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Abstract We describe the yield and quality of apples from a 0.8 ha apple orchard located in

northern Greece over two growing seasons and consider the potential for site-specific man-

agement. The orchard has two apple cultivars: Red Chief (main cultivar) and Fuji (pollinator).

Yield was measured by weighing all fruit harvested from groups of five adjacent trees and the

position of the central tree was recorded by GPS. Apple quality at harvest was evaluated from

samples of the two cultivars in both years for which fruit mass, flesh firmness, soluble solids

content, juice pH and acidity of the juice were determined. The variation in tree flowering was

also measured in the spring of the second season using a stereological sampling procedure.

The results showed considerable variability in the number of tree flowers, yield and quality

across the orchard for both cultivars. The number of flowers was strongly correlated with the

final yield. These data could potentially be used to plan precise thinning and for early

prediction of yield; the latter is important for marketing the fruit. Several quality charac-

teristics, including fruit juice soluble solids content and acid content were negatively cor-

related with yield. The general patterns of spatial variation in several variables suggested that

changes in topography and aspect had important effects on apple yield and quality.

Keywords Flowering � Fruit quality � Intrinsic random function-k (IRF-k) kriging �
Malus domestica � Precision horticulture � Spatial variation � Stereology

Introduction

Precision agriculture studies have focused largely on arable crops (Yanai et al. 2001;

Godwin et al. 2003; Dobermann and Ping 2004; Roel and Plant 2004a). However, high
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value horticultural crops have also been investigated such as citrus (Zaman and Schuman

2006; Ye et al. 2007), olives (López-Granados et al. 2004), apples (Best et al. 2008; Best

and Zamora 2008), grapes (Bramley and Hamilton 2003, Taylor 2004; Bramley 2005),

cranberries (Pozdnyakova et al. 2005) and tomatoes (Pelletier and Upadhyaya 1999). It is

often claimed that precision agriculture can offer a great deal to the production of high

value crops, and it is also easier to pay for the investment than for lower value crops.

However, detailed analyses of yield, soil, fruit quality properties and their interrelation-

ships should be done before changing traditional management practices to site-specific

ones.

Most applications of precision agriculture to date have been in the USA, Canada,

Australia and Northern Europe, where fields are large and soil conditions vary considerably

(Zhang et al. 2002; Fountas et al. 2004a, b; Griffin et al. 2004). In Greece and southern

Europe in general, the application of site-specific management has been slow because of

small farm size, a reluctance to adopt new technology, the lack of relevant technology for

fruits and vegetables, and the lack of crop subsidies from the European Union (Gemtos

et al. 2002). Precision agriculture began to be practiced in Greece in 2001 in cotton

production. Yield maps showed significant variation even for small farms (Markinos et al.

2004; Gemtos et al. 2005). However, there has not been any research on precision agri-

culture of horticultural crops, which are economically the most important crops in Greece.

Apple (Malus domestica Borkh.) is the fourth most important tree crop in Greece after

olive, citrus and peach (Vasilakakis 2004). Apple quality is determined by how mature the

fruit is when harvested. Skin colour, soluble solids content and flesh firmness are the most

important maturity indices used for apple harvesting (Blankenship et al. 1997; Marquina

et al. 2004). Greek apples are of high quality especially when the orchards are at high

elevations, where the fruit develop a good taste and long cold storage potential and red

apples develop a deep colour. Red Chief is a clone of Starking Delicious. For Starking

Delicious produced under Greek conditions, when soluble solids content is [11.5 g per

100 g of juice, firmness is[63.7 N and with more than 125 chill hours below 12�C, stored

apples have good quality with a low susceptibility to superficial scald (personal commu-

nication, E. Sfakiotakis, Professor of Pomology, Aristotelian University of Thessaloniki).

Malic acid is the main acid in apple juice and it plays an important role in flavour. To our

knowledge, optimum values for this property have not been specified as they depend on the

variety and stage of maturity.

Fruit quality is generally associated with climate and soil conditions, tree characteris-

tics, and cultural practices. Changes in the latter are the primary means by which orchard

managers in Europe have made the transition to intensive production over the past 40 years

while meeting market demands for quality and yield. Trees are pruned and trained to have

open forms with a central leader and weak open branches. They are managed in this way so

that they have relatively low density foliage to avoid shading the lower branches, which

reduces yield and quality. Flower- and fruit-thinning are also used to improve fruit size and

the annual yield of apple trees. Thinning has become the single most important cultural

practice that many growers undertake. Chemical thinning is done on a block basis that does

not take into account the variability between individual trees. Hand-thinning is much more

costly, but may be necessary if chemical thinning proves inadequate. Many thinning trials

have shown that final yields are closely related to flower density, assuming adequate

pollination (Lakso and Robinson 1997). Soil conditions become more important in orch-

ards that have a high density of planting, but there is still insufficient knowledge about

optimal mineral nutrition of fruit trees (Dris 2002).
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Spatio-temporal variation in yield because of alternate bearing of most tree crops,

including many apple species, has been the subject of much debate. For example to what

extent are fluctuations in yield due to external (exogenous) forces, such as weather and

other environmental factors, or to internal (endogenous) forces, such as photosynthesis,

internal carbon allocation and energy depletion due to flower and fruit production (Isagi

et al. 1997; Hastings 2004; Sakai et al. 2008). Sakai et al. (2008) reconstructed local

dynamics from short ecological time series observed in the alternate bearing of 48 satsuma

mandarin (Citrus unshiu Marc. var. ‘Outu Yongou’) trees over a seven year period. They

showed that yield fluctuation was due to mechanistic (endogenous) forces, and that vari-

ation in yield could be predicted without knowledge of the environmental conditions

The aim of this study was to investigate within-field variation in yield, flowering and

fruit quality properties of a small apple orchard, and the potential for applying site-specific

management.

Materials and methods

Site description

The field studied in 2004 and 2005 is a 0.8 ha commercial apple orchard in the Ptolemaida

area of northern Greece (21�5001500E, 40o3901300N, mean elevation 790 m). The orchard

has a western and a northern aspect and a 6% north–south slope (Fig. 1). The soil texture is

a clay. To the north of the orchard there is natural vegetation, to the west is a wheat field, to

the east side an apple orchard and to the south a rural road. The orchard was planted in

1998 with two apple cultivars: Red Chief (RC) as the main cultivar and Fuji (FJ) as the

pollinator. The orchard has 15 rows, 11 planted with Red Chief and 4 with Fuji (Fig. 1).

The between-row spacing is 4 m and the intra-row tree spacing is 2.5 m. Trees were

trained as free palmette (Fig. 2).

Sampling

Apples were hand harvested and placed in plastic bins along the tree rows (Fig. 3). All bins

from each group of five adjacent trees were collected together and weighed to give an

average weight in kilograms of fruit per tree for mapping yield. The geographical position

of the middle tree was recorded using a hand-held computer with GPS (Trimble Pathfinder,

Pocket 43800) without differential correction (ca. 0.5 m accuracy). In all, 121 yield

measurements were obtained for Red Chief and 44 for Fuji.

Before harvest, samples of Red Chief fruit were obtained from 30 georeferenced

locations and Fuji fruit from 20 across the orchard. At each location 6 fruit were randomly

selected from trees (i.e. 180 RC and 120 FJ fruit in total) and the following quality

properties were measured:

1. Fruit mass, by weighing all 6 apples together and calculating the mean value per fruit.

2. Skin colour with a Hunter Lab chromameter (model Miniscan XE plus). The device

was calibrated before use with white and black cards. Hue has been found to be a

suitable colour measure for several apple varieties (Greer 2005). The hue angle in

degrees (H, true red H = 0�) was calculated as:

H ¼ tan�1ðb=aÞ; ð1Þ
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where a and b are values of L*a*b orthogonal colour-space coordinates given by the

chromameter (see McGuire 1992). Hue was measured for the Red Chief apples only

because their red colour is a quality factor.

3. Flesh firmness (FF) after removal of the skin, using an Effegi penetrometer with

11 mm diameter plunger. The mean of two measurements taken from opposite sides of

each sampled fruit was calculated.

4. Soluble solids content (SSC) on juice squeezed from each fruit using a refractometer

Carl Zeiss Jena (expressed as g soluble solids per 100 g of juice).

5. Juice pH.

6. Juice acidity by titration with 0.1 N NaOH to an endpoint of pH 8.2 (expressed as

g malic acid per 100 g of juice).

Averages of these measurements were calculated for each location. In addition, at each

of these 50 locations, the total yield from two adjacent trees was weighed to determine the

correlations between quality properties and yield.

In April 2005, estimates were made of the number of flowers per tree using a nested

design. From each group of five adjacent trees, one tree was chosen arbitrarily and the

number of flowers on the tree was estimated using a systematic uniform random sampling
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Fig. 1 Orchard layout and topography. Large symbols show georeferenced locations of trees sampled for
yield and flower estimation. The north–south slope is 6%
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procedure (Wulfsohn et al. 2006). The palmette shape of the trees in the vertical plane

naturally separates each tree in two parts. The number of flower buds was counted on

alternate sides of the selected trees (i.e. with probability 0.5). The number of flower buds

was then multiplied by 2 (the inverse sampling probability) to obtain an estimate of the

total number of buds per tree Nb. Random samples of 20 buds from each variety showed

Fig. 2 Apple trees were trained as a free palmette

Fig. 3 Orchard under study with the harvesting bins placed along the rows. Apples from groups of five
adjacent trees were weighed to create yield maps. The north-facing slope can be seen in this view, with
shading of trees on the western half of the rows
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that on average there were 5 flowers per bud. The estimated flower number is then

Nf = 5Nb. A model-based estimate of the sampling error variance was obtained assuming a

Poisson distribution and negligible error for the estimated mean number of flowers per bud:

cvarðN̂f Þ ¼ ð10Þ2 cvarðN̂bÞ ¼
100

n

X
n

i¼1

ð1� f Þnb;i �
100

n

X
n

i¼1

0:5nb;i; ð2Þ

where n is the number of trees sampled, nb,i is the number of buds in the sample from tree i.
The finite population constant, f = nb,i/Nb,i where Nb,i is the total number of buds on tree i,
was estimated as 0.5, i.e. as the sampling probability (Maletti and Wulfsohn 2006). The

biological variability of flowering [i.e. the true between-tree coefficient of variance,

CV(Nf)] was then estimated by

CV2ðNf Þ � CV2ðN̂f Þ � cCE2ðN̂f Þ; ð3Þ

where CV2ðN̂f Þ ¼ varðN̂f Þ= �Nf is the observed (total) coefficient of variance, cCEðN̂f Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

cvarðN̂f Þ
q

= �Nf is the estimated coefficient of error and �Nf is the estimated mean number of

flowers per tree (Wulfsohn et al. 2006).

Yield and quality measurements were made for the two years of the experiment, but the

number of flowers was recorded in 2005 only. All sample locations were georeferenced in

order to map and explore spatial correlations among properties.

Data analysis

The data analysis was done in two parts. Exploratory data analysis (summary statistics, box

plots, Q-Q plots, Kolmogorov–Smirnov test (two sided) for normality, correlation analysis)

was carried out using S-PLUS 2000� (MathSoft Inc., Seattle, WA, USA). The Isatis

geostatistical software (v. 8.0, Geovariances, Avon, France) was used to determine the

spatial relationships of variables. Surfer (v. 8, Golden Software) was used to produce

interpolated maps.

Correlation coefficients were computed between the flowering, yield and quality mea-

surements for each season’s data. Pearson’s product moment coefficient was used, except

when at least one of the variables was non-normally distributed at p \ 0.01 significance

level, in which case the Spearman rank correlation coefficient was used. As a result of the

alternate bearing of many cultivars of apple, correlations between the number of flowers in

2005 and yields in both 2004 and 2005 were also computed. Aggelopoulou et al. (2007)

described the soil data for this site; their analysis of the main crop nutrients showed no

correlation with yield or fruit quality properties and these data are not included in this paper.

Data from two seasons is not sufficient to study medium- or long-term temporal vari-

ation. Nevertheless, the relative magnitude of spatial (between tree) and temporal (year to

year) variation was computed, similar to the approach taken by Roel and Plant (2004b).

The coefficient of variation (CV = standard deviation/mean) of a measured variable in a

given year provides an estimate of the global spatial variation (each data point is obtained

from a different location in the field). The mean spatial variation over the 2 yrs is given by

CV2
SðzÞ ¼

1

2
CV2

1ðzÞ þ CV2
2ðzÞ

� �

; ð4Þ

where CV2
1ðzÞ ¼ varðz1Þ=�z2

1 is the coefficient of variance of variable z for all sampled

locations (i.e. trees) in season 1, �z1 is the mean of z over all locations in season 1, and
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similarly CV2
2ðzÞ ¼ varðz2Þ=�z2

2 for season 2. The temporal variation for each location was

defined as the CV of measurements for a location over time. The mean temporal variation

was calculated as the average for all locations, which for two years of data reduces to

CV2
TðzÞ ¼

1

n

X
n

i¼1

z1;i � z2;i

z1;i þ z2;i

� �2

; ð5Þ

where n is the number of trees in the sample, z1,i is the measured value of z for tree i in

season 1, and z2,i is the measured value of z for tree i in season 2.

The small number of georeferenced locations for quality data was too few for a geo-

statistical analysis. Variograms were computed and interpolation by kriging was done for

Red Chief flowering and yield data only.

Experimental variograms for RC yield and flowering data were computed by Mather-

on’s method of moments (MoM) estimator:

ĉðhÞ ¼ 1

2mðhÞ
X

mðhÞ

i¼1

zðxi þ hÞ � zðxiÞ½ �2; ð6Þ

where ĉ is the semivariance, z(xi) is the measured value of the variable at location xi, h is

the lag distance and m(h) is the number of data pairs for lag h. The lag bin sizes were

selected to obtain as stable a variogram as possible. Bins of typically 8 or 9 m were used.

The variograms were computed to a maximum lag of less than the half the field length. A

theoretical variogram model was fitted to each experimental variogram. The minimization

was performed using an iterative reweighted least squares procedure with weights pro-

portional to the number of pairs at each lag distance and inversely proportional to the

average distance of the lag (Geovariances 2008). Semivariances estimated using fewer than

50 point-pairs were masked in the fitting of variogram models. As part of the exploratory

analysis, directional variograms of RC yield and flowering in the along-the-row (SW-NE)

and across-the-row (NW-SE) orientations were obtained using a 45� angular tolerance (to

obtain sufficient data pairs per bin). Anisotropy was not more thoroughly examined

because of the limited number of data.

The exploratory data analysis suggested that there might be trends along and across the

field for several variables. In situations where global trend might be expected, as on the

slope in our orchard, an alternative method to the MoM variogram estimator is required.

The presence of trend indicates a non-stationary process. To some degree non-stationarity

is a fuzzy concept because it depends on the scale of the problem (Mandallaz 2000). We

used the MoM variogram estimator together with the non-stationary modelling procedure

in Isatis to assess whether it was necessary to take account of trend. The non-stationary

modelling routine in Isatis is developed within the intrinsic random function of order k
(IRF-k) framework in which trend or drift (local trend) is characterized by a linear com-

bination of translation-invariant and pairwise orthogonal basis functions, and generalized

covariance functions that filter these basis functions (Delfiner 1976; Cressie 1993;

Wackernagel 2003). The non-stationary random variable z(x) at locations x = {x1, …, xn}

is decomposed as

zðxÞ ¼ mðxÞ þ eðxÞ ¼
Xn

j¼1
wjflðxjÞ þ eðxÞ; l ¼ 0; 1; . . .; L; ð7Þ

where m(x) is the trend or drift (the expectation or first moment of the random variable),

the L ? 1 basis functions fl are commonly polynomials of degree less than or equal to k,

the weights wj (where w0 = -1) are unknown coefficients that satisfy
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Xn

j¼0
wjflðxjÞ ¼ 0; for l ¼ 0; . . .; L; ð8Þ

and the filtered errors e(x) are zero-mean second-order stationary. The number of basis

functions depends on the degree k of the trend (see Wackernagel 2003). IRF-k kriging

estimates a value at an unsampled location x0 by minimizing the estimation variance

(which is also the variance of residuals):

var
Xn

j¼1
wjzðxjÞ � zðx0Þ

� �

¼
X

n

j¼1

X
n

k¼1

wjwkKðxj � xkÞ ð9Þ

while respecting the constraint of Eq. 8. The function K(h) =
Pk

p¼0 bpKpðhÞ is a gen-

eralized covariance function, bp are the unknown coefficients to be determined (equivalent

to variogram sills) and the Kp(h) are authorized generic structures. In Isatis these may

include a nugget, a linear generalized covariance, a spline generalized covariance or a

third-order generalized covariance (Geovariances 2008). The IRF-k approach requires data

on a regular grid (approximately the case for our orchard data), and Isatis uses a bilinear

interpolator to migrate nearby observation locations to the target grid.

The non-stationary analysis was split into two steps. In the first, the degree of poly-

nomial trend to be filtered was determined, and in the second step the corresponding

optimal generalized covariance was selected. The trend functions we tested were the

Universality condition (i.e. no trend) and combinations of linear and quadratic surfaces in x
and y [i.e. 1 x y x2 xy y2 where x is the Easting (m) and y is the Northing (m)]. The

algorithm uses a cross-validation procedure. The mean experimental error and error var-

iance were estimated for each trend model. Furthermore, each target point was ranked

based on the least-squared errors (the first rank was assigned to the polynomial order

producing the smallest error) and the ranks were then averaged over the different target

points for each model. The latter criterion is less sensitive to outliers than the error variance

estimate. The Isatis routine then uses an iterative minimization method following Rao

(1971) to estimate generalized covariances compatible with the optimum degree of trend.

For the selected orders of the ‘best’ trend models the proportion of the variance that could

be explained by a global trend surface was estimated by ordinary least squares (OLS). The

trend surfaces determined using OLS were not used further.

Block kriged estimates were made at the nodes of grids oriented at 27.5� clockwise from

North (following the row orientation). For flowering, in which a nested sampling design

was used with one or two randomly selected trees out of five adjacent trees in each row, a

block size of 4 m 9 2.5 m was used. For yield, where measurements were made for five

adjacent trees in a row, the block size was 4 m 9 10 m. Where there was evidence of

significant global trend IRF-k block kriging was used. For visualization purposes, maps of

selected Red Chief quality data were created by inverse-squared distance interpolation in

Surfer.

Results and discussion

Summary statistics

Univariate statistics for the two cultivars for the two seasons of the experiment are sum-

marized in Table 1, and the spatial and temporal coefficients of variability are given in

Table 2. The descriptive statistics indicate considerable variability for the number of
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flowers, moderate variation for yield and little variation in the quality properties. The

number of flowers per tree is very variable with CVS values of 51.9% and 82.9% for RC

and FJ, respectively. The mean sample size per tree is 62 buds for RC and 46 for FJ. The

estimated coefficient of error CEðN̂f Þ is 10.4% for RC and 13.6% for FJ. Using Eq. (3),

CV2
SðNf Þ ¼ 0:5192 � 0:1042 ¼ 0:5082 for RC and CV2

SðNf Þ ¼ 0:8182 for FJ. Over 95% of

the total variance, CV2
SðN̂f Þ, for both RC and FJ is biological variability, indicating that the

bud sampling scheme was sufficiently precise. The coefficient of variation (CVS) for yield

is 16–24% for the two cultivars and the two years except for Fuji in 2005 when the CVS of

yield is about 40%. In 2004 Fuji had approximately double the yield of that in 2005. Fuji is

a strongly alternate bearing cultivar (alternating high and low yields from year to year).

Table 2 indicates that the temporal variation in yield over the two years is much greater

for FJ (CVT = 36.5%) than for RC (CVT = 9.9%). This is due to the strong alternate

bearing of Fuji. For the quality properties the temporal variation was rather small (CVT :

2.1–13.2%), except for RC hue.

Large numbers of fruits per tree were associated with reduced quality in the 2005

season. There is a statistically highly significant decrease in soluble solid content for Red

Chief apples on trees with more flowers (Table 3), but the association is not evident for

yield. For Fuji flesh firmness, soluble solid content and malic acid content decrease, and pH

increases with yield (Table 4).

For Red Chief (Table 3), as fruit mass increases, flesh firmness decreases because of fruit

maturity. Greer (2005) found that hue angle provided a consistent quantity for discrimi-

nating between ripening patterns in two apple varieties (‘Royal Gala’ and ‘Braeburn’). In

this study there is a significant negative correlation between colour expressed as hue angle

and flesh firmness (also a measure of maturity) for Red Chief in 2005 (decreasing hue

implies more red in the colour), but not in 2004 when there was little variation in hue.

Correlations between the estimated number of flowers and yield for both years are given

in Table 5. The correlations between flowering and yield in 2005 are strong for Fuji

Table 2 Spatial and temporal variability of fruit yield and quality

Cultivar Variable CVS (%) CVT (%) RS/T

Red Chief Yield (kg tree-1) 21.0 9.9 4.5

Fruit mass (g) 9.2 11.1 0.7

Firmness (N) 6.7 9.3 0.5

SSC (%) 4.1 2.2 3.5

Juice pH 3.2a 2.1a 2.3

Malic acid (%) 10.9 6.7 2.6

Hue angle (�) 13.6a 47.1a 0.1

Fuji Yield (kg tree-1) 31.2 36.5 0.7

Fruit mass (g) 7.2 4.9 2.2

Firmness (N) 3.1 2.8 1.2

SSC (%) 3.1 3.5 0.8

Juice pH 2.9a 3.3a 0.8

Malic acid (%) 9.1 13.2 0.5

CVS is the mean spatial coefficient of variation CVS = SDSðZÞ= �Z over the two years where SDS is the
standard deviation for a given year based on measurements at all spatial locations. CVT is the mean temporal
CV averaged over all tree locations. RS/T is the ratio CV

2

S/CV
2

T
a These values are only indicative due to the lack of a true zero for the variables
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(r = 0.82) and moderate for Red Chief (rS = 0.60). The number of flowers per tree pro-

vides an upper limit on fruit number, which is then adjusted depending on fruit thinning

practices. An estimate of the number of flowers early in the season can be useful for both

the farmer and the industry to predict yield, reduce production costs by varying fertilizer

application and for market planning. Lack of correlation between fruit mass and tree yield

indicates that increases in yield are related to the number of fruit rather than to fruit size.

Plots of tree yield against the estimated number of fruit per tree (yield divided by fruit

mass) for RC 2005 illustrate this (Fig. 4a). Flower and bud numbers are plotted against

fruit number in Fig. 4b. The lack of relationship between yield per tree and fruit size is

probably due to fruit thinning.

Table 3 Correlations between flowering, yield and quality at harvest for Red Chief apples (n = 30)

2004 2005

Yield Fruit mass FF SSC pH Malic acid Hue angle

ln(flowers tree-1) -0.16 0.37* -0.66** 0.23 -0.08a -0.28

Yield (kg tree-1) 0.02 0.05 -0.33 0.04 0.03a -0.09

Fruit mass (g) 0.30 -0.50** 0.12 0.26 0.03a 0.37*

FF (N) -0.28 -0.78** -0.28 0.10 -0.03a -0.69**

SSC (%) -0.22 -0.04 0.25 -0.06 0.16a 0.18

Juice pH 0.04 0.05 0.01 0.26 -0.38*,a -0.07

Malic acid (%) -0.17 -0.21 0.32 0.08 -0.22 0.12a

Hue angle (�) 0.06a 0.00a -0.07a -0.39*,a -0.36*,a 0.14a

Correlation coefficients are for within-year data only. Values in the lower triangle of the matrix are for 2004,
values in the upper triangle for 2005. Correlations between yield and flowering in 2005 are reported in
Table 5

* Under independence of measurements, significant at p \ 0.05

** Under independence of measurements, significant at p \ 0.01
a Spearman rank correlation coefficient

Table 4 Correlations between flowering, yield and quality at harvest for Fuji apples (n = 20)

2004 2005

Yield
(kg tree-1)

Fruit
mass (g)

FF (N) SSC (%) pH Malic
acid (%)

ln(flowers tree-1) -0.10 -0.69** -0.60** 0.12 -0.79**

Yield (kg tree-1) -0.21a -0.63**,a -0.46*,a 0.44*,a -0.45*,a

Fruit mass (g) -0.26 -0.01 0.10 -0.30 0.13

Flesh firmness (N) -0.18 0.10 0.44 -0.30 0.72**

SSC (%) -0.72** -0.07 0.43 -0.37 0.61**

Juice pH 0.01 0.16 -0.30 -0.37 -0.29

Malic acid (%) -0.20 -0.16 0.29 0.61** -0.32

Correlation coefficients are for within-year data only. Values in the lower triangle of the matrix are for 2004,
values in the upper triangle for 2005. Correlations between yield and flowering in 2005 are reported in
Table 5

* Under independence of measurements, significant at p \ 0.05

** Under independence of measurements, significant at p \ 0.01
a Spearman rank correlation coefficient
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Spatial analysis

The non-stationary modelling of trend indicates that several properties are non-stationary

(Table 6) and this is supported by the pattern of variation in the interpolated maps (Figs. 6

and 7). The spatial variation of most Red Chief properties show a NW-SE trend over the

field and to a lesser extent along the SW-NE oriented rows. This is probably due to the

western and northern aspect of the field, and thereby patterns of light availability. The

criteria for selecting the preferred trend model are a smaller mean rank and error variance.

Table 6 shows that the model selected can depend on the criterion.

Selected variograms and maps for Red Chief, the main cultivar, are shown in Figs. 5, 6,

and 7. Fitted variogram or generalized covariance model parameters are summarized in

Table 7. Figure 5a shows the directional (45� angular tolerance) experimental variogram

for 2004 yield. The solid line shows the model fitted to the omnidirectional variogram

Table 5 Correlations between tree yield (kg of fruit) in 2004 and 2005 and log-transformed flowers in 2005

Fuji Red Chief

2004 yield 2005 yield 2005 ln(flowers)

2004 yield (kg tree-1) 0.33** -0.10

2005 yield (kg tree-1) 0.15 0.60**,a

2005 ln(flowers tree-1) 0.08 0.82**

Pearson product-moment correlations are for within-cultivar only. Values in the lower triangle of the matrix
are for Fuji (n = 44), values in the upper triangle for Red Chief (n = 121)

** Under independence of measurements, significant at p \ 0.01
a Spearman rank correlation coefficient
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Fig. 4 Estimated numbers of fruit per tree versus: a yield in kg per tree and b flowering buds per tree for
Red Chief in 2005 (the diagonal is the identity line for buds and fruit). Fruit number per tree was derived
from measured yield (kg) and fruit mass
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Table 6 Summary of trend modelling trials for Red Chief data

Property Year Trend trial Mean rank Mean
of error

Variance
of error

%Variancea

Flowers per tree 2005 No trend 1.2 0 104 060

1 x y x2 xy y2 0.8 -0.1411 69 535 44.1

ln(flowers per tree) 2005 No trend 2.1 0 0.0299

1 x y x2 xy y2 1.8 -0.000219 0.0209 35.6

Yield per tree (kg) 2004 No trend 1.2 0 23.5

1 x y 1.1 0.0171 20.2 17.7

1 x y x2 xy y2 0.75 0.00107 15.7 39.4

2005 No trend 1.3 0 31.1

1 x y x2 xy y2 0.74 0.00301 25.5 24.6

Flesh firmness (N) 2004 No trend 1.8 0 9.4

1 x y x2 xy y2 1.1 -0.0119 7.9 43.5

2005 No trend 2.1 0 30.6

1 x y 0.57 -0.021 15.2 57.0

Fruit mass (g) 2004 No trend 1.5 0 201.9

1 x y 1.2 -0.217 213.6 18.8

2005 No trend 1.6 0 718.3

1 x y 1.3 -0.407 604.1 29.7

SSC (%) 2004 No trend 1.1 0 0.334

1 x y 1.5 -0.0057 0.378 0.4

2005 No trend 1.5 0 0.464

1 x y 1.5 0.00893 0.389 29.7

Malic acid (%) 2004 No trend 1.5 0 0.000741

1 x y x2 xy y2 1.2 0.000679 0.000640 37.9

2005 No trend 1.4 0 0.00173

1 x y x2 xy y2 1.5 0.000774 0.00150 42.1

Results are given for no-trend and for the best fitting polynomial models
a Estimate of proportion of total variance accounted for by trend model determined using ordinary least
squares

Fig. 5 Variograms of a 2004 yield (kg tree-1), b 2005 yield (fitted omni-directional) and c 2005 flowers
tree-1 for the Red Chief cultivar. The directional variogram in (a) and (c) was computed with 45� angular
tolerance in along-the-row (SW-NE) and across-the-row (NW-SE) directions. The solid line in (a) is the
fitted omnidirectional variogram model. The labels show the number of paired comparisons
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(nugget variance of 13.1 and gradient of 0.189). The patterns of increasing variance with

lag distance indicate trends along and across the orchard. The smallest mean rank and error

variance are for the quadratic trend surface, which accounts for about 39.4% of the

observed variance compared to 17.7% for a linear surface (Table 6). We used IRF-k with a

quadratic trend for block kriging the 2004 yield data. The covariance of the residuals was

pure nugget (Table 7). Marcotte and David (1988) showed that IRF-k kriging when the

covariance of residuals is nugget is equivalent to universal kriging, except that universal

kriging reinstates the measured values at the observation points (it is an exact interpolator).

The kriged map is shown in Fig. 6a. In the case of yield 2005, in both the NW-SE and

SW-NE directions the variance increases with lag distance. For lag distances greater than

30 m (half the NW-SE dimension of the orchard) the SW-NE (along-the-row orientation)

variogram becomes bounded so that an exponential omnidirectional theoretical variogram

provides an acceptable model for the spatial relations (Fig. 5b and Table 7). The omni-

directional variogram has an effective range (approaching 95% of the sill) of 35 m. The

map shown in Fig. 6b was produced by ordinary block kriging (4 m 9 10 m block).

The distribution of flowers per tree is positively skewed and a Kolmogiriv–Smirnov test

indicates that the data could be represented by a lognormal distribution (Table 1). The

directional experimental variogram for ln-transformed flower data is shown in Fig. 5. The

directional variogram indicates trend along both the SW-NE and NW-SE directions. A

quadratic trend surface accounted for 44.1% of the variance of flower data and 35.6% of

the variance of log-transformed flower data. IRF-k block kriging (4 m 9 2.5 m block) of

flowering data highlights the SW-NE trend and edge patterns (Fig. 6c). For 2005 both

flower numbers early in the season and the final yield are higher along the outer edge rows.

Figure 7 also illustrates typical patterns of variation across the orchard and the con-

siderable variation between the two growing seasons using two of the quality variables as

examples. The RC 2004 malic acid content has distinctly different values in the northern

and southern parts of the orchard (Fig. 7c). Figure 7b shows a NW-SE trend across the site

for 2005 flesh firmness. Flesh firmness in 2005 has 57% of the variance accounted for by a

linear trend (Table 6). Reflecting the negative association with flesh firmness (Table 3),

fruit mass data from 2005 have distinctly higher values on the east side of the orchard

where flesh firmness is low (Fig. 7b). A linear trend surface explains almost 30% of the

variation in fruit mass for 2005 (Table 6).
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Fig. 6 Maps of a 2004 yield (kg tree-1), b 2005 yield (kg tree-1) and c flowers (tree-1) for the Red Chief
cultivar. The scale bar represents interpolated values; the symbols indicate measured data values
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Implications for site-specific management

The spatio-temporal patterns of quality and yield variation over the field have implications

for management. These are preliminary assessments because only two seasons of data were

obtained. Sakai et al. (2008) showed that at least four years of data were needed to

understand patterns of alternate bearing in a citrus orchard.

The yield map for 2004 (Fig. 6a) shows that the southern part of the orchard was higher

yielding than the northern part. Trees were also generally larger in the southern part of the

orchard. The greater number of flowers and larger yield in 2005 occur along edges of the

field, Fig. 6b, c. Slope aspect and light availability are likely to be key factors in partly

explaining this variation in yield and quality.

Fig. 7 Maps of a flesh firmness 2004, b flesh firmness 2005, c malic acid content 2004 and d malic acid
content 2005 for the Red Chief cultivar. Interpolation was done by inverse-squared distance. The scale bar
represents interpolated values; the symbols indicate measured data values
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The yield maps show alternate bearing in parts of the orchard, i.e. areas where if yield

was large in 2004, then it was low in 2005 and vice versa. In the northern part of the

orchard yield was low in both years. More years of data would be required to detect

whether this is an indication of lower yield potential in this part of the orchard, or a result

of the yield dynamics. The soil is visibly rockier in the northern, lower lying part of this

orchard. The lower lying part of the orchard receives rain water flow from adjacent areas

which causes soil erosion. Correlations between yield and crop nutrients and organic

matter content were weak (Aggelopoulou et al. 2007).

Data from both years indicate that flesh firmness was lower in the eastern part of the

orchard compared to the west side. Fruits with low flesh firmness have a shorter fridge life

compared to those with high flesh firmness, and one could ensure these were sent to market

separately.

The number of flowers in the spring of 2005 is positively correlated with the yield in the

autumn (rS = 0.60 for RC and r = 0.82 for FJ). If a map of the number of flowers could be

used to predict yield early in the season, this would improve the ability of the farmer and

the industry to plan the marketing of fruit. Furthermore, the soluble solids content is

negatively correlated with (log) flower number (r = -0.66 for RC and rS = -0.60 for FJ),

but the correlation with yield is reduced and in the case of RC not significant (r = -0.33

for RC and rS = -0.46 for FJ). It would appear that this quality variable is more strongly

governed by conditions before flower thinning. Other potential uses of such a map include

planning site-specific chemical thinning of flowers, fertilizer application and fruit thinning.

Chemical thinning is applied 10–15 days after blossoming. The effects of chemical

thinners on thinning and fruit set are complex and not fully understood. As a first step,

chemical thinning could be applied in the parts of the orchard only where the flower

numbers are large. Reducing the quantity of chemical used has economic as well as

environmental implications.

One fertilizer application strategy would be to apply less fertilizer where flowers are

sparse and more where the flowering is greater and trees have higher yield potential. The

application of fertilizers in low yielding areas can lead to excess vegetation growth, which

increases shading, sensitivity to diseases and competition with flowering the following

year. Vegetation growth competes with the creation of flower buds in the summer thereby

affecting the yield of the following growing season.

Variation in yield and quality provide a potential for selective harvesting of apples. In

areas of the orchard where yield density is high, harvesting could be done in two stages, at

each step harvesting only ripe fruit. In low yielding areas, all fruits would be harvested at

once.

Table 7 Parameters of variogram models or generalized covariance functions used for kriging Red Chief
yield and flower data

Property Year Order
of trend

Procedureb Model
type

Nugget Sill of the spatially
dependent component

Effective
range (m)

Yield (kg tree-1) 2004 2 IRF-k/GC Nugget 14.75 – –

Yield (kg tree-1) 2005 0 OK/MoM Exponential 7.0 25.0 35.0

ln(flowers tree-1) 2005a 2 IRF-k/GC Nugget 0.201 – –

a Property identified as non-normally distributed (Table 1)
b OK = ordinary block kriging; MoM = method of moments variogram, IRF-k = intrinsic random func-
tion of order k block kriging; GC = generalized covariance of residuals
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Conclusions

From the results of the two year experiment in a 0.8 ha orchard we concluded that:

• Significant spatial and temporal variability existed in yield and fruit quality. Global

trends in the spatial pattern reflected orchard topography (aspect and light availability).

The yield of Red Chief in 2005 showed spatial dependence with an effective range of

35 m, equivalent to about 15 trees along a row.

• No correlation was detected between per tree yield (kg) and average fruit mass (g) of

apples for both cultivars in either season, indicating that higher yields were a reflection

of larger numbers of fruit.

• Large yields were achieved at some cost in quality. Both yield and flowering were

negatively correlated with several fruit quality traits such as flesh firmness, soluble

solids and malic acid content, although the patterns were not consistent between

cultivars and years. Fruit mass and flesh firmness were negatively correlated with each

other for Red Chief.

• The number of flowers per tree was positively and significantly correlated with yield of

the related year indicating that yield might potentially be predicted early in the season

from maps of flowering.
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