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Introduction
When asked what they most want from their grapegrowers,
winemakers nearly always identify uniform batches of
good quality fruit as their main priority. Very often, they
further specify that this fruit should come from vines
yielding below some threshold level. However, in the 
first paper of this series, Bramley and Hamilton (2004a)
demonstrated that the range of within-vineyard varia-
tion in yield was typically 8 to 10-fold (i.e. 2–20 t/ha), and
that low yield did not necessarily imply high quality.
Furthermore, their maps of yield variation suggest that it
is quite possible for the full range of variation in a block to
be encompassed in a single row. These observations,
together with the fact that it has been known in a gener-
al sense that vineyards are variable for as long as grapes
have been grown, raise the question as to whether the
winemaker’s demand for uniform batches of fruit is 
reasonable?

Bramley and Hamilton (2004a) demonstrated that the
patterns of within-vineyard spatial variation in yield were
temporally stable. On this basis, they advocated adoption
of a system of zonal vineyard management in which, rather
than being managed uniformly, individual blocks are split
into zones of characteristic performance and managed
differentially. Thus, for example, different areas within a
single block might be pruned to different bud numbers,
fertilised at different rates, or selectively harvested;
Bramley et al. (2003) and Bramley and Hamilton (2004b)
have demonstrated the potential economic benefits of
such a strategy. However, whilst Bramley and Hamilton
(2004a) were able to show for a Coonawarra vineyard
that the delineation of zones on the basis of yield alone
was a useful basis for selective harvesting, they also
demonstrated that the ranking of wines produced from
different zones identified solely on the basis of yield was
not necessarily consistent from year to year. This is impor-
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Spatial variability in various indices of winegrape quality was studied over several vintages in blocks
planted to Cabernet Sauvignon and Ruby Cabernet in the Coonawarra (1999–2002) and Sunraysia
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Typical values of the spread were 20% for Baumé, but could be as high as 117% for phenolics, and better
indicated the extent of variation facing the winemaker than the coefficient of variation (CV; typically 3%
for Baumé and 14% for phenolics). For all attributes, variation in any given year showed marked spatial
structure, with the patterns of variation being broadly consistent for each attribute in each year of the
study, and with many attributes following similar patterns. The results therefore strongly support the idea
of zonal vineyard management. However, fruit quality zone identification is dependent on a large
sampling effort. Therefore, given the current availability of yield monitors, the finding that between-zone
differences in quality indices were generally significant (P < 0.05) for zones identified on the basis of yield
alone, and, in the absence of an on-the-go sensing capability, it is suggested that zonal management should
proceed on the basis of zones of characteristic yield productivity. Based on the present work, it is suggested
that development of an on-the-go fruit quality sensing technology would enable the wine industry to
maximise its opportunity to gain benefit from differential vineyard management such as selective
harvesting. Indeed, the results of this work suggest that in the absence of zonal management, preferably
supported by on-the-go quality sensing, winemaker demands for delivery of uniform parcels of fruit are
unlikely to be satisfied. 
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tant, because if patterns of variation in yield are matched
by patterns of variation in quality, then targeted man-
agement of vineyards becomes a much simpler problem
than if they are not. On the other hand, in situations
where these patterns do not match, it may be undesirable
to focus on yield at the expense of quality, and possibly
vice versa.

The purpose of this present paper is twofold. The first
objective is to consider within-vineyard variation in fruit
quality with a view to providing a more robust basis for
zonal viticulture than that provided by consideration of
yield variation alone. The second objective is to evaluate
the extent to which it is possible for grapegrowers to
deliver more uniform batches of fruit to the winery than
they are currently able to do in the absence of a detailed
knowledge of vineyard variability. 

Materials and methods

Data collection
The work reported here was carried out in two contrast-
ing vineyards. The first is a 7.3 ha vineyard in the cool-
climate Coonawarra region in the south-east of South
Australia. This vineyard was planted to Cabernet
Sauvignon on its own roots in 1974; its production is
focused on super-premium bottled table wine. The second
is a 4.5 ha vineyard in the warm, irrigated, Sunraysia
region of north western Victoria which was planted to
Ruby Cabernet (own roots) in 1989. The fruit from this
site is predominantly used for production of high colour
bulk wines for blending into cask or lower-value bottled
wines to enhance their colour. Data were collected in
these vineyards over four vintages at the Coonawarra site
(1999–2002) and three vintages (2000–2002) at the
Sunraysia site. Both these sites were also used in the
study of yield variation described in the first paper in this
series (Bramley and Hamilton 2004a). 

At each site, the sampling strategy used was based on
a regular grid, the dimensions of which were determined
by the vine and row spacing; the nodes of the sampling
grid were defined by the locations of the trunks of target
vines. Samples were collected at an intensity of approxi-
mately 26 samples/ha in Coonawarra in 1999 which was
considered the maximum number possible given available
resources. However, subsequent data processing (see
below) suggested that this sampling intensity enabled pro-
duction of robust maps of vine variation (as indicated by
maps of kriging variances – see below) and it was there-
fore adopted for the remainder of the study. Thus, 190 
target vines were sampled at the Coonawarra site and
130 vines in Sunraysia (120 in 2000). However, for the
two sampling occasions after vintage 2000 in Coonawarra,
rather than sampling at every grid node, approximately
15% of the grid nodes were left unsampled with the 
samples that would have been taken at these points re-
assigned to vines that were either adjacent to (along the
row) or directly opposite (1 row away) other target vines
(Figure 1a). This modification of the grid design was an
attempt to satisfy the requirement of minimising the ratio
of the smallest:largest sample separation distance (Bramley
and White 1991), in order to maximise our opportunity to

define the range of spatial dependence (e.g. Trangmar et
al. 1985, Isaaks and Srivastava 1989, Webster and Oliver
2001) of vine variation. In Sunraysia, rather than deleting
some of the sampling locations used in 2000, an additional
10 target vines (adjacent to, or opposite others) were
added to the sampling strategy for 2001 and 2002. All
sampling locations were geo-referenced using a differen-
tially corrected global positioning system (dGPS), accurate
to approximately ± 50 cm in the x and y planes.

At both sites, sample collection took place as close to
harvest as possible. In some cases this meant that sampling
occurred a few hours before harvest; in others, sampling
was done a few days, but always less than 1 week, before
harvest. Samples were taken from either whole vines
(Coonawarra 1999–2001), a 1 m length of row centred on
the trunk of the target vine (Coonawarra 2002), or a 0.5
m length of row measured from the trunk of the target
vine (Sunraysia all years). All bunches were harvested
by hand into a picking bucket. For each target vine, the
number of bunches and their total mass were recorded;
note that variation in the components of yield will be the
subject of the next paper in this series. Harvested bunches
were then mixed and randomly sampled such that approx-
imately 1.5 kg fruit/vine was retained for further analysis.

Berries were randomly stripped from the retained
bunches from the entire length of the bunch to give a 
representative sample of berries for each vine. Sampled
berries were then mixed and triplicate samples, each of 50
berries, were counted into plastic vials which were sub-
sequently weighed for determination of mean berry
weight. These were then frozen (–30°C) for analysis of
colour and phenolics at a later date. At Coonawarra, the
juice was extracted from all of the fruit remaining from
the initial 1.5 kg sample using a small bag press. At
Sunraysia, juice was obtained from a sample of approxi-
mately 200 randomly selected berries by squeezing these
in a large garlic crusher. In both cases, these fresh juice
samples were analysed immediately for their pH, titratable
acidity (TA) and Baumé/Brix using standard industry
methods (Iland et al. 2000). The concentrations of colour
and phenolics in homogenates of 50 berry samples (see
above) were analysed at a later date using standard spec-
trophotometric methods (Iland et al. 2000). An exception
to the latter occurred in 2002 when the near infrared

a b

Figure 1. Sampling strategy used in (a) Coonawarra and (b)
Sunraysia. Note that a regular grid forms the basis of (a), but with
sampling points randomly removed from 30 of the grid nodes and re-
allocated to vines adjacent to other grid nodes; the latter were also
randomly selected. See text for further explanation. 
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(NIR) method (Dambergs et al. 2003) was used for deter-
mination of colour and phenolics. Equivalent ‘wet chem-
istry’ values were estimated based on regression relation-
ships derived from 10% of the sample set which was
analysed by both methods (R2 = 0.90 and 0.89 for colour
and phenolics, respectively), thus enabling comparison
of analytical data for these analytes between different
years of the study.

Mapping and spatial analysis
For each year, and for each analyte, maps were inter-
polated onto a 2 m grid (pixels of 4 m2) by global point
kriging of the vine data using VESPER (Minasny et al.
1999). It is not within the scope of this paper to provide a
detailed discussion of kriging or other geostatistical methods
and readers interested in fuller accounts of these are
referred to Trangmar et al. (1985), Isaaks and Srivastava
(1989) and Webster and Oliver (2001). Suffice to say here
that kriging is an interpolation procedure in which esti-
mates of values at unsampled sites are interpolated on the
basis of known values at georeferenced locations, weight-
ed according to the parameters of the variogram – a model
that describes variation within a dataset as a function of
the distance or lag separating the samples comprising it. Its
important parameters are the sill (equivalent to the 
sample variance), the nugget variance, which is equivalent
to the true sampling and measurement error, and which
is independent of location, and the range of spatial depen-
dence. Samples that are closer together than the range are
said to be spatially dependent; that is, their values are
similar. Conversely, samples separated by distances greater
than the range are independent of each other and there-
fore differ as a function of random, rather than spatial,
effects. The ratio of the nugget variance to the sill provides
an indication of the strength of spatial dependence
(Trangmar et al. 1985, Cambardella et al. 1994). In order
to provide a comparative assessment of the degree of 
spatial variation amongst the various fruit attributes 
measured, the variograms for all fruit attributes were fit-
ted with an exponential model only, and with a common
set of input parameters and boundary conditions (maxi-
mum distance, number of lags) when running VESPER
(Minasny et al. 1999; maximum distance = 150 m; 30 lags;
50% lag tolerance).

As discussed in the first paper of this series (Bramley
and Hamilton 2004a), knowing about spatial variation in
vineyards is all very well, but in the absence of knowledge
as to the temporal stability of the patterns of variation, it
is of questionable value. On the other hand, if the patterns
of spatial variation are temporally stable, then the data
take on a significant predictive value. It is also of interest
to know to what extent the various indices of fruit 
quality are spatially correlated given that winemakers use
a variety of these rather than a single index or attribute.
k-means clustering lends itself to investigation of both of
these issues.

k-means clustering is a non-hierarchical method of
data aggregation that maximises the Euclidean distance
between cluster means and minimises the distances with-
in the clusters. It was successfully used to demonstrate

temporal stability in the patterns of yield variation
(1999–2001) at the Coonawarra site (Bramley and
Hamilton 2004a). As was the case in the first paper in this
series, the cluster analysis was carried out using the kriged
map surfaces (i.e. the output from VESPER) rather than
the raw vine data.

Analysis and presentation of the outputs from VESPER
(Minasny et al. 1999) was carried out in ARCVIEW (ver-
sion 8.3; ESRI 2003) using the SPATIAL ANALYST extension.
All other statistical analysis was carried out using JMP
(version 5.0.1; SAS 2002).

Results and discussion

Gross variation
At both sites, there was considerable inter-annual 
variation in all indices of fruit quality (Table 1). In terms
of intra-annual variation however, some indices (e.g. 
phenolics) tended to be more variable than others (e.g.
Baumé), when expressed in terms of their coefficients of
variation (CV). On this basis, it might be concluded that
variation in fruit quality at harvest is considerably less
than variation in yield (Bramley and Hamilton 2004a).
Indeed, Bramley and Hamilton (2004a) reported within-
vineyard yield variation at these sites to be of the order of
8 to 10-fold which, in the case of their yield monitor data,
translates to a CV of around 40%.

The fact that the values reported in Table 1 are consis-
tent with those reported by Krstic et al. (2002) suggests
that in terms of the magnitude of the variation, the two
study sites are broadly typical of other Australian vine-
yards. However, whilst CV provides an index of gross
variation that is meaningful to biometricians and scientists,
it can easily disguise the actual amount of variation which,
in this case, the winemaker has to accommodate. Thus,
the range (difference between maximum and minimum)
may be a more useful indicator of gross variation; Table 1
indicates a 3-fold range of within-vineyard variation in
some indices of quality. However, for the purpose of 
better comparing the magnitude of variation amongst
quality indices and between years, an additional index,
here referred to as the ‘spread’, is proposed (Table 1),
where ‘spread’ is the range (max–min) expressed as a
percentage of the median. In essence, ‘spread’ provides
part of the information conveyed in a standard ‘box plot’
as a single number. I suggest that this index provides
winemakers with a more informative indication of how
much variability there is in the fruit that they are faced
with processing. Thus, there is only a 15% spread (CV of
approximately 3%) in within-vineyard variation in matu-
rity (Baumé) at harvest, whereas the concentrations of
colour (anthocyanins) and total phenolics (CVs of approx-
imately 14%) have an average spread of around 85%
(Table 1). Given the importance of colour as a quality
index, and the acknowledged relationship between juice
colour and wine quality (Francis et al. 1999, Gishen et al.
2002), it is suggested that the knowledge that within-
vineyard variation in fruit quality (and therefore of wine
quality) is of the order of two-fold is more valuable with
respect to the tasks facing the winemaker, particularly in
terms of fruit parcelling, than knowing that the CV is



36 Variability in winegrape production systems: 2 Australian Journal of Grape and Wine Research 11, 33–42, 2005

Table 1. Summary statistics for selected indices of fruit quality at harvest.1

Coonawarra Cabernet Sauvignon Sunraysia Ruby Cabernet
Attribute Year Median Range CV% Spread2 Median Range CV% Spread2

Baumé (º) 1999 14.6 13.4–15.6 2.8 15.1
2000 13.2 12.1–14.0 2.6 14.4 13.2 10.9–15.7 5.5 36.6
2001 13.3 11.4–14.7 3.9 24.8 13.7 12.2–14.5 2.8 16.7
2002 14.3 12.9–15.8 4.0 20.7 14.8 12.0–17.3 6.8 35.7

Juice pH 1999 3.65 3.29–4.22 5.2 25.5
2000 3.66 3.35–4.39 4.7 28.4 3.91 3.63–4.27 3.2 16.4
2001 3.51 3.25–3.93 4.3 19.4 3.90 3.64–4.22 2.8 14.9
2002 3.84 3.44–4.31 4.4 22.7 4.17 3.89–4.48 2.7 14.2

TA (g/L) 1999 5.10 3.30–7.90 15.4 90.2
2000 4.90 4.00–6.60 9.8 53.1 4.64 3.36–5.90 10.6 54.8
2001 5.00 3.70–7.80 13.4 82.0 4.13 3.20–5.01 9.4 43.8
2002 4.80 3.80–6.10 10.7 47.9 5.41 4.18–7.25 9.4 56.8

Anthocyanins 1999 1.80 1.13–2.89 13.7 97.4
(mg/g) 2000 1.93 1.23–2.83 15.7 82.6 2.33 1.23–3.07 12.7 78.9

2001 1.00 0.58–1.73 18.1 115.0 2.32 1.69–3.34 14.7 71.1
2002 2.61 1.06–3.71 21.6 101.3 2.25 1.57–3.45 11.7 83.4

Phenolics 1999 1.51 1.04–2.32 11.0 85.4
(a.u./g) 2000 1.66 1.17–2.37 13.5 72.5 1.87 1.30–2.43 11.5 60.8

2001 0.89 0.45–1.50 19.0 117.6 1.82 1.52–2.48 10.4 52.6
2002 1.67 0.88–2.43 13.9 92.4 1.56 1.07–2.20 13.5 72.5

Berry weight 1999 0.77 0.44–1.27 14.5 109.7
(g) 2000 0.91 0.35–1.19 15.4 91.8 0.87 0.34–1.24 21.8 103.5

2001 0.95 0.25–1.35 18.4 116.9 0.80 0.36–1.21 22.3 107.3
2002 0.68 0.30–0.88 15.7 86.0 0.91 0.43–1.52 22.8 119.5

1 Note that at Coonawarra, the number of samples (n) was 190 for the majority of years/attributes and was never less than 182; in
Sunraysia, n was not less than 118 in 2000 and not less than 129 in 2001–2002.

2 Spread is defined as the range divided by the median, expressed as a percentage.

Figure 2. Spatial variation in some common indices of fruit quality in a 4.5 ha Sunraysia vineyard planted to Ruby Cabernet in 1989. Note that
for each index in each year, the figure legends reflect a classification of the data based on 20th percentiles.
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Figure 3. Spatial variation in some common indices of fruit quality in a 7.3 ha Coonawarra vineyard planted to Cabernet Sauvignon in 1974.
Note that for each index in each year, the figure legends reflect a classification of the data based on 20th percentiles.
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14%. It is conceivable that, in the future, such knowledge
may also impact on the price of both the grapes delivered
to the winery, and also the finished wines and the man-
ner in which they are marketed.

Spatial variation
Neither the CV nor the ‘spread’ provide information about
the spatial structure (if any) of the variation; indeed, both
are simple indices of gross variation and tell us nothing
about possible differences between different parts of a
vineyard. Given that both the Coonawarra and Sunraysia
datasets derive from single vineyards which, hitherto,
have been harvested as single parcels, both indices are still
potentially useful, especially the spread, as indicated
above. However, as Bramley and Hamilton (2004a) have
pointed out, knowing about the spatial component of the
variation promotes a capacity for targeted, or zonal man-
agement, and with respect to fruit and wine quality, may
provide a basis for reducing the variability within indi-
vidual parcels of fruit delivered to the winery. 

Variation in all the indices measured appeared to show
marked spatial structure at both the Sunraysia (Figure 2)
and Coonawarra (Figure 3) sites. However, when the
magnitude of these spatial effects was assessed using the
index of Cambardella et al. (1994), most of the fruit attrib-
utes measured exhibited a ‘moderate’ degree of spatial
dependence; that is, the ratio of nugget : sill variance was
between 26 and 75 when expressed as a percentage. Note
that this classification of nugget:sill variance (Cambardella
et al. 1994) is entirely qualitative. Nevertheless, it high-
lights a relatively large nugget effect in the fruit quality
data from both the Coonawarra and Sunraysia sites.

Because of this, together with the maximum distance
constraint placed on variogram fitting (150 m), many of
the variograms were fairly flat with a large range of 
spatial dependence relative to the dimensions of each
block; the mean range of spatial dependence was 85 ± 2
m in Sunraysia and 133 ± 5 m in Coonawarra. The lack of
strong spatial structure in the variograms might also be a
reflection of the sampling design used here being less
than optimal for defining short-range variation, in spite of
some samples being only one vine spacing or row width
apart. This result could also be a consequence of a high
degree of within-vine, and vine to vine variation
(Johnstone 1999, Trought et al. 1997).

One consequence of flatish variograms is that the krig-
ing process results in a lot of smoothing. Hence, the dis-
tribution of interpolated values is ‘tighter’ than that for the
raw data. It is partly for this reason that the legends to
Figures 2 and 3 are expressed in terms of 20th percentiles,
although this was also done to facilitate comparison of
maps between years and identification of areas within
each block where an attribute had consistently relatively
low or high values. Clearly, both Figures 2 and 3 suggest
that, just as yield exhibits marked spatial structure
(Bramley and Hamilton 2004a), so too do these various
indices of fruit quality, albeit with a less strong delineation
between high and low values. In other words, within-
vineyard variation in fruit quality is not random, as is
implicit in the work of Krstic et al. (2002). The present
results therefore support the view that grape sampling
for quality assessment would be improved if carried out
with some knowledge of the likely spatial structure of
the variation.
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Cluster analysis
Figures 4 and 5 show the results of cluster analyses for the
Sunraysia and Coonawarra sites. For Coonawarra, 3 clus-
ter solutions were pursued initially given the finding
(Bramley and Hamilton 2004a) that this vineyard could
sensibly be split into 3 significantly differently (P < 0.05)
yielding zones based on the yield maps obtained in
1999–2001 (Figure 5a). For Sunraysia, two-cluster 
solutions were chosen. This was done for the following
reasons. First, Bramley (2001) has previously observed
that patterns of yield variation in this vineyard closely
match variation in soil properties (the amount and/or
position of clay in the soil profile). Second, the vineyard
owner was of the view that the western half performed
less well than the eastern half, possibly due to it being
prone to waterlogging in winter and spring. Third, the
results of a k-means cluster analysis of yield, as measured
using a yield monitor (vintage 2000), and bulk electrical
soil conductivity, as measured using inductively coupled
electromagnetic induction (EM38) soil survey (e.g.
Bramley et al. 2002) suggest strong similarities between
variation in both yield and soil properties (Bramley 2001).
Thus, the results of clustering the yield map and EM38
map (Figure 4a) suggest that the block can be split into

two zones. Using a test of significance based on the krig-
ing variance (Cuppitt and Whelan 2001, Bramley and
Hamilton 2004a), these zones can be seen to be signifi-
cantly different (P < 0.05) with respect to both yield
(Figure 4a) and bulk electrical soil conductivity. 

k-means clustering of Sunraysia berry weight mea-
surements over 3 vintages (Figure 4b) suggested a pattern
of variation very similar to that for yield (Figure 4a).
Similarly, variation in colour (Figure 4g) and phenolics
(Figure 4h), and thus, colour and phenolics combined
(Figure 4i), matches the zonation identified from yield and
soil data. In contrast, variation in Baumé (Figure 4c), TA
(Figure 4d) and pH (Figure 4e) suggests a somewhat 
different zonation to the other attributes; as expected, TA
and pH exhibit similar spatial structure (Figures 4d–f).
However, when all these chemical attributes are clustered
together, either with (Figure 4k) or without (Figure 4j)
berry weight, it appears that whilst the western zone may
be characterised as performing poorly with respect to
yield, it can also be characterised as producing more desir-
able fruit – smaller berries with higher concentrations of
colour (except vintage 2000) and phenolics.

In Coonawarra the picture was less clear. Areas of low
berry weight (Figure 5b) tend to correspond to areas of

Figure 4. Results of k-means clustering (Sunraysia site – two cluster solutions) of interpolated estimates of (a) yield as measured using a
yield monitor (vintage 2000; Bramley and Hamilton 2004a) and bulk electrical soil conductivity as measured using EM38 sensing (Bramley
2001), and of field/laboratory measurements of (b) berry weight, (c) Baumé, (d) titratable acidity (TA, (e) juice pH, (f) pH and TA, (g) colour
(anthocyanins), (h) phenolics, (i) colour and phenolics, (j) all chemical attributes and (k) all chemical attributes plus berry weight. The
legends to the single attribute maps indicate (left to right) the cluster means in 2000, 2001 and 2002. For each map, the different colours
indicate the locations of the two clusters.
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low yield (Figure 5a) and these also tend to have higher
colour (Figure 5f) and phenolics (Figure 5g) than the
higher yielding parts of the block. As in Sunraysia, the pat-
terns of colour and phenolics are similar (Figure 5f–h), but
those of pH (Figure 5e) and TA (Figure 5d) are much less
so. Further, variation in Baumé (Figure 5c) appears to be
being driven by different factors to the other attributes as
evidenced by the fact that whilst the zone of highest
Baumé corresponds broadly to the area of low yield in the
southern part of the block, regions of low Baumé occur in
both the high yielding area towards the north-east and the
low yielding strip on the western side. The drivers of this
variation, and in particular, a possible effect of vine nutri-
ent status on yield and fruit quality variation are explored
in a later paper in this series. Simplification of the Coona-
warra zonation through the use of a two-cluster solution
did not assist in understanding the inter-relationships
between the various attributes or in interpreting their
spatial structure (data not shown).

Notwithstanding the less obvious zonation for select-
ed attributes in Coonawarra compared to Sunraysia, when

all the attributes are clustered together, either with (Figure
5j) or without (Figure 5i) berry weight, a similar result is
obtained to that for Sunraysia. That is, a zonation similar
to that identified for berry weight alone is apparent; the
low yield / low berry weight zone in the southern part of
the block stands out as one zone, another is centred
around the higher yielding area in the north-east, whilst
the third  broadly corresponds to the lower yielding, low
Baumé western portion. This result highlights the utility
and uniquenes of berry weight as an index of both yield
(high yield tends to imply large berries) and quality (high
quality tends to result from small berries).

The legends to the single-attribute maps shown in
Figures 4 and 5 suggest that the differences between clus-
ter means are small. Indeed, most practitioners would
probably dismiss them as being too small to impact on
management. Note however, that the k-means clustering
analysis shown in Figures 4 and 5 was done using the
interpolated data shown in Figures 2 and 3. As indicated
above, the kriging process has tightened the distributions
of the data due to the smoothing that occurs when using

Figure 5. Results of k-means clustering (Coonawarra site – three cluster solutions) of interpolated estimates of (a) yield as measured using
a yield monitor (1999–2001; Bramley and Hamilton 2004a), and of (b) berry weight, (c) Baumé, (d) titratable acidity, (e) juice pH, (f) colour
(anthocyanins), (g) phenolics, (h) colour and phenolics, (i) all chemical attributes and (j) all chemical attributes plus berry weight as
measured following field sampling and laboratory analysis. Note that the apparent difference in the resolution of map (a) compared to
maps (b–j) is due to the latter being derived from the interpolated surfaces shown in Figure 3 (i.e. up to 190 field measurements) which
have a smaller support (e.g. Webster and Oliver 2001) than map (a) which is based on surfaces interpolated from over 10,000 data points.
The legends to the single attribute maps indicate (left to right) the cluster means in each year (1999–2002). For each map, the three
colours indicate the locations of the different clusters.
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variograms with a relatively large nugget variance.
Further, the test for the significance of differences between
cluster means using the method of Cuppitt and Whelan
(2001) does not work here, as it did for maps derived
from a yield monitor or high intensity soil survey (e.g.
Figure 4a), because the latter were produced using local
kriging and a support (e.g. Webster and Oliver 2001) of
several thousand data points, whereas the maps of these
fruit attributes (Figure 2), were produced using global
kriging and no more than 130 data points. Consequently,
the interpolation distances in the present study are larger
than for yield maps, as is the total amount of variation
encompassed in a single variogram, and the kriging vari-
ances which, as a result, do not offer a useful basis for a
test of significance between cluster means. Note that a
standard t-test cannot be used on this kind of data because
of the large number of pixels (i.e. data points) in each 
cluster map, which means that the degrees of freedom for
the test are so large that even very small differences are 
statistically significant (as is the case here using a standard
test). Nevertheless, Figure 4 is striking in that it suggests
strong similarity in the spatial structure of attributes that
one might expect to vary similarly (e.g. colour and phe-
nolics, or pH and TA), and also indicates that in this vine-
yard the patterns of variation in fruit quality follow sim-
ilar patterns to variation in yield. It is therefore suggested
that notwithstanding the smaller differences between
cluster means, both the kriging and k-means clustering
analyses undertaken for Sunraysia have provided useful
information about spatial variation in fruit quality.

This last point is further demonstrated by Table 2
which shows zone-based means for the various fruit
indices in Sunraysia. These were calculated from the raw

vine data when the target vines (Figure 1b) were divided
into those which lie in either the western, or low yielding
zone (L; Figure 4a), and those from the eastern, or high-
er yielding zone (H). Table 3 presents a similar analysis for
Coonawarra based on the allocation of target vines (Figure
1a) to the yield zones identified by Bramley and Hamilton
(2004a; Figure 5a). Both Table 2 and Table 3 clearly indi-
cate, in the absence of any confounding effects attributable
to kriging sparse data, that at both sites, the zones identi-
fied on the basis of yield differ significantly (P < 0.05) in
each year of the study with respect to many of the fruit
attributes measured. In Sunraysia, the yield-based zones
differ each year with respect to berry weight, colour and
phenolics. In contrast, Baumé shows no significant dif-
ference (P > 0.05) between the zones, whilst the results for
pH and TA show significant differences in only 1 or 2
years – a result which is perhaps reflective of the different
patterns shown in Figure 4. In Coonawarra, consistent
and significant (P < 0.05) differences between the zones
are seen with respect to pH and phenolics, whilst similar
significant differences exist for most of the attributes in
most years. The exceptions are Baumé (vintage 2000), TA
(vintage 2000 and 2002), colour (2002) and berry weight
(1999 and 2001). Note that both 2000, and in particular
2002, were low yielding years, whilst 2001 was a high
yielding year; 1999 was an average year. Thus, Table 3

Table 3. Year and zone based means (1999–2002) for
selected fruit attributes in low (L), medium (M) and high
(H) yielding zones within a 7.3 ha Coonawarra vineyard
planted to Cabernet Sauvignon in 1974.1

Year Zone Berry Baumé pH TA Colour  Phenolics 
wt (°) (g/L) conc. conc.
(g) (mg/g)2 (au/g)2

1999 L 0.71a 14.7c 3.77c 4.78a 1.91c 1.60c
M 0.77b 14.5b 3.66b 5.14b 1.81b 1.52b
H 0.81b 14.3a 3.56a 5.46c 1.65a 1.41a

2000 L 0.81a 13.1a 3.77c 4.91a 2.13c 1.82c
M 0.92b 13.1a 3.68b 4.89a 1.90b 1.64b
H 0.98c 13.2a 3.57a 5.27b 1.77a 1.56a

2001 L 0.82a 13.6c 3.64c 4.77a 1.09c 1.01c
M 0.98b 13.3b 3.49b 5.07b 1.00b 0.88b
H 1.03b 13.0a 3.45a 5.31c 0.90a 0.81a

2002 L 0.60a 14.6c 3.93c 4.65a 2.62a 1.85c
M 0.68b 14.2b 3.82b 4.82ab 2.51a 1.69b
H 0.74c 14.0a 3.75a 4.90b 2.54a 1.55a

1 Data reported are the means of samples collected immediately prior to
vintage. For 1999–2001, these samples were from whole vines. In 2002, they
were taken from a metre of vine row centred on the trunk of target vines. For
any given vine property and year, zone means that are not connected by the
same letter are significantly different (P < 0.05). In each year, 190 vines were
sampled. In 1999 and 2000, n was 190 for all properties reported; in 2001 n
was not less than 186; and in 2002, n was not less than 182. The distribution
of the 190 sampled vines amongst the low, medium and high zones was 66, 79
and 45 in 1999 and 2000, and 63, 83 and 44 in 2001 and 2002. The
differences in these numbers between 2000 and 2001 reflects a change made
to our sampling strategy to improve characterisation of spatial variation. 160 of
the sampled vines were common to all years.
2 Colour and phenolics are expressed as the concentrations of total
anthocyanins and phenolics (Iland et al. 2000).

Table 2. Year and zone based means (2000–2002) for
selected fruit attributes in low (L) and high (H) yielding
zones within a 4.5 ha Sunraysia vineyard planted to Ruby
Cabernet in 1989.1

Year Zone Berry Baumé pH TA Colour  Phenolics 
wt (°) (g/L) conc. conc. 
(g) (mg/g)2 (au/g)2

2000 L 0.70a 13.1a 3.92a 4.48a 2.28a 1.96b
H 0.96b 13.2a 3.91a 4.67b 2.39b 1.81a

2001 L 0.70a 13.6a 3.87a 4.12a 2.44b 1.93b
H 0.86b 13.7a 3.93b 4.11a 2.30a 1.79a

2002 L 0.83a 14.7a 4.13a 5.45a 2.39b 1.66b
H 0.96b 14.7a 4.20b 5.36a 2.19a 1.55a

1 Data reported are the means of samples collected immediately prior to
vintage from a 0.5 m length of row measured from the trunk of target vines.
For any given vine property and year, zone means that are not connected by
the same letter are significantly different (P < 0.05). 120 vines were sampled in
2000; 130 vines were sampled subsequently. In 2000, the number of samples
(n) contributing to the means was not less than 118; in 2001 and 2002, n was
not less than 129. The distribution of the sampled vines between the low and
high yielding zones was 52 and 68 in 2000, and 57 and 73 in 2001 and 2002.
The differences in these numbers between 2000 and subsequently reflects a
change made to our sampling strategy to improve characterisation of spatial
variation. 120 of the sampled vines were common to all years.
2 Colour and phenolics are expressed as the concentrations of total
anthocyanins and phenolics (Iland et al. 2000).
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suggests that in low yielding years, there may be little 
to be gained from zonal management in terms of fruit 
quality, whilst in higher yielding years, there may be 
compelling fruit quality reasons for considering targeted 
management, even though inter-zonal differences in berry
weight suggest little difference between the medium and
higher yielding areas. 

As indicated above, whether these differences are large
enough to impact on the decision-making of winemakers
is open to debate, especially given that many winemakers
do not currently analyse for colour and phenolics.
However, the present results strongly suggest that zonal
management (Bramley and Hamilton 2004a) may offer
opportunities (e.g. Bramley and Hamilton 2004b, Bramley
et al. 2003) that are not available when vineyards are
managed uniformly. This is especially the case for the
Sunraysia vineyard, given that the yield and quality zones
(Figure 4) appear to be the same.

Taken overall, the present results also lend weight to
the idea that for zonal management to be most effective,
zone-based monitoring of fruit quality, as opposed to
whole-block monitoring, will be essential (Bramley and
Hamilton 2004b). This is important because whilst the
location of the yield-derived zones is temporally stable
(Bramley and Hamilton 2004a), their relative ranking
with respect to selected quality indices may not be. Thus,
had a sensory evaluation of fruit and final wines been
included in the present study, the opportunities of zonal
management might have been as obvious as was the case
in other vineyards in Padthaway (Bramley and Hamilton
2004b) and Margaret River (Bramley et al. 2003).

Finally, it should be emphasised that the work pre-
sented here was based on hand sampling vines and fruit
at sampling rates that would be considered impractical in
commercial vineyards. In light of this, and also possible
misgivings as to whether sufficient samples were taken in
this study, and the extent to which short range spatial
variation has been adequately characterised by the sam-
pling strategies used (Figure 1), this work points to the
desirability of the wine industry having access to an on-
the-go fruit sensing capacity, analogous to existing yield
monitoring technology. Given the apparent temporal 
stability in the patterns of spatial variation shown in
Figures 2–5, the predictive utility of the data that would
derive from such an instrument would clearly be at least
as great as is the case for the data provided by yield mon-
itors, especially if coupled to a program of zone-based
sampling as an aid to seasonal decision making (Bramley
and Hamilton 2004a).

No technology for on-the-go fruit quality sensing is
currently commercially available. Whether such technol-
ogy develops from the laboratory-based NIR methods of
Dambergs et al. (2003) or from a remote sensing basis
(Lamb et al. 2004) remains to be seen, although at the
time of writing, at least two on-the-go winegrape quality
assessment systems are known to be under development
including that reported by Tisseyre et al. (2001). The work
of Dambergs et al. (2003) suggests that, with the exception
of TA, an on-the-go NIR-based sensor could potentially
assess all of the analytes discussed here. 

Conclusions
Just as the within-vineyard yield of winegrapes is spatial-
ly variable, so too is their quality at harvest, albeit with a
smaller range (max–min) of values in any given year.
Whilst this variation appears to be sufficiently temporal-
ly stable to justify the identification of ‘quality zones’
within vineyards, in the absence of an on-the-go quality
sensing technology, the use of a zonation based on yield
monitoring, rather than fruit analysis, seems justified.
This is especially so, given the large sampling and analyt-
ical requirement for characterisation of spatial variation in
fruit quality, and the finding that fruit quality indices 
differ significantly between zones identified on the basis of
yield alone. It is further suggested that until zonal manage-
ment is adopted by the wine industry, winemaker
demands for delivery of uniform parcels of fruit are
unlikely to be satisfied. 
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