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Abstract. Two-dimensional partitioning of variation was used to determine the sources of relationships between the
yield and vegetative characteristics of three ‘Cabernet Sauvignon’ grape (Vitis vinifera L.) clones. Clonal differences
were found in shoot growth rate, but not in duration or total growth. A weak positive relationship between total
shoot growth and yield resulted from a positive relationship between fruit set and growth duration. Relationships
between cluster number and foliar characteristics indicated that light exposure in the previous year may have influenced both vegetative and reproductive development. The mean number of clusters per bud was positively related to
the mean area, dry weight, and nitrogen content of leaves.

In viticulture, a balance between grapevine vegetative growth
and crop load is considered essential for the consistent production of high yields of quality fruit (Winkler et al., 1974). To
achieve such a balance in any vineyard, an understanding of the
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conditions that control both growth and productivity is needed
so that effective adjustments can be made culturally.
Over a growing season, the development of a grapevine is
controlled by two main factors: 1) initial pregrowth conditions
of the vine, including its size, characteristics of its buds, and
the amount of stored reserves; and 2) environmental conditions
that regulate and modify shoot and fruit development. Early
season growth is determined mainly by the sharing of stored
reserves among all shoots developing on a vine (Winkler et al.,
1974). As the season progresses, the dependence of each shoot
upon stored reserves decreases as its own photosynthetic output
increases (Hale and Weaver, 1962; Kliewer, 1981). Each shoot
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is thus increasingly influenced by environmental conditions that
determine photosynthetic performance.
Of the various climatic components that affect the photosynthesis and development of grapevine shoots, solar radiation is
most significantly attenuated by the canopy (Smart, 1985). Thus,
patterns of shoot growth and development within a vineyard
exhibit strong relationships with light microclimate. Well-exposed shoots-generally have shorter internodes, thicker diameters, and greater total dry weights than shaded shoots (Buttrose,
1969; Kliewer et al., 1972; May, 1960; Morgan et al., 1985).
Leaves developing under high light are generally thicker and
have lower specific leaf areas, higher N contents, and greater
photosynthetic capacities than shade leaves (Buttrose, 1968;
Kliewer et al., 1972; Kriedemann, 1968; Morgan et al., 1985;
Williams, 1987). Relationships between shoot vegetative characteristics and fruit productivity may thus reflect differences in
light exposure and the ability of leaves to supply assimilates to
developing clusters.
From the onset of bud development, vegetative and reproductive components of shoots develop simultaneously and depend on a common resource pool. Positive correlations between
the growth rate and productivity of shoots may thus reflect variation in overall resource availability. However, there is evidence that, at particular stages of shoot and fruit cluster
development, differences between the sink strengths of growing
shoot tips and developing clusters can lead to negative correlations between growth and yield (May, 1965; Pool, 1982;
Winkler et al., 1974). During the bloom–fruit-set period, for
example, clusters are weak sinks compared to shoot tips and
conditions favoring rapid shoot growth often result in poor set
(Coombe, 1962; Pool, 1982). At veraison and during fruit ripening, when clusters are strong sinks, shoot growth often declines in direct relation to crop load (Winkler et al., 1974).
This study investigated the developmental sources of relationships between shoot growth patterns, foliar characteristics,
and fruit productivity in three ‘Cabernet Sauvignon’ clones. A
statistical procedure, known as two-dimensional partitioning
(TDP) (Eaton et al., 1986), was used to analyze the relationships
and determine the developmental stages involved.
Materials and Methods

Leaf initiation rate × Growth duration = Total leaf number.
The LIR for each shoot was calculated as the coefficient from
a regression of PI upon time during the period of constant growth.
Growth duration (GD) was then calculated as the number of
days required to achieve the total number of leaves at harvest.
Two TDP analyses were conducted according to the procedure of Bowen (1987). The first analysis determined the clonal
differences in GD and LIR and their contributions to total shoot
growth. The second analysis determined the growth and yield
component sources of relationships between the total growth
and productivity of the shoots.
Foliar characteristics. At solar noon, 4 days before harvest,
photosynthetic irradiance was measured with a LI-COR point
quantum sensor (LI-190 SB, LI-COR, Lincoln, Neb.) at the
canopy surface and under four successive leaf layers of two
randomly selected vines of each clone. Light” measurements were
made at the canopy shoulder, i.e., the point at which the shoots
arched and began growing downward. Experience has shown
that leaf exposure in this part of grapevine canopies is relatively
constant through most of the growing season. Two leaf discs,
1.8 cm in diameter, were sampled (Fig. 1) from a leaf at the
position where each light measurement was taken. Each pair of
leaf discs was dried and weighed individually. A modified Kjedlahl procedure (Carlson, 1978) was used to analyze the total N
content of each disc pair, except those collected from the fourth
leaf layer, since they weighed less than the 20-mg minimum
required for the N analysis.
Two days before harvest, two leaf discs were sampled, as in
Fig. 1, from each leaf on the individual bearing shoots. Each
disc pair was individually dried and weighed and the dry weight
per area (WA) was taken as representative of the whole leaf.
Samples of two disc pairs weighing the lowest, highest, and
about average for each shoot were analyzed for N. Since the N
concentration (NW) of the three samples was fairly constant for
each shoot, and unrelated to WA, their mean was used to estimate the N concentration per area (NA) of each leaf on the shoot
as the product of WA and mean NA.
The area (A) of each leaf on the shoots was estimated from
the square of its lamina length using a regression equation calculated from 25 sampled leaves of various sizes from the ex-

Yield development. The yield component model used was
constructed for analysis in a preceding study (Bowen and Kliewer,
1990):

Yield component data were collected from 16 shoots of each of
three ‘Cabernet Sauvignon’ clones known to differ in productivity (Bowen and Kliewer, 1990). Each shoot was located on
a different vine, where it was randomly selected from one of
four canes. Details of the vineyard site and data collection methods are in Bowen and Kliewer (1990).
Vegetative growth. Shoot development was monitored through
the growing season by measuring the lamina lengths of all expanding primary leaves every 3 days from budbreak until harvest. At each time, the plastochron index (PI) (Erickson and
Michelini, 1957) was calculated as the number of leaves exceeding a lamina reference length of 3 cm. Plots of PI vs. time
were used to observe the pattern of leaf initiation rate (LIR),
and information derived was used to construct the following
shoot growth model:
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Fig. 1. ‘Cabernet Sauvignon’ leaf showing locations where leaf discs
were sampled.
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2
perimental vines (R = 0.99). The total dry weight (W T) and
nitrogen content (NT) of each leaf were estimated as products
of A and W A, and A and NA, respectively. Shoot means and
totals for A, WA, WT, NA, and NT were calculated using all
leaves and the 10 basal leaves only.
Relationships between shoot productivity and foliar characteristic means and totals were determined by regression analysis.
Yield components responsible for significant relationships were
determined by TDP analysis (Bowen, 1987).
Bud fruitfulness. Once dormant, each shoot (now a cane) was
pruned to 15 nodes. During bud, burst in the following spring,
cluster counts were made on all emerging primary shoots as
soon as they appeared. Each shoot was removed after its clusters
were counted to promote the development of remaining unburst
buds. Cluster counts, were thus obtained for 86% of all primary
buds.

Results and Discussion
During the period of rapid shoot growth (between 10 and 80
days after budbreak), LIR was constant for a given shoot, but
varied among shoots (Fig. 2). Most shoots exhibited a sudden
slowing and cessation of growth during veraison, which is normal for most grapevines (Winkler et al., 1974), but several
shoots continued growing at a fairly constant rate through veraison and up until harvest (Fig. 2). The tendency for some
‘Cabernet Sauvignon’ shoots to grow vegetatively throughout
the season may be explained by the dry matter allocation model
of Gutierrez et al. (1985). They showed that ‘Cabernet Sauvignon’, unlike many other cultivars, allocates large amounts of
dry matter to stem growth at the expense of crop. However,
shoot growth after veraison is also known to be influenced by
the water and N status of the soil, as well as by crop load
(Winkler et al., 1974).
Across clones, LIR and GD were both significant determinants of final leaf number, contributing 25% to 75%, respectively (Table 1). Significant clonal variation in LIR (Table 1)

resulted from a greater LIR exhibited by the low-yielding clone
(0.45 leaf/day vs. 0.40 leaf/day for both the moderate and highyielding clones, untabulated). Both GD and total leaf number
per shoot did not differ among clones (Table 1). The negative
interaction between clone, GD, and LIR (Table 1) indicates that
GD compensated for the clonal differences in LIR, i.e., the
faster-growing shoots of the low-yielding clone tended to grow
for a shorter duration. GD was so variable within clones that
differences among clones were nonsignificant.
In a preceding study of the same shoots (Bowen and Kliewer,
1990), results indicated that inadequate resource partitioning to
developing clusters led to the poor productivity of the lowyielding clone. The faster shoot growth rate of the low-yielding
clone indicates that assimilate partitioning favored vegetative
growth more in this clone than in the two higher-yielding clones
(Table 1).
There was a weak positive relationship between yield and the
number of leaves per shoot at harvest (Fig. 3, Table 2). This
trend resulted mainly from a positive relationship between berries/flower (fruit set) and GD (Table 2). Since fruit set occurred
long before any shoot completed its growth, it is unlikely that
the relationship resulted from a discrete event or an agent acting
at a single developmental stage. Light exposure was unlikely
the limiting factor because all shoots were well-exposed during
fruit set. One possibility is that a nutrient supplied continuously
from outside the shoot, such as N, limited both fruit set and
GD.
The strong negative relationship found between flowers/clus-

Fig. 3. Relationship between yield and total leaf number at harvest
for individual shoots.
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ter and LIR (Table 2) suggests that rapid shoot growth early in
the season competed with cluster development, especially the
resumption and completion of flower development from existing
primordia. However, little yield variation was contributed by
flowers/cluster (R2 = 0.1%, Table 2), so the negative effect of
rapid shoot growth on final yield was also small (R2 = 0.02%,
Table 2).
Relationships of WA and NA with the mean light intensity
measured at successive leaf layers were logarithmic (Figs. 4 and
5) and did not differ among clones or vines within clones. Variation in light microclimate was thus responsible for much of
the variation in leaf WA and NA. These results are consistent
with those found for other woody perennial fruit crops (DeJong
and Doyle, 1985; Marini and Marini, 1983; Porpiglia and Barden, 1980; Syvertsen and Smith, 1984). In a study with peaches,
N A was found to correlate positively with photosynthetic capacity, presumably because of a greater incorporation of nitrogen into leaf cellular proteins such as ribulose bisphosphate
carboxylase under high light (DeJong and Doyle, 1985). Since
the photosynthetic capacity of grape leaves is influenced by light
environment (Kriedemann, 1968), our results may indicate that
N is allocated preferentially to the more exposed leaves of a
grapevine, which will optimize whole-vine photosynthesis.
Differential partitioning of N through the canopy profile of
grapevines was also reported by Williams (1987), who found a
decrease in Nw from the canopy surface to the interior in
‘Thompson Seedless’. In this study, no relationship was found
between Nw and light intensity measured at successive leaf layers, which is consistent with data obtained from other woody
perennials (Erez and Weinbaum, 1985; Weinbaum et al., 1989).
Relationships between yield and foliar characteristics were
positive, but generally weak (Table 3). The strongest was between yield and the mean WT of the first 10 leaves (Fig. 6).
The single yield component source of this relationship was cluster number, and there were positive interactions between WT,
cluster number, and later-developing yield components (Table
4). Similar TDP results were found for all other foliar characteristics related to yield (listed in Table 3). Several previous
findings suggest that relationships between foliar characteristics
and cluster number can result from variation in cane light exposure in the previous year. In studies showing a positive effect
of light exposure on the development of cluster primordia in
grape buds, correlations between the sizes of cluster and leaf
primordia were also found (Buttrose, 1970; May, 1965). Normally, shoots that develop under well-exposed conditions not
only have more fruitful buds (Hopping, 1977), but store greater
amounts of nutrient reserves to support early growth in the following year (Kliewer et al., 1972; Scholefield et al., 1977).
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Fig. 6. Relationship between yield and the mean dry weight (W T) of
the 10 basal leaves of individual shoots.

Thus, shoots developing on exposed canes are generally more
fruitful and exhibit better vegetative growth than shoots on shaded
canes (Kliewer, 1981).
Further evidence that light exposure in the previous year limited both leaf and cluster development is provided by the strengths
of the relationships between yield and foliar characteristics on
different portions of the shoots (Table 3). Mean leaf area, dry
weight, and N content calculated from the 10 basal leaves exhibited closer relationships with yield than those calculated from
the entire shoot (Table 3). Since the 10 basal leaves develop
from primoridal leaves (Buttrose, 1969) and depend on stored
reserves for their initial development, they are most influenced
by environmental conditions, such as light exposure, that affect
storage and bud development in the previous year.
The positive interactions between leaf characteristics, cluster
number, and later-developing yield components (see those listed
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at the bottom of Table 4) indicate that shoots bearing more
clusters exhibited better set and developed larger berries if they
had high leaf dry weights or N contents. This suggests that light
exposure and photosynthetic capacity of leaves limited set and
berry development on high-cropping shoots. Other studies have
found reductions in fruit set and berry development on shoots
exposed to low light (Kliewer and Antcliff, 1970; May and
Antcliff, 1963; Morgan et al., 1985). In one study, the reduction
in berry enlargement under low light was associated with decrease in WA (Morgan et al., 1985).
The mean number of clusters per primary bud at the first 15
nodes was positively related to several foliar characteristics (Table 5), the strongest being with mean W T (Fig. 7). These relationships, especially those with WA and NA, may reflect the
influence of light environment on both fruit-bud induction (Buttrose, 1970; May, 1965; May and Antcliff, 1963) and leaf characteristics (Figs. 4 and 5). Because shoot light exposure was
not measured directly in this study, the extent to which light
exposure determined bud fruitfulness is unknown.
With the exception of mean A, foliar characteristics related
to the number of clusters per bud were also related to the number
of clusters carried by the shoots. Our results indicated that the
light environment of developing canes in the previous year may
have influenced these foliar characteristics, especially at the
basal portion of the shoot. It is possible, therefore, that cane
light exposure in the previous year indirectly affected fruit-bud
induction in the current year by influencing foliar development
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Fig. 7. Relationship between the mean number of clusters per primary
bud and the mean leaf dry weight (W T) for the 15 basal nodes of
individual shoots.

and photosynthetic capacity. This implies a 2-year carryover
effect of light microclimate on shoot fruitfulness. Further research is needed to determine the full effect of cane light exposure on leaf and bud development in the following year.
We found no evidence that competition for resources between
the vegetative and reproductive components of shoots diminished either growth or yield. The weak positive relationship
between total growth and productivity points to the importance
of overall vine nutrition promoting both growth and yield development.
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