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Research reports and experimental efforts during the last century are presented with the goal to encourage
discussion of balancing grapevine fruit yield and vine growth and leaf area. Fruit and subsequent processed
quality are equally relevant economic issues as we strive to create conditions for both sustainable grapevine
productivity and vine capacity for tolerating abiotic and biotic stress episodes. It is proposed that methods to
achieve vine balance will vary with regard to macroclimate and cultivar, but will be most critical for those
macroclimates commonly called cool-climate regions. Regardless, vine balance is most readily understood
when based on the principles of vine carbon balance as mediated through well-understood factors such as
cm? leaf area/gram fresh weight of fruit at harvest and allmetric practices as the Ravaz Index and the Growth-

Yield Relationship.
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The challenge of commercial grapevine culture and produc-
tionistheability to consistently produce aquantity of ripe grapes
sufficient to cover all costs of production and return a profit to
the producer. There are numerous models on which this may be
achieved. Variables such as value of the cultivar, viticultura
management, perceived quality of the crop, production costs,
and production consistency all come together to determine
whether the production is sustainable.

In recent years“ sustainable” has been co-opted asabuzzword
for various methods of culture, including “integrated,” “bio-dy-
namic,” and/or “organic.” For purposes herethetermisusedin
its earlier, simpler form; sustainable production has both
viticultural and economic dimensions. In this sense we say that
sustainable production isacollective methodol ogy that produces
highest yields of ripe fruit per unit land area with no reduction
in vine vegetative growth and does so over a period of years at
costs which return a net profit.
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Recently, Gladstones[10] used similar wordsto describe the
term “balance.” Balance was achieved “when vegetative vigor
and fruiting load are in equilibrium, and consistent with high
fruit quality.” The terms “sustainable” and “balance” are con-
cepts consonant with the material to follow.

A few premises are worth noting. Viticulture in cool-climate
portions of viticultural production requires accommodation of
those climatic factors near the limits of commercial grape pro-
duction. These environmental limits are the basis for the follow-
ing premises: (1) for any genotype-environment interaction there
isan optimum method of culture to achieve highest yields of ripe
grapesof acceptable quality over years; (2) good viticultural prac-
tices must result from the application of sound principles of vine
growth and development; (3) sustainable levels of highest fruit
quality at maximum yield can occur only through the achieve-
ment of vine balance through the application of the leaf area:fruit
weight ratio or the Growth-Yield Relationship.

Minimal Pruning and the Growth-Yield
Relationship

The introduction of minimal pruning (MP) by Clingeleffer
and associatesin Australia[3-5,57,58] has proven to be amajor
breakthrough for winegrape culture in that region. It has been
shown to be superior to traditional spur-pruned and cane-pruned
approachesin both sustainable yield and fruit and wine quality.

On the surface, the datawould seem to challenge the validity
of premise 3. Clearly MP works well for winegrapes in
Sunraysia, Australia, and the vine physiology on which the
method is posited seems to suggest that once vines equilibrate,
the approach should be broadly applicable even in cool-climate
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regions. Thefollowing material is presented with two goals: (1)
to share the basis of our concern about applicability of M P tech-
nology in cool, short-season viticultural macroclimates; and (2)
to encourage a carbon-budget approach toward finding solutions
to problems involving an array of abiotic and biotic stresses as
well as vineyard practices.

Vine Balance

Although the discussion of vine balance has expanded in re-
cent years, it isnot new. Ravaz [47] isthe earliest source of rel-
evant information, and the Ravaz Index suggests that the ratio
of fruit to wood is the key to achieving both fruit quality and
consistent production. He also showed a general relationship
between leaf production and fruit production. As he assessed
the close relationships between leaf and wood production, he
chose the latter for his Ravaz Index, as he sought a means for
viticulturists to put the relationship into practice. He chose this
allometric approach because he wanted growersto useit.

Inthe early 1920s, Partridge [37-42] put forward avery simi-
lar concept. He reasoned that avine produced two formsof yield
each growing season: reproductive yield and vegetative yield.
Balance was achieved when yield of ripe fruit was maximized
with no detrimental impact on vegetative growth. If the contri-
bution by Partridge had stopped there, hewould be of only pass-
ing note; it was merely amaodification of Ravaz' s concepts. His
genius was to take the next step. He proposed to use the weight
of cane prunings produced in year 1 asan indicator of the upper
limit of avine's capacity to produce and ripen a crop in year 2.
While numerous factors can reduce yield in a given year, this
upper limit was amajor improvement in achieving vine balance.
This was a mgjor step. Balance as defined by the Ravaz Index
was a postharvest evaluation. It could tell the viticulturist how
nearly actual balance had been approached, but only after thefact.
Partridge called his approach the Growth-Yield Relationship.

| compare the contribution of Partridge and the subsequent
practical refinements by Shaulis [22,48-52,59] to that of Dar-
win with relation to organic evolution. Gould [11] argues con-
vincingly that the idea of evolution had been around for centu-
ries prior to Darwin’stime. The genius of Darwin was his defi-
nition of ameans by which it could be achieved—natural selec-
tion. Partridge and Shaulis, analogous to Darwin, produced a
practical methodology by which the process could be both ex-
plained and put to practical use[37-39,42,48,52] to achieve bal-
ance and sustained production.

The application of vine balance concepts is complicated by
several considerations: (1) grapevines are perennial plants and
for that reason the positive or negative impact of a season’ svine-
yard management can be measured for one or more years after-
ward [20]; (2) in cool-climate viticultural regionsthere are strong
annual fluctuations in weather conditions during the growing
season [16]; and (3) under conditions of high bud number rela-
tive to vine capacity, the weight of mature canes relative to leaf
area declines [32,33)]; there is more leaf area per unit weight of
canes. In any event, a prescription approach to vineyard manage-
ment under such conditionsis unacceptable asit limits both yield
and quality in good vintages and will yield unripe fruit and re-

duced vine growth, measured asvine size (Kg cane prunings/meter
of row), or as actual area of exposed foliage, in poor vintages.

Leaf Area and Crop Balance

As noted by Ravaz, Partridge, Shaulis, and subsequent re-
searchers [14,17,18,43,44], balance may also be considered as
the amount of leaf area required to ripen a unit of crop weight.
Thisis commonly expressed as cm? leaf area/gm fresh weight
of fruit. The literature reports a range of 7 to 14 cm?/gm to
achieve ripening. The proposal of a2 X range of differenceim-
mediately attracts our attention. What makes it possible for a
cultivar to achieve vine balance at 7 cm? in one cultural situa-
tion and require 14 cm? in another will be addressed in this dis-
cussion.

Crop Balance and Growing Season Length

Grapevines cultured in aregion alowing asignificant period
of time postharvest with vines retaining functional, exposed | eaf
areawill requirelessleaf areato ripen the crop. Thispostharvest
period allows vine crop levels that likely not only use the cur-
rent season’ s photosynthetically produced carbohydrates but also
mobilize carbohydrates stored in vegetative tissues [23,26,55].
A long foliated period after harvest could alow the reaccu-
mulation of carbohydrates in storage tissues that will be neces-
sary for the final stages of bud and inflorescence differentiation
and support the spring growth flush in year 2 [50]. Thus, along
foliated period postharvest could potentially ripen alarger crop
per unit leaf area.

Crop Balance and Light Intensity

Another likely factor related to crop balance is light inten-
sity over the growing season [25]. Grapevine culture in
Cdlifornia s Central Valley or the Sunraysia district of Austra-
liaisgreatly facilitated by high light intensity. Few daysin these
viticultural regions do not exceed the 800 to 1000 p E m? s?,
whichissaturation for leaf photosynthesis[25,53,54], and many
days the level is nearer 2000 p E m? s*. By contrast, cool-cli-
mate regions may be limited by growing season length, light
intensity, or both. Smart [53] has reported that about 8 to 10%
of photosynthetically active radiation (PAR) striking a canopy
passesthrough theleaf, and that isakey component of his canopy
management philosophy regarding leaf layer number. When the
light intensity is at or above 2,000 p E m? s?, the second leaf
layer can receive 200+ 1 E m2 s, well above the leaf compen-
sation point. When ambient PAR is at 800 4 E m? s, the re-
sulting 80 L E m2 s PARisat or below the compensation point
(Howell and Trought, 1997, unpublished data). Further evidence
suggests that such shade leaves lack the capacity to achieve the
rates of photosynthesis of “ sun leaves,” even when placed infull
sun [21]. Consistently high light intensities improve photosyn-
thesis of interior, shaded leaves and can reduce the leaf area
necessary to ripen the crop.

Limitationsin Cool-Climate Viticulture

The culture of grapevines near the cool-climate limits of
commercia production often lacks one or both of the above-
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Table 1 Growing season length and heat accumulation in different viticultural regions.
After Gladstones [10], Van Den Brink et al. [60], Shaulis et al. [50], and Mills

[personal communication, 2001].

Table 2 provides a synopsis of that data [19].
Thedataresulted from afactorial experiment with
different cropping levels (thinned to one cl/shoot

Viticultural region Growing season length

Growing degree days (10°C)

or not thinned ), two balanced pruning formulae
(60+10, 30+10), and defoliation at veraison (yes

Mildura, Australia >230 1700-1800
Fresno, California >230 1700-1800
Coonawara, Australia 200-210 1300-1400
Napa, California 200-210 1330-1400
Bordeaux (Medoc) >210 1400
Central Washington 190 1350
Long Island, New York >200 1275
Marlboro, New Zealand 190-200 1110
Hobart, Tasmania >210 1100
Geisenheim, Germany >200 1105
Burgundy (Dijon) 180 1190
Champagne (Reims) 180-190 1082
Geneva, New York 170-175 1150
Benton Harbor, Michigan 170 1250
Traverse City, Michigan 170 1050

or no) over 3 years.

Under Michigan conditions the impact of ex-
cess crop and inadequate leaf arearesulted in re-
duced vine size (weight of dormant cane
prunings). Vine yield was reduced by inadequate
leaf area, and the grapes produced were unripe and
of no economic value. Bud hardiness (Table 2)
and cane hardiness (data not shown) were also
reduced when vines were subjected to stresses
imposed by the various treatment combinations.

In asecond experiment (Table 3) we employed
defoliation at veraison in adifferent manner [26].
To Hudson River Umbrella (a bilateral cordon at
1.8 m above ground) trained vines, we created
foliated (F) and defoliated (D) controlswith three

mentioned advantages [10]. Consider the growing season char-
acteristics of arange of viticultural regions (Table 1). Thelong,
warm growing seasons of Milduraand Fresno (>230 days; 1750
growing degree days;, base 10°C [GDD]) declinein Coonawara,
Napa, and Bordeaux (~200 to 210 days; ~1300 to 1400 GDD),
which have similar season length as Marlboro, Hobart, and
Geisenheim (200 to 210 days), but have a reduction in season
warmth (~1100 to 1110 GDD). The remaining cool regionsin-
clude Dijon, Champagne, Geneva, New Y ork, Benton Harbor,
and Traverse City, Michigan (170 days; ~1050 to 1125 GDD).

Further, light intensities in the Great Lakes Region are well
below the Fresno or Mildura examples, and leaf loss as a result
of the first autumnal freeze very nearly coincides
with harvest date. All of these factors suggest a

methods of achieving 50% defoliation per vine:
(1) removal of the leaf at alternate node positions
on the shoot yielding node F and node D treatments; (2) removal
of al leaves on alternate shoots yielding shoot F and shoot D
treatments; and (3) removal of all leaves on one-haf of the bi-
lateral cordon in the 2.4 meter within row spacing, creating cor-
don F and cordon D treatments. The 1.8 m trunk length, the em-
ployment of two trunks, and the 1.2 m cordon joining each trunk
result in 6.1 m of above-ground perennial structure.

These dataareinteresting on several levels, but the key point
of focus for this discussion is the dynamics of sugar accumula
tion in the fruit postveraison. Removal of 50% of vine leaves
was insignificant as node D, measurable as shoot D, and very
detrimental as cordon D (Table 3). Of interest was the ability of

viticultural condition requiring greater |leaf area/
unit crop weight so that important physiological
functions—bud initiation and differentiation [50],

Table 2

Influence of crop load produced by different pruning severities (30+10 or
60+10), thinning to one cluster per shoot (T), or not thinned (NT), and foliated (F) or
100% defoliation (D) at veraison on Concord grapevines. After Howell et al. [19].

crop ripening [50], carbohydrate storage [23],

Primary bud hardiness °C

wood and bud maturation, and acclimation to Treatment  Vine size (Kg) Yield (Kg) % SS —
freezing temperature and maintenance of vine Fall Spring
cold hardiness [12]—can be accomplished with E'ggi 1-22 18620 ig-g -138 ‘?
the available exposed eaf area. F-30-NT 152 12.2 16.1 190 -7
] F-60-NT 1.35 12.9 16.1 -18.0 -6
Vine Carbohydrate Stress and D-30-T 113 4.6 122 -13.0 -6
D-60-T 1.04 5.1 12.3 -12.0 -6
Crop Balance D-30-NT 1.04 6.1 12.6 -12.0 -5
In the mid-1960s, Dr. Nelson Shaulis spent a D-60-NT 0.73 6.5 12.1 -12.0 -5
sabbatical leave in Australia at the Merbein Re- Tukey's HSD 0.55 3.3 1.0 15 1.0
_search Station near I_\/Illdura._ Hisexperiencesthere Main effects
involved efforts with varying levels of leaf re- S — ” ” ”
mov_al and vine defoliation. Our_d?s_cu_ssionsyvit_h 30\'\3,5 60 . ns ns ns 22
himinthe early 1970sled to theinitiation of simi- NTvsT * * ns ns ns

lar experiments as we were interested in carbo-
hydrate stress and grapevine cold hardiness in
Michigan.

aHardiness assessment made on 21 Nov 1971.
bHardiness assessment made on 15 April 1972.
e ** and ns indicate significance at 0.05, 0.01, and not significant, respectively.
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Table 3 The influence of differential defoliation at veraison on year 1 Brix
response (A), year 1 and year 2 yield and bud hardiness response (B), and
the relative impact of these treatments on Brix in year 1 and bud fruitfulness

in year 2 (C). After Mansfield and Howell [26].

A. The influence of defoliation at veraison on year 1 Brix response

Treatment? Veraison® September 3  September 20¢ A °Brix
Control F 9.6 13.8 a¢ 17.0a 7.4 a
Cordon F 9.1 13.2a 16.7 ab 76a
Shoot F 8.9 12.7a 16.1 bc 7.2a
Node F 9.0 125a 159 ¢ 6.8a
Node D 9.0 125a 159c 6.9a
Shoot D 8.9 12.2 ab 155¢c 6.6 a
Cordon D 9.1 11.2b 14.2d 51b
Control D 8.7 9.4b 112e 25c
F-test nse - - —
B. Year 1 and year 2 vine yield and bud hardiness response.
Yield/node (g) Bud hardiness

% of shoot- % of primary % of
Treatment Year1l Year2 lessnodes bud mortality control D
Control F 136 ab 270 a 22 e 6.6 d 7d
Cordon F 190ab 237a 35 bc 13.3¢c 15¢
Shoot F 144 ab 253 a 32cd 11.6 cd 13 ¢
Node F 183ab 238a 2le 7.8d 9d
Node D 197a 233a 19e 8.1d 9d
Shoot D 155ab 239a 38¢c 148 ¢ 17 ¢
CordonD 149ab 153b 45b 414 Db 47 b
Control D 125b 23c 69 a 88.4 a 100 a
F_test *% *kk *%k *%k *%k

C. Relative impact of imposed carbohydrate stress on % soluble solids in
year 1 and bud fruitfulness in year 2.

% Soluble solids Fruitfulness

Treatment A%SS % of control F gm/node % of control F
Control F 7.4 a 100 a 270 100 a
Cordon F 76a 103 a 237 a 88 a
Shoot F 72a 97 a 253 a 94 a
Node F 6.8a 92a 238 a 88 a
Node D 6.9a 93 a 233 a 86 a
Shoot D 6.6 a 89 a 239 a 89 a
Cordon D 51b 69 b 153 b 56 b
Control D 25¢c 34c 23c 9c
F_test *kk *kk *kk *kk

aF = foliated; D = defoliated; control = either fully foliated (F) or fully defoliated
(D). Cordon, shoot, and node treatments were 50% foliated (F) or defoliated
(D). For cordon, all leaves on 50% of the vine cordon were removed. For shoot,
all leaves from alternate were removed. For node, leaves were removed from
alternate nodes.

bTiming of defoliation: 17 August.
‘Harvest date.

dNumbers within a column having the same letter are not different by Duncan’s
New Multiple Range Test.

exx *xx and ns indicate significance at 0.01, 0.001, and not significant, respec-
tively.

the fruit sink on the cordon D treatment to mobilize car-
bohydrate from the cordon F treatment and move it up to
6 m and result in increased sugar in fruit. Even more im-
pressive was the response of thefruit onthe control D treat-
ment vines. In the absence of leaves, the fruit mobilized
stored carbohydrates and resulted in a 2.0 °Brix increase
in the fruit. The power of the postveraison fruiting sink is
great.

Training System and Vine Carbohydrate
Dynamics

In the 30 years of the 1970s through the 1990s, arevo-
[ution in cultivars used for wine has occurred in Michi-
gan and other portions of the Great L akesregion. The cul-
tivars used for 95% of Michigan wine in 1970 accounted
for less than 5% of the wine in 1995 (Mich. Liquor Con-
trol, personal communication). This cultivar change re-
sulted in questions concerning whether approaches deemed
desirable or acceptable for a Vitis labruscana Bailey cul-
tivar with a procumbent, growth habit would be appropri-
ate for cultivars possessing a more upright growth habit.
To resolve this question, experiments were undertaken in-
volving arange of training systems. These have been re-
cently summarized [15].

Our effort sought to understand principles, not just
evaluate practices. New approaches to vine training oc-
cur nearly every year. Once principles are uncovered, the
application of those principles should be possible after an
initial assessment of a cultivar’s growth habit. We should
not be required to reinvent the wheel every time a new
training system is suggested. We employed four training
systemsthat differed in height of the fruiting zone and were
head or cordon trained systems: low head, high head, low
cordon, and high cordon.

We have conducted thiskind of experiment on ninecul-
tivars and conducted each for a minimum of five years
[17,18]. Theamount of perennia wood varied significantly
with each training system tested. All vines were double
trunked so the length of perennial wood for each system
was: 1.8 m for low head; 3.6 m for high head; 4.3 m for
low cordon; and 6.1 m for high cordon. With the excep-
tion of the cultivar Aurore, we have invariably seen the
relationship: high cordon > low cordon > high head > low
head. This has been true whether we were considering vine
size, vineyield, fruit composition values, or bud and cane
cold hardiness. The impact of perennia vine structure on
vine performance has also been reported by May [27] in
Australia.

Similarly, work in Switzerland [23,24] employing a
trunk modification yielding a 12 to 15% increase in pe-
rennial wood resulted in significant increasesin fruit °Brix
as compared to the traditional trunk conformation.

Collectively, these data suggest that choice of training
system has considerable impact on the level of sustain-
able production of ripe grapes. Training systemswith more
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perennial wood show favorable response of yield, vinesize, fruit
composition, and cold hardiness [15,17,18].

Old vinesmake better wine? These experiencesalso led us
to a conjecture: as vine training systems with greater quantity
of perennial wood resulted in fruit with superior fruit composi-
tion values, could the oft-expressed sentiment that “old vines
make better wine” be a result of greater volume of perennial
wood and concomitant increased carbohydrate storage area? If
S0, the response would be most often expressed in poor vintages.
That, of course, would be the condition when it could be most
readily detected. Thisspeculation can be easily subjected to criti-
cal experimental evaluation, and | expect it will be in the com-
ing decade.

Grapevine Photosynthesis and Car bohydrate
Partitioning

Experiments in grapevine photosynthesis and carbohydrate
partitioning have been conducted in cooperation with an array
of associates in Switzerland [1,20,23,24], New Zealand
[2,43,44], and Michigan [6-9,13,31,33,34]. The methods em-
ployed involved assessment at thelevel of the singleleaf, whole
potted vines, and whole mature vinesin the vineyard. Potted vine
studies have been of two types: vines produced by the Mullins
Technique [36] and two-year-old bearing vines in 20-liter pots
[6-9,31-34].

will be influenced by the methods used to measure it and the
manner in which such data are interpreted.

Single-leaf measurements do have considerable utility. The
key to their effective useisto define precisely the question asked
and to be very critical in any extrapolation of leaf response to
canopy response [34,43].

Crop load and carbohydrate partitioning. One of thefind-
ings often reported based on single-leaf assessments has been
the positiveinfluence of crop load on vine photosynthesis[5,57].
That seems to be intuitively obvious; more fruit should reduce
any fruit-based feedback inhibition of photosynthesisto amini-
mum. Thus, more CO, should be fixed per vine and that should
be shown as increased dry weight per vine.

Table 4 suggests that the assumption is untrue. An evalua-
tion of partitioning data at fruit set, veraison, and harvest shows
shifts in the relative dry weight of the various vine organs but
shows no difference in total vine dry weight on any measure-
ment date [7-9]. The amount of crop per vine influences where
the carbohydrates produced accumulate. At harvest, fruit ac-
counted for over 40% of the total vine dry weight for the most
heavily cropped vine. This high percentage of dry weight accu-
mulates at the expense of vegetative tissues, particularly the
roots. This dry weight data is supported by a subjective assess-
ment of root quality (Table 5). Between 60 to 80% of the grape-

An array of cultivars has also been em-
ployed, including Chambourcin, Char-
donnay, Concord, Niagara, Pinot noir,
Seyval, and Vignoles. The following prin-

Table 4 Influence of vine crop load on the quantity and percentages of dry matter
partitioned to different vine structures at fruit set (A), veraison (B), and harvest (C).

After Edson et al. [9].

ciples are consistent with data derived from

Percent of total

Total vine

these very different cultivars. Clusters/vine Fruit Leaf Shoot  Wood Root dry wt. (g)

P R : A. Fruit set

redicting Vine Carbon Status

Single-leaf versus whole-vine assess- i ;(2) 180'8(’) g'z ;2'2 :;i :g
ment of photo_wnth%is. Since CH,O i_sthe 2 1:0 11:4 9:0 24:2 54:4 48
Vi n_e’ s_metab(_)llc_ curr_encyfor growth, differ- 1 0.7 119 8.6 205 58.3 53
entiation, fruit ripening, and a host of other 0 na? na na na na na
processes, photosynthesis becomes a candi- Linear regression Hib ns ns ns ns ns
date for assessing a circumstance in vine _
culture that may influence sustainability. B. Veraison
One goal in a vine photosynthesis study is 6 32.3 16.6 11.0 11.3 28.8 207
to produce a measurement that can predict 4 28.9 17.1 13.9 9.6 30.5 201
whole-vine performance. One approach to 2 25.0 18.3 13.6 121 31.0 193
achieve that goal is to assess the photosyn- 1 151 21.0 19.2 9.7 35.0 209
thetic CO, fixation of a precise area on a , o na 8 na na na na
single leaf and then multiply that by the leaf Linear regression ns ns
area on the vine. An alternative approach C. Harvest
mvolv_% the assessment (.)f CQZ flxatlor_1 by 6 42.9 11.0 10.5 8.9 26.7 277
theentlrecan_opy [31]. Using vi nedry weght 4 41.0 126 120 79 26.5 307
and whole-vine photosynthesis as the basis > 281 14.6 16.6 8.0 327 299
for assessment, the single-leaf assessment is 1 21.9 15.2 17.2 11.0 34.7 289
not predictive for either factor; the whole- 0 0.0 19.1 20.8 10.4 40.7 286
vine assessment is predictive of vine dry Linear regression ok ok ok ns ok ns

weight status [7-9,33,34]. Based on these
data, the perceived influence of vine photo-

synthesis on sustainableyield of ripe grapes respectively.

ana: not available.
bx *x s+ and ns indicate statistical significance at 0.05, 0.01, 0.001, and not significant,
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Table 5 Influence of vine crop load on roots at different phases of the growing season.

After Edson et al. [9].

Grapevine leaf area and
veraison. Under conditions of se-
rious|eaf areareductions occurring

Fruit set Veraison Harvest prior to veraison, asource:sink im-
Clusters/vine Dry wt. (g) Root?class Dry wt(g) Rootclass Drywt.(g) Root class bal anc_e can result. The Crea_ted
sourceinadequacy can haveanim-
6 331 2.8 59.6 2.3 74.0 18 pact similar to that of excess crop
4 266 3.0 613 2.7 8L.4 18 with aresulting delay in the onset
2 26.1 30 298 25 97-8 28 of veraison. As with fruit matura-
1 30.9 2.8 73.2 45 100.3 2.7 . ' 431 all beri It
0 nab na na na 116.4 45 tion curves [43], erries ulti-
Linear regression nse ns * * b b mately pass through veraison, but

aRating system: 1=poor, few active roots; 5=good, many vigorous roots.
bna: not available.

ex ***_and ns indicate significance at 0.05, 0.001, and not significant, respectively.

vine roots produced each growing season die, an ongoing pro-
cess of turnover of thefibrouswhiteroots[28]. Thedatain Table
5 support the dry weight data and suggest that the observed de-
clinein root quality results from reduced replacement of roots
as older roots die [28,60,62].

This observation differs from the Australian experiences [3]
and that of Robert Wamplein Washington State [personal com-
muni cation, 2001]; no reduction in roots was measured. As noted
above in the discussion on light intensity and growing season
length and in Table 1, near-ideal conditions for culture elimi-
nate factors that commonly limit carbon assimilation and accu-
mulation in cooler climates.

Grapevine Crop Level and Fruit
Maturation on Vines

Potted vines. The data collected to date suggest that if the
growing season with adequate growing conditions is long
enough, the vine will ripen the crop (Table 6) [9]. What is not
shown is a critical component of grape quality—varietal char-
acter. Anecdotal experience and micro-vins produced from
grapes in the experiment reported in Table 6 suggest that fruit
composition isgenerally associated with varietal character (data
not shown) but is not predictive of the intensity of that varietal
character. The grapes that achieved mature °Brix earliest had
greatest varietal character for thiscultivar. Importantly, thiswill
vary with variety and the compounds that collectively produce
varietal character.

the treatment with most restricted
leaf areato fruit weight ratio was
delayed by over 30 days.

Maturevinesin the vineyard.

While potted vines are convenient

for partitioning studies, we would never be comfortable putting
a conceptual viticultural principle into practice without first
evaluating the response of mature, bearing vinesin a vineyard.

The data in Table 7 result from an experiment on Concord
vines conducted with a factorial statistical design. There were
three vine size categories sel ected with the number of nodesre-
tained at pruning ranging from 20 to 160 per vine. The experi-
ment was conducted from 1991 to 2000 [35]. Similar data have
been produced in other research efforts [29,30]. The key point
of these vineyard data is their agreement with those gained by
experimentation on potted vines. The above-ground responseis
very similar. We therefore make the inductive inference that the
factor not measured, that is, root dry weight, also responded in
a similar manner to the potted vines. This inference should be
subjected to critical direct assessment in the vineyard.

Early Development of Leaf Array and
Crop Maturation

Another idea that seems intuitively obvious is the positive
impact of early leaf array on total vine carbon assimilation over
the growing season. Early canopy fill, it would seem, should trap
sunlight that would otherwise strike the vineyard floor [57,58].

Like the previously mentioned case of increased Pn and crop
load, the data do not support the hypothesis. Data in Tables 7
and 8 show adifferent response. Concord vineswere at equilib-
rium with arange of either 15to 91 buds (Table 7) or 17 and 66

buds (Table 8) retained per meter of row. Dif-
ferences in leaf area at bloom and veraison

coupled with the leaf area:fruit weight ratio

Table 6 Influence of vine crop load on vine yield and fruit composition. After Edson et al. [9].

favor the larger bud number in every case,

but fruit maturation (based on fruit compo-

Two weeks preharvest Harvest sition values) is delayed for the larger bud
Clusters/vine  Yield (9) Brix pH TA Brix pH TA number treatments. Early |eaf areadevelop—
6 507 19.0 3.00 14.3 21.4 3.53 8.2 ment was not an advantage once vines were
4 521 19.4 3.05 13.8 21.0 3.67 7.6 at equilibrium with the imposed treatments.
2 384 19.6 3.08 15.0 21.7 3.70 7.3
1 288 196 310 143 218  3.63 8.1 Photosynthesisand Leaf Age
Linear regression Fkka * Fkk ns ns ns ns

Data reported by Kriedemann [25] and

ax ** and ns indicate significance at 0.05, 0.001, and not significant, respectively.

Poni and Intrieri [46] raises one concern
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Table 7 Influence of early season leaf array on yield and fruit composition of
Concord grapevines. Vines at equilibrium after eight years of treatment, 1998.
After Howell, Miller, and Stocking, unpublished.

cm? leaf area/g final fruit wt.

creaseintotal vinedry weight (Tables4 and 5). This
potential misunderstanding is based on the factors
being measured: single-leaf photosynthesis in the
first instance and total vinedry weight in thelatter.
The capacity of individual leavesto remain photo-
synthetically active and compensate when leaf area
is reduced is clear (Table 3). However, when |eaf
areawas severely reduced (Table 9), the increased
leaf Pn rate could not compensate for the loss of
themgjority of other leavesin relation to fruit matu-
ration or total vine dry weight [43; data not shown].

Nodes retained Yield (Kg)

per meter of row  per meter of row % SS Bloom Veraison
15 4.55 17.1 3.13 11.49
34 6.71 16.3 2.83 11.10
44 5.90 14.0 4.54 15.47
55 6.80 13.2 5.80 18.15
91 5.33 14.2 8.51 17.18

F_test *%a *%k *%k **k
Linear regression * ki Fokk *x

Minimal Pruning and Vine Balance

a*x ** and *** indicate statistical significance by linear regression at 0.05, 0.01, and

0.001, respectively.

Table 8 Influence of multiseasonal cropping stress on yield, leaf area,
and total vine sugar production of Concord grapevines. Vines at
equilibrium after six years of treatment, 1996.

After Miller and Howell, unpublished.

Nodes retained?

Factor analyzed 17.00 66.00 F-test
Vine size (Kg cane prunings) 0.37 0.05 wH*D
Leaf area at harvest (cm?) 57967.00 75252.00 Fkk
Yield (Kg) 6.37 4.65 o
Clusters 60.00 104.00 ok
Clusters/node retained 3.53 1.58 ok
Cluster weight (g) 106.10 42.90 Fkk
Berry weight (g) 2.86 2.41 *x
Berries/cluster 37.00 18.00 o
% Soluble solids 15.00 14.70 *
Leaf area (cm?)/g fruit 9.10 16.20 o
Crop load (yield/vine size) 17.20 89.20 Fokk
Kg sugar 0.96 0.66 *x
Kg sugar/leaf area (10°) 16.50 9.10 rkk

aPer meter of row.
bx ** and ***, indicate statistical significance at 0.05, 0.01, and 0.001
levels of probability, respectively.

about cultural methods with large shoot nhumber per vine. Such
vines are characterized by a single growth flush in the spring,
and little additional canopy is added over the growing season
[3,4,33,34,57,58]. The potential to have an “old” canopy dur-
ing the critical period from veraison to harvest was an issue.

Research on Pinot noir [44,45] using potted Mullins[36] vines

Earlier, we mentioned our concern about the di-
rect application of MP technology to cool climates.
Further, we noted that this new approach to vine
culture had the potential to refute concepts of vine balance. There
are several reasons why | do not believe that to be true. First,
traditional Australian cane or spur-pruning did not create bal-
ance. Based on the principle of the Ravaz Index, the Growth-
Yield Relationship, and leaf area:fruit weight, traditionally
pruned vines retained inadequate bud number to produce crop
levels at the vine-environment potential [3,5,57]. Lower yields,
excessive vine vigor, and canopy shading were the results. Em-
ployment of MP under the conditions of Sunraysia, Australia,
produced abud number and subsequent crop that resulted in bal-
anced leaf area and crop. As Ravaz [47] noted, thereis a close
relationship between vine size and leaf area. MP Cabernet
Sauvignon vines were in balance based on the ripening criteria
and the ability of those vinesto produce at high levelsover years
of culture. The victory of MP is a victory of balance, sus-
tainability, the Growth-Yield Relationship, and leaf area:fresh
weight ratio over prescription application of bud number regard-
less of vine growth status.

Achieving Highest Yieldsin a Situation with
Varying Vintage Conditions
A major characteristic of cool-climate viticulture is the an-
nual variation in growing conditions. Achieving highest sustain-

ableyields of ripe grapes must involve cultural methodsthat con-
sider this potential limitation.

Table 9 Pre- and postveraison photosynthesis. Different levels of
within-shoot leaf removed two weeks postbloom, Chardonnay.
After Howell and Trought, unpublished.

W moles/cm?/sec

and on mature bearing Chardonnay vines (Howell and Trought, % Leaves removed Preveraison Postveraison  F-test
unpublished) suggests that leaf age response varies with the ra- 100 10.36 7.69 ok
tio of the leaf area to fruit weight. Treatments that greatly re- 66 10.57 5.94 ok
duced leaf area (nearly 100%) per vineresulted in leaves on the 33 9.92 6.68 o
shoot that were active photosynthetically well after leavesat simi- 0 9.48 5.53 o
lar positions (same age) were senescent on fully foliated vines F-test ns ns

(Table9). Linear regression * ok

The datain Table 9 appear to disagree with the earlier point
that induced carbohydrate stress via cropload resulted in no in-

* ** and ns indicate statistical significance by linear regression or the
F-test at 0.05, 0.01, and not significant, respectively.
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The 1990s produced the greatest variation among growing
seasons in Michigan since temperature recording began. The
years 1991, 1998, and 1999 were among the best on record for
growing degree days. The 1992 vintage was the worst.

Such variation creates a dilemma for the producer. Does a
producer crop at the level to achieve balance in 1992, and lose
the amount of ripe crop possible in 1991, 1998, and 19997 Al-
ternatively, doesthe producer crop for vintageslike 1991, 1998,
and 1999 and risk an unsaleable crop in 1992? Thisis areality
in cool-climate viticulture, with major economic implications
for theviticulturist. In fact, we do not know how much crop level
should be adjusted downward in response to one or more envi-
ronmental and/or biotic stresses. This area deserves much more
attention by viticulturists for two reasons: the scenarios on glo-
bal warming suggest a more variable climate situation, and we
will have fewer pest control optionsin the future. We must an-
ticipate conditions that will result in variable ability to ripen a
crop. In any event, it is clear that a prescription approach can-
not be satisfactory.

Crop adjustment and vine balance. Crop adjustment pro-
vides one solution. This approach would allow the viticulturist
to crop at the level that would achieve balance in the historical
“best” vintage and adjust the crop downward prior to veraison
based on the status of GDD accumulation halfway between
bloom and veraison. Thevinewould easily adjust [35,38,55,56]
and even compensate [1].

Pest Control, Sustainable Grape Production,
and the Growth-Yield Relationship

The future of commercial viticulture is perceived through a
cloudy crystal ball under the best of circumstances, but one fact
seemsvery clear: future grape production will have fewer chemi-
cal tools to combat pest problems. A likely result will be peri-
odic episodes of stress when vines are subjected to insect or
disease attack on vine foliage. Greatly limiting our ability to
predict the impact of these episodes is the lack of information
about economic thresholds. How much leaf damage occurs be-
fore there is an economic impact? We do not know the impact
of powdery or downy mildew, leafhopper burn, or Japanese
beetle reduction of leaf areaon leaf CO, assimilation or net pho-
tosynthesis. Nor do we know whether the impact of the biotic
stress changes with relation to shoot and fruit growth and matu-
ration phenology of thevine. Based on work with abiotic stresses
reported above, we expect that timing will be important. Unfor-
tunately such data are very scarce (2).

Applying the principles of the Growth-Yield Relationship to
abiotic stresses provides direction for future efforts on pest-in-
duced stresses. In a poor vintage, crop adjustment can produce
the balance appropriate for that season’s climatic conditions. A
similar approach for pest stress should be possible oncethe physi-
ological and economic impact of the pest stress has been deter-
mined.

Within vineyard variation and sustainable production. In
addition to seasonal variation is the reality that soil variation
within the vineyard can produce a considerable range of vine
vigor and resulting vine size and leaf area. Again, aprescription

approach cannot work: each vine must be considered individu-
ally or small vines will be overcropped and large vines
undercropped. This can result in the smaller vines becoming
weaker and producing unripe fruit and the larger vines produc-
ing inadequate yields of fruit ripened in the shade of an exces-
sively vigorous vine canopy [29,30]. At most vineyards, crop
control isdone at pruning, based on numbersof nodesretained.
Because this pruning is being done by hired pruners, the ability
to achieve such individual attention isvery small. However, the
future does hold promise.

The Future

Several features of the viticultural future are visible now:

1. Site mapping viaglobal positioning satellites (GPS) to
determine where “problem” areas exist.

2. On-board harvester yield assessments are a redlity. In
thefuture, these data coupled with GPS datawill monitor low
production areas within a vineyard and provide a basis for
attention and cultural modification.

3. Vine size or estimates of exposed canopy at veraison
will be possible using existing tractor-mounted computer-
based visual technology coupled with GPS positioning. The
potential crop based on leaf areaor Partridge’ s Growth-Yield
balance conceptswill be determined by the computer for each
individual vine.

4. Crop load estimates will be made using methods noted
aboveinitem 3 at thetime of the prebloom spray when flower
clusters are easily visible.

5. Crop adjustment in mid-July (for northern hemisphere)
or about halfway between bloom and veraison will be accom-
plished mechanically so that theinput of each individual vine
fromitems 3 and 4 above plus GDD status areintegrated and
individual vine balance achieved.

These five features are now possible. The databases and the
research required to produce these databases are lacking. In ad-
dition, it will become increasingly important for the viticulturist
to employ the most advanced methods of monitoring vineyard
growth and pest status and to adopt the principles of vine bal-
ance. As yields approach the upper limit for any macro- or
mesoclimate, the buffering capacity of photosynthesis compen-
sation will be reduced, and further stresses that negatively in-
fluence vine carbon balance, regardless of origin, can produce
disastrous results. That is the challenge for sustainable viticul-
turein the twenty-first century, and meeting that challenge will
have its roots in the leaf area:fruit weight ratio, the Ravaz In-
dex, and the Growth-Y ield Relationship, as understood by New-
ton Partridge and Nelson Shaulis.

Conclusions

The concept of vine balance is nearly 100 years old. Ravaz
introduced the concept and Partridge and Shaulis pursued meth-
ods to use it as a means to predict vine performance via the
Growth-Yield Relationship. This allometric method substituted
vine growth or vine size (weight of cane prunings per vine) for
leaf area per vine and the leaf area relationship to fresh fruit
weight (7 to 14 cm? per gram). That relationship is tied to vine
balance and long-term sustainable viticulture.
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Training systems employing maximum amounts of perennial
wood that al so facilitate sunlight penetration into the fruiting and
renewal zone are to be preferred. Spur systems on cordons may
be unacceptable on some cultivarsdueto low fruitful ness of basal
buds [15].

Photosynthesis in the period preveraison is not source-lim-
ited under typical vineyard conditions, and leaves seldom ex-
ceed 50% of their measured photosynthesis capacity. This has
been demonstrated on Mullins vines, two-year-old potted vines,
and mature bearing vines using several cultivars and different
Vitisspecies.

Single-leaf photosynthesis measurements are not correlated
with either whole vine photosynthesis or total vine dry weight
increases. Whole vine photosynthesis is closely related to vine
dry weight increases.

Minimal pruning and/or machine hedging in some form,
coupled with acapacity for timely crop adjustment, offersagood
potential for future likelihood of achieving maximum sustain-
ableyield of ripe grapes across arange of cultivars. The key to
the success of this effort will be vine-by-vine control of crop
adjustment to achieve vine balance under conditions of variable
crop load, previousyear’ svinesize, and current season’ sgrowth
and maturation status preveraison.

Leaves on vines with either inadequate leaf area or excess
crop (low source:sink ratio) retain chlorophyll, delay senescence,
maintain high photosynthetic rates, and delay the aging re-
sponse characterized by leaves on similar vines possessing fully
expressed canopies.

Inadequate leaf area delays veraison and lengthens the time
from veraison to ripening.

Vine balance as understood by Ravaz, Partridge, Shaulis, and
others remains a key to the achieving of maximum consistent
production over long years of production. Modificationsin our
approaches to vine culture and management should begin with
an assessment of that modification’simpact on vine balance as
understood based on the Ravaz Index, the Growth:Yield Rela-
tionship, and cm? leaf area/gram fresh weight of fruit at harvest.

LiteratureCited

1. Candolfi-Vasconcelos, M. Carmo, W. Koblet, G.S. Howell, and W.
Zweifel. Influence of defoliation, rootstock, training system and leaf
position on gas exchange of Pinot noir grapevines. Am. J. Enol. Vitic.
45:173-180 (1994).

2. Clearwater, L.M., M.C.T. Trought, and G.S. Howell. Impact of powdery
mildew infection and fungicide application on grapevine photosynthesis.
Submitted to Aust. J. Grape Wine Sci. (2000).

3. Clingeleffer, PR. Vine response to modified pruning practices. /n Proc.
of the Second N.J. Shaulis Grape Symposium, Fredonia, NY. R.M. Pool
(Ed.), pp. 20-30. Cornell University Press, Geneva, NY (1993).

4. Clingeleffer, P.R., and L.R. Krake. Responses of Cabernet franc
grapevines to minimal pruning and virus infection. Am. J. Enol. Vitic. 43:31-
37 (1992).

5. Downton, W.J.S., and W.J.R. Grant. Photosynthetic physiology of spur
pruned and minimal pruned grapevines. Aust. J. Plant Physiol. 19:309-
316 (1992).

6. Edson, C.E., and G.S. Howell. A comparison of vine architecture
systems at different crop loads: Leaf photosynthesis, vine yield, and dry
matter partitioning. Vitic. Enol. Sci. 48:90-95 (1993).

7. Edson, C.E., G.S. Howell, and J.A. Flore. Influence of crop load on
photosynthesis and dry matter partitioning of Seyval grapevines. |. Single
leaf and whole vine response pre- and post-harvest. Am. J. Enol. Vitic.
44:139-147 (1993).

8. Edson, C.E., G.S. Howell, and J.A. Flore. Influence of crop load on
photosynthesis and dry matter partitioning of Seyval grapevines. Il.
Seasonal changes in single leaf and whole vine photosynthesis. Am. J.
Enol. Vitic. 46:469-477 (1995).

9. Edson, C.E., G.S. Howell, and J.A. Flore. Influence of crop load on
photosynthesis and dry matter partitioning of Seyval grapevines. |Il.
Seasonal changes in dry matter partitioning, vine morphology, yield, and
fruit composition. Am. J. Enol. Vitic. 46:478-485 (1995).

10. Gladstones, J.S. Viticulture and Environment. Wine Titles, Hyde Park
Press, Adelaide, Australia (1992).

11. Gould, S.J. Shades of Lamarck. /In The Panda’s Thumb, pp. 76-84.
W.W. Norton, New York (1980).

12. Howell, G.S. Cultural manipulation of vine cold hardiness. In Proc. of
the Second Int. Cool Climate Symposium. R. Smart et al. (Eds.), pp. 98-
102. Auckland, New Zealand (1988).

13. Howell, G.S. Carbohydrate partitioning in grapevines. In Proc. of the
Fourth Annual Romeo Bragato Conference, pp. 57-69. New Zealand
Grape Growers Council (1998).

14. Howell, G.S. What is balanced pruning and why should wine grape
growers care about it? Vintner Vineyard 4(1):3,11 (1990).

15. Howell, G.S., D.P. Miller, D. Jackson, and D. Stocking. Selecting the
optimum training system for grapevines in Michigan. Michigan Grape &
Wine Industry Council and Michigan State University, East Lansing
(2000).

16. Howell, G.S. Grapevine crop control: Implications for yield, fruit com-
position and subsequent wine quality, cold hardiness and sustainable
production, pp. 1-16. Heartland Wine Coalition, Ohio State University,
Columbus (2000).

17. Howell, G.S., T.K. Mansfield, and J.A. Wolpert. Influence of training
system, pruning severity, and thinning on yield, vine size and fruit quality
of Vidal blanc grapevines. Am. J. Enol. Vitic. 38:105-112 (1987).

18. Howell, G.S., D.P. Miller, C.E. Edson, and R.K. Striegler. Influence of
training system and pruning severity on yield, vine size, and fruit
composition of Vignoles grapevines. Am. J. Enol. Vitic. 42:191-198 (1991).

19. Howell, G.S., B.G. Stergios, and S.S. Stackhouse. Interrelation of
productivity and cold hardiness of Concord grapevines. Am. J. Enol. Vitic.
29:187-191 (1978).

20. Howell, G.S., M. Carmo Candolfi-Vasconcelos, and W. Koblet. Re-
sponse of Pinot noir grapevine growth, yield and fruit composition to defoli-
ation the previous growing season. Am. J. Enol. Vitic. 45:188-191 (1994).

21. Hunter, J.J., and J.H. Visser. The effect of partial defoliation, leaf
position and developmental stage of the vine on the photosynthetic
activity of Vitis vinfera L. cv. Cabernet Sauvignon. S. Afr. J. Enol. Vitic.
10:67-73 (1989).

22.Kimball, K., and N. Shaulis. 1958. Pruning effects on growth, yield and
maturity of Concord grapes. Proc. Am. Soc. Hort. Sci. 71:167-176 (1958).

23.Koblet, W., M. Carmo Candolfi-Vasconcelos, E. Aeschimann, and G.S.
Howell. Influence of defoliation, rootstock, and training system on Pinot
noir grapevines. |. Mobilization and reaccumulation of assimilates in
woody tissue. Vitic. Enol. Sci. 48:104-108 (1993).

24. Koblet, W., M. Carmo Candolfi-Vasconcelos, W. Zweifel, and G.S.
Howell. Influence of leaf removal, rootstock, and training system on yield
and fruit composition of Pinot noir grapevines. Am. J. Enol. Vitic. 45:181-
187 (1994).

Am. J. Enol. Vitic. 52:3 (2001)



174 — Howell

25. Kriedemann, P.E. Photosynthesis in vine leaves as a function of light
intensity, temperature and leaf age. Vitis 7:213-220 (1968).

26. Mansfield, T., and G.S. Howell. Response of soluble solids
accumulation, fruitfulness, cold resistance and onset of bud growth to
differential defoliation stress at veraison in Concord grapevines. Am. J.
Enol. Vitic. 32:200-205 (1981).

27.May, P. The grapevine as a perennial, plastic and productive plant. /n
Proc. of the Sixth Australian Wine Industry Tech. Conf., pp. 40-49.
Adelaide, Australia (1987).

28. McLean, M., G.S. Howell, and A.J.M. Smucker. A minirhizotron
system for in situ root observation studies of Seyval grapevines. Am.J.
Enol. Vitic. 43:87-89 (1992).

29. Miller, D.P., and G.S. Howell. Influence of vine capacity and crop load
on the yield, fruit composition and sugar production per unit land area of
Concord grapevines. In Proc. of the Fourth Int. Symposium on Cool
Climate Enology and Viticulture. T. Henick-Kling et al. (Eds.), pp. 94-98.
Rochester, NY (1996).

30. Miller, D.P. and G.S. Howell. Influence of vine capacity and crop load
on canopy development, morphology, and dry matter partitioning in
Concord grapevines. Am. J. Enol. Vitic. 49:183-190 (1998).

31. Miller, D.P., G.S. Howell, and J.A. Flore. A whole-plant, open, gas-
exchange system for measuring net photosynthesis of potted woody
plants. HortScience 31(6):944-946 (1996).

32. Miller, D.P,, G.S. Howell, and J.A. Flore. Effect of shoot number on
potted grapevines. I. Canopy development and morphology. Am. J. Enol.
Vitic. 47:244-250 (1996).

33. Miller, D.P,, G.S. Howell, and J.A. Flore. Effect of shoot number on
potted grapevines. Il. Dry matter accumulation and partitioning. Am. J.
Enol. Vitic. 47:251-256 (1996).

34. Miller, D.P., G.S. Howell, and J.A. Flore. Influence of shoot number
and crop load on potted Chambourcin grapevines. Il. Whole-vine vs.
single-leaf photosynthesis. Vitis 36:109-114 (1997).

35. Miller, D.P., G.S. Howell, and R.K. Striegler. Reproductive and
vegetative response of mature grapevines subjected to differential
cropping stress. Am. J. Enol. Vitic. 44:435-440 (1993).

36. Mullins, M.G., and K. Rajaskekaren. Fruiting cuttings: Revised method
for producing test plants of grapevine cultivars. Am. J. Enol. Vitic. 32:35-
40 (1981).

37. Partridge, N.L. The fruiting habits and pruning of the Campbell Early
grape. Mich. Agr. Expt. Sta. Tech. Bull. No. 106 (1930).

38. Partridge, N.L. The influence of long pruning and thinning upon
the quality of Concord grapes. Proc. Am. Soc. Hort Sci. 28:144-146
(1931).

39. Partridge, N.L. The use of the growth-yield relationship in field trials
with grapes. Proc. Am. Soc. Hort Sci. 23:131-134 (1925).

40. Partridge, N.L. The fruiting habits and pruning of the Concord grape.
Mich. Agr. Expt. Sta. Tech. Bull. No. 69 (1925).

41. Partridge, N.L. Growth and yield of Concord grape vines. Proc. Am.
Soc. Hort. Sci. 23:84-87 (1925).

42. Partridge, N.L. Cultural methods in the bearing vineyard. Mich. Agr.
Expt. Sta. Circular Bull. No. 130 (1927).

43. Petrie, P.R., M.C.T. Trought, and G.S. Howell. Growth and dry matter
partitioning of Pinot noir (Vitis vinifera L.) in relation to leaf area and crop
load. Aust. J. Grape Wine Res. 6:40-45 (2000).

44. Petrie, P.R., M.C.T. Trought, and G.S. Howell. Fruit composition and
ripening of Pinot noir (Vitis vinifera L.) in relation to leaf area. Aust. J.
Grape Wine Res. 6:46-51 (2000).

45. Petrie, P.R., M.C.T. Trought, and G.S. Howell. Influence of leaf aging,
leaf area, and crop load on photosynthesis, stomatal conductance, and
senesence of grapevine (Vitis vinifera L. cv. Pinot noir) leaves. Vitis 39:31-
36 (2000).

46. Poni, S., C. Intrieri, and O. Silvestroni. Interactions of leaf age, fruiting,
and exogenous cytokinins in Sangiovese grapevines under non-irrigated
conditions. |. Gas exchange. Am. J. Enol. Vitic. 45:71-78 (1994).

47. Ravaz, M.L. Leffeuellage de la vigne. Annales d LEcole Nationale
d’agriculture de Montpellier. 11:216-244 (1911).

48. Shaulis, N. Cultural practices for New York vineyards. Cornell Ext.
Bull. No. 805 (1950).

49. Shaulis, N. Some effects of pruning severity and training on Fredonia
and Concord grapes. Proc. Am. Soc. Hort. Sci. 51:263-270 (1948).

50. Shaulis, N., and C. Pratt. Grapes: Their growth and development. Farm
Research. Cornell Univ. No. 401 (1965).

51. Shaulis, N., and W.B. Robinson. The effect of season, pruning severity
and trellising on some chemical characteristics of Concord and Fredonia
grape juice. Proc. Am. Soc. Hort. Sci. 62:214-220 (1953).

52. Shaulis, N., T.D. Jordan, and J.P. Tomkins. Cultural practices for New
York vineyards. Cornell Ext. Bull. No. 805 (1966).

53. Smart, R.E. Principles of grapevine microclimate manipulation with
implications for yield and quality. A review. Am. J. Enol. Vitic. 36:230-239
(1985).

54. Smart, R.E., and M.D. Robinson. Sunlight into Wine: A Handbook for Wine-
Grape Canopy Management. Wine Titles, Hyde Park Press, Adelaide,
Australia (1991).

55. Smithyman, R.P., G.S. Howell, and D.P. Miller. Influence of canopy
configuration on vegetative development, yield and fruit composition of
Seyval blanc grapevines. Am. J. Enol. Vitic. 48:482-491 (1997).

56. Smithyman, R.P., G.S. Howell, and D.P. Miller. The use of competition
for carbohydrates among vegetative and reproductive sinks to reduce
fruit set and Botrytis bunch rot in Seyval blanc grapevines. Am. J. Enol.
Vitic. 49:163-179 (1998).

57. Sommer, K.J., and P.R. Clingeleffer. Comparison of leaf area
development, leaf physiology, berry maturation, juice quality, and fruit
yield of minimal and cane-pruned Cabernet Sauvignon. /n Proc. of the
Second N.J. Shaulis Grape Symposium, Fredonia, NY. R.M. Pool (Ed.),
pp. 14-19. Cornell University Press, Geneva, NY (1993).

58. Sommer, K.J., P.R. Clingeleffer, and Y. Shulman. Comparative study
of vine morphology, growth and canopy development in cane-pruned and
minimal-pruned Sultana. Aust. J. Exp. Agric. 35:265-273 (1995).

59. Tompkins, J., and N. Shaulis. The Catawba grape in New York. Il.
Some effects of severity of pruning on the production of fruit and wood.
Proc. Am. Soc. Hort. Sci. 66:214-219 (1955).

60. Trought, M.C.T., and G.S. Howell. Carbohydrate balance of grapevines:
How does it control fruit quality? /n Proc. Grape and Wine Spring School.
E. Costello (Ed.), pp. 77-83. Lincoln University, New Zealand (1997).

61. Van Den Brink, C., N.D. Strommen, and A.J. Kenworthy. Growing
degree days in Michigan. Mich. Agr. Expt. Sta. Res. Report No. 131 (1971).

62.Van Zyl, J.L. The grapevine root and its environment. S. Africa Dept.
Agr. Water Supply Tech. Comm. No. 215 (1988).

Am. J. Enol. Vitic. 52:3 (2001)





