelast fully expanded | eaf
at mid-morning. Across the three rootstocks, photosynthe-
sisaveraged at 9.83 pmol CO, m? sin the STD treatment
and 4.12 ymol CO, m2slintheDI treatment. Stomatal con-
ductance (g.) averaged at 231 in the STD treatment and
56 mmol H,O m2sintheDI treatment. To assessrootstock
and irrigation effect on berry growth, one berry from each of
two buncheswas chosen at random from 4 vinesfor succes-
sive height and width measurements. M easurements were
made at |east twice weekly in the early morning from 33 to
95 DAF at which point the buncheswere harvested (15 Feb-
ruary).

Statistical analysis: TheGenstat® software
package (IACR, Rothamsted, UK) was used for statistical
data analysis. Results were tested using factorial analysis
of variance (ANOVA) and F test. Duncan’s multiple range
test was used for post-hoc comparisons of means where
appropriate. In the Figs presented an LSD bar was placed
only above those data points for a particular day where
there was a significant treatment effect. No LSD bar indi-
cates no significant effect of the treatment on that day. Se-
lected parameters also were subjected to product-moment
(linear) correlation analysis.

Results

Nitrogen and irrigation: Berry volume
increased in two growth phases, reached a maximum and
subsequently declined. Irrigation strategy had an effect on
pre-veraison and maximum berry size on own-rooted vines
(Fig. 1 A). At the onset of berry volume measurements
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Fig. 1: Changesin berry volume of Shiraz on their own roots during
the post fruit set to harvest period. Bars represent least significant
differences (p < 0.05) between meansof irrigation treatment (A) or
N fertiliser application rate (B); n = 15; absence of bars indicates
no significant differences.
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(34 DAF), berriesfrom the SRI and the DI treatments were
0.1 cm?3 (17 %) smaller than berriesfrom the STD treatment.
Maximum volume occurred 79to 88 DAF inall threeirriga-
tion treatments, and berriesfrom the SRI treatment wereagain
smaller (by 0.17 cm? equivalent to 12 %) than the berries
from the STD treatment. Maximum volume was positively
correlated with volume at 34 DAF (Fig. 2A). The extent of
post-verai son expansion was not, however, affected by irri-
gation treatment (Tab. 1). Post maximum volume loss was
1.6-fold greater for berries of vines grown in the STD as
compared to the SRI or DI treatments (Tab. 1). The counter
effects of less expansion between fruit set and 30 DAF and
less post maximum volume shrinkage resulted in anon-sig-
nificant difference in final berry volume, at 102 DAF
(Fig. 1 A). Final berry volumewasalso positively correl ated
with maximum volume (Fig. 2 B), althoughon alessthan 1:1
relationship, which showsthat larger berrieslost more vol-
umethan smaller berries.

Maximum volume (cm3)

08 T T T T
0.2 0.4 06 0.8

Volume at 34 DAF(cm?)

Final volume (cm3)

T T T T T

T
10 12 14 16 18 20 22

Maximum volume (cm3)

Fig. 2. Linear correlation of maximum volume with volume at
34 DAF (p<0.0001) (A), and final volume with maximum volume
(p <0.001) (B) of berries from Shiraz vines on their own roots
treated with SRI, DI, or STD irrigation regimes. The 1:1 line was
added to show the relationship that would occur if al berries lost
volume equally, regardless of their size.

Shoot length at harvest was not affected by irrigation
(Tab. 1), however yield (g per vine) wasless of vinesgrown
in the SRI treatment as compared to the STD treatment
(Tab. 2). This can be explained through berry number be-
cause there were 35 % less berriesin the SRI treated vines
than the STD treated vines. Yield and berry number of DI
treated vines were in-between these two extremes. Soluble
solids was highest of berries grown in the STD treatment
(27.8°Brix) andlowest inthe SRI treatment (25.8 °Brix).

N application rate did not affect pre-veraison volume
(Fig. 1 B), amplitude of post-veraison expansion (Tab. 1) or
post-maximum berry volumeloss (Fig. 1 B and Tab. 1), how-
ever, there was an effect on the onset and rate of post-
veraison expansion (Fig. 1 B). Berry expansion began earlier

Tablel

Effects of irrigation and N application rate on amplitude of post-
veraison expansion, amplitude of post-maximum volumelossand
total shoot length at harvest of pot-grown Shiraz grapes. Main
effects are shown (ns = not significant); values followed by the
same letter do not differ significantly. There were no significant

interactions
Treatment Post-veraison Post-maximum  Shoot length
expansion volumeloss a harvest
(cmd) (cmd) (cm)
Irrigation ns P<0.05 ns
SRI 052 0.18b 276
DI 055 0.18b 288
STD 063 0.28a 313
N rate ns ns P<0.001
Og 062 021 195b
15¢g 049 025 360a
3.0g 0.60 017 322a
Table 2

Effect of irrigation on yield and soluble solids of ungrafted Shiraz

grapes (ns= not significant); valuesfollowed by the sameletter do

not differ significantly. There was no significant effect of N on
these parameters

Treatment Yied Number of berries  Solublesolids
(g/vine) per bunch °Brix
Irrigation P<0.05 P<0.01 P<0.05
SRI 41b 55¢ 25.8b
DI 48ab 73b 26.9ab
STD 58a 86a 27.8a

(at 58 DAF ascompared to 65 DAF) andwas 1.77-fold faster
in the early post-veraison period of the treatment receiving
no additional N ascompared to the other N treatments. Nei-
ther N nor irrigation, however, had asignificant effect onthe
timing of thevolume maximum (Fig. 1). Shoot length at har-
vest (including lateral growth) was affected by N with vines
given 0 g of N having 40 to 50 % less shoot growth than
vines receiving the other two N treatments (Tab. 1). N did
not have an effect onyield, berry number or soluble solids.

Rootstock and irrigation: Irrigationaso
affected berry volume on grafted vines. Vineswatered daily
had alarger maximum volume as compared to vinesunder a
deficitirrigation regime (1.74vs1.56 cmd, Fig. 3). Thisdiffer-
ence in volume was no longer apparent beyond 85 DAF.
Those berries which were larger at the onset of measure-
ments (33 DAF) tended to belarger at the volume maximum
(Fig. 4A). There was also asignificant irrigation effect on
thetiming of the volume maximum (Tab. 3). The maximum
occurred 11 dlater inthe DI than the STD treatment. Inthis
study water stress was not applied until after fruit-set and
therewas no effect of irrigation onyield per vine or number
of berries per bunch.
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Fig. 3: Changesin berry volume of Shiraz during the post fruit set
to harvest period. Bars represent least significant differences
(p <0.05) between means of irrigation treatment; data of the three
rootstocks were pooled (n = 24); absence of bars indicates no
significant differences.

There was no significant effect of rootstock on maxi-
mum berry volume or final volume, however, there was a
significant effect on the timing of the volume maximum
(Tab. 3). 101-14 Mgt advanced and Ramsey delayed the vol -
ume maximum compared with self-grafted Shiraz.

There was a significant effect of rootstock on the de-
gree of post-veraison expansion (Tab. 3). Berrieson Shiraz
grafted to Ramsey had the least expansion (0.63 cm®), while
those on salf-grafted Shiraz had the greatest (0.76 cmd). There
was no effect of rootstock on post-maximum volume loss
but, as in ungrafted vines, irrigation treatment did have a
significant effect (Tab. 3). Post-maximum volumelossinthe
STD treatment was double that of the DI treatment (0.31vs
0.16 cm?). Therewas no rel ationship between post-veraison
expansion and the degree of volumeloss, or maximum vol-
ume and the degree of volume loss. However, as in the
ungrafted vines, final volumewasclosely correl ated to maxi-
mumvolume(Fig. 4B).

Rootstock impacted onyield per vine and berry number
per bunch. Vines grafted onto Ramsey had 25 % more ber-
ries compared with either 101-14 Mgt or Shiraz, yet there
were no correlations between yield and post-veraison ex-
pansion, maximum volume, post-maximum volumeloss, or
final volume. Shoot length at harvest did not differ between
treatments and averaged at 1.94 m. There were no signifi-
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Fig. 4: Linear correlation of maximum volume with volume at
33 DAF (p<0.0001) (A), and final volumewith maximum volume
(p <0.001) (B) of berriesfrom grafted Shiraz vinesgrown in STD
or DI. The 1:1 line was added to show the relationship that would
occur if al berrieslost volume equally, regardiess of their size.

cant correl ations between maximum volume, final volume, or
daysto volume maximum with shoot growth from flowering
to veraison, shoot growth from veraison to harvest or aver-
age shoot length at harvest (data not shown). As in the
ungrafted vines, °Brix valueswere higher inthe STD treated
vinesthan the DI treated vines (23.0 vs 19.0). Self-grafted
vines had 22.4 °Brix at harvest and this was significantly
higher than the other two rootstocks.

Discussion

Deficit and split-root irrigation reduced berry volume
throughout development of both own-rooted and grafted
Shiraz vines (Figs 1-4). That these differences were appar-
ent very early in development (by 35 DAF) indicates that

Table 3

Effect of irrigation and rootstock on post-veraison expansion, post-maximum volume loss of Shiraz grapes. Main effects are shown
(ns= not significant); values followed by the same letter do not differ significantly. There were no significant interactions

Treatment Daysto volume  Post-veraison Post-maximum
maximum expansion (cm?) volumeloss (cmd)
Irrigation P<0.01 ns P<0.05
DI &b 0.68 016
STD 4 0.70 031
Rootstock P<0.01 P<0.05 ns
Ramsey 83a 0.63c 019
101-14 Mgt 80b 0.70b 032
Shiraz 76¢C 0.76a 019
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cell divisionwasinhibited. Theincreasein volume of grape
berries after bloom can be attributed to an increase in cell
number (2-fold) and to anincreasein cell volume (300-fold)
(Coomee 1976). Cell division in the mesocarp isthought to
cease 20-30 DAF (Harris et al. 1968) and in the skin
35-40 DAF (Nakacawa and Nando 1966). Thusthefirst vol-
ume measurementsin thisstudy weretaken at approximately
the end of the cell division phase. The effect of water stress
on cell division after flowering has also been proposed by
Harpie and ConsipiNe (1976). In the present study, there
was a significant correlation between volume of berries at
30-35 DAF and themaximumvolume (Figs2A, 4A). There-
forethe cell division phase of berry growth hasasignificant
impact on the potential maximum size of berries. Berriesfrom
the SRI and the DI treatments may have had asmaller maxi-
mum volume than berries from the STD treatment because
there were fewer pericarp cellsto expand initially and there
was less expansion of those cells that were present. The
effectsof irrigation on maximum berry volume seen hereare
comparableto those of alargeirrigation study of field vines
where differencesin maximum berry weight were attributed
to a combination of irrigation treatments and seasonal con-
ditions(McCarrHy 1997, 1999).

Deficitirrigation did not delay the volume maximum of
berries on own-rooted Shiraz (Fig. 1), but resultedinan 11-d
delay in grafted vines (Fig. 3). The absence of an effect of
water deficit on the onset of weight lossin own-rooted vines
is consistent with results of the field trial cited above
(McCarTHY 1997), where the timing of the volume lossin
Shiraz berrieswasat 90 DAF, regardlessof irrigation regime.
Thispotential difference between grafted (even self-grafted)
and ungrafted vines deserves further investigation. The fi-
nal volume of berriesfrom deficit-irrigated vinesin this study
was not different from the STD treatment and this may be
attributed to agreater degree of post-maximum volumeloss
for berriesfromthe STD treatment (Tabs 1, 2). The pericarp
cellsof the STD berries may have had more water available
for loss. Moreover, berries with alarger surface area could
be more prone to evaporative water loss than smaller ber-
ries. A study on the rates of cell division and expansion
during DI would provide useful insightsinto the dynamics
of berry growth. It is also possible that berries that grow
more slowly are ableto maintain anincreased hydraulic con-
nection to the vine due to reduced xylem disruption. This
would allow them to alleviate evaporative water lossin the
very latest stages of ripening through continued xylem im-
port.

DI consistently reduced maximum berry volumeand the
extent of volume loss. This supports the finding by Davies
et al. (2000) that soil drying during flowering and early fruit
development enhanced the hydraulic (xylem) connection
between tomato fruit and the rest of the plant. In addition,
irrigation can also have an indirect effect on berry volume
through itseffect on berry number. Water stressduring flow-
ering and fruit set can result in lower berry numbersthrough
fruit abscission and this may lead to larger berries since
competition for photosynthate supply and water isreduced.
Inthisstudy therewere 15-35 % fewer berrieson vinesgrown
inthe SRI or DI treatments and they were smaller, not larger

than berries of vines grown in STD irrigation. The larger
berry sizeinthe STD treatment wasthus not dueto asmaller
berry number per vine.

Shoot growth can also have animpact on berry volume.
Extensive shoot growth can divert the water and
photosynthate supply away from berry growth and ripen-
ing. In this study, there were no negative correlations be-
tween maximum berry volume and shoot growth between
fruit set and veraison or shoot growth between veraison
and harvest. Thisis likely because overall yield compared
with leaf area (i.e. the crop load) was very low. The differ-
ences in maximum berry size between the irrigation treat-
ments were therefore not due to competition with shoot
growth.

Vinesgrowninthe 111 pots(nitrogen X irrigation study)
had berrieswhich were on average smaller than those of the
26| pots (rootstock x irrigation study). Even though the soil
of the vines grown in the 11 | pots was irrigated to field
capacity daily, the overall volume of water may not have
been sufficient to alow for optimal berry growth. If these
vines did indeed experience awater stress, however, it was
not severe since there were no signs of leaf wilting in the
STD or SRI treatmentsat any time.

Theeffect of SRI on minimising berry sizeiscomparable
to studies on tomato fruit. A SRI treatment enhanced the
extent of hydraulic isolation of the fruit and there was a
reduction inthe size and thefresh weight of thefruit (Davies
et al. 2000). However, our data are currently insufficient to
support or otherwisethis conclusion. The authors suggested
that reduced fruit size may betheresult of growth-retarding,
root-borne signals emanating from those roots in contact
with the drying soils. The effect on fruit size relative to the
vegetative parts of the plant was reduced, however, and this
may be because xylem-borne signals may not be able to
penetrate the fruit as effectively late in development asthe
phloem-derived water supply dominates. Recent studieson
phloem and xylem continuity into Shiraz berries during and
after the volume maximum also indicated that phloeminflow
relativeto xyleminflow increased (Rociers et al. 2000). Since
the variability in post-veraison expansion only contributed
34% (r=0.58, P< 0.001) to thevariability in maximum berry
size, root signals prior to veraison could have accounted for
most of the differencein berry size.

In this study, N had an effect on rate of post-veraison
berry expansion but not on maximum berry volume (Fig. 1,
Tab. 1). The accelerated rate of post-veraison expansion with
0 g of N could be the result of less vigorous vegetative
growth in this treatment (Tab. 1) leaving more water and
photosynthates available for berry growth. A decrease in
vegetative growth may also increase relative sink strength
of the fruit (Dry et al. 1996; Davies et al. 2000). Low N at
bloom usually reduces fruit set, particularly in combination
with water stress (KeLLER et al. 1998). In this study, how-
ever, therewas no effect of N on number of berries per vine
(data not shown), likely because these vines had a very
light crop load. Therefore, the N effect on the rate of post-
Verai son expansi on was hot aconsequence of berry number.

Not only irrigation, but rootstock also had an influence
on thetiming of the volume maximum, with the earliest maxi-
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mum occurring for berries grown on 101-14 Mgt (Tab. 2).
Thetimeof 50 % flowering varied over 5 d within thisstudy,
with no influence of rootstock or irrigation on its timing.
Therefore, time of anthesis did not contribute to the varia-
tion in the timing of the volume maximum. A smaller berry
number may lead to more photosynthates and water avail-
ablefor theremaining berries, however there was not acon-
sistently lower berry number for 101-14 Mgt compared to
the other rootstocks. 101-14 Mgt is considered to be of low
vigour compared to Shiraz and Ramsey. In this study, how-
ever, not shoot length at veraison nor final shoot length
weresmaller for vinesonthisrootstock ascompared to Shiraz
on own roots or Ramsey. If smaller canopies had been pro-
duced by 101-14 Mgt this could have led to less competi-
tion for water between berries and shoots and thus advanc-
ing the volume maximum. However, thelack of any signifi-
cant correlations between maximum berry volume, final vol-
ume, or days to volume maximum and shoot growth from
flowering to veraison, shoot growth from veraison to har-
vest or average shoot length at harvest indicate that there
was little effect of vegetative growth on berry volume.

It should be noted that comparisons of berry volumes
were made at aparticular berry age, as opposed to aparticu-
lar soluble solids concentration, because berry volume it-
self has an effect on the °Brix levels (i.e. higher Brix was
probably aconsequence of volumelossrather than acause).
The present data do indicate that while there was an effect
of irrigation on maximum berry volume there was no effect
on fina berry volume. Therefore, larger berries lost more
volumethan smaller berries.
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