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An Analysis of the Multivariate-repeated-
measures-experiment Evaluating the Influence
of Gibberellic Acid on Cherry Fruit Quality

Damijana Kastelecand Valentina Usentk

Abstract

A repeated-measures experiment design including bedween-unit
factors and one within-unit factor was performedairder to examine the
influence of gibberellic acid on cherry fruit quigli One of the two
between-unit factors had two levels representedtvioy cherry cultivars
(‘'Van', 'Sunburst) and the other consisted of tramtments: spraying with
gibberellic acid and spraying with pure water asoatrol. An experimental
unit was a cherry branch on which 20 cherries wampled randomly and
marked. The three variables which describe ripeneksherries were
measured over 6 time points at three or four daterirals during
maturation. After picking the cherries, measurermaesftfruit firmness were
made on 3 different sides of each marked cherrye Timivariate and
multivariate repeated measures ANOVA was used ffier dnalysis of two
sets of data.

1 Introduction

Fruit cracking, which is thought to result from reased turgor caused by water
uptake into the fruit, is one of the major problemscherry cultivation. Rainfall
during the harvest season causes this fruit tokcatd consequently the vyield
decreases. To prevent cracking, growers often prnemaly pick cherries of lower
fruit quality. It has been shown that the treatmehtherries with gibberellic acid
(GA3) can reduce fruit cracking, increase firmnesgight and the content of
soluble solids, and delay fruit softening and thmaetiof ripening (Dermisoy &
Bilgener 1998, Facteau et al. 1985, Choi et al.20Rappel and MacDonald
2002). To examine the influence of GA3 on ripenifignness and resistance to
cracking of cherries, an experiment was carried iouR002 in the Bilje Fruit
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Growing Centre near Nova Gorica (Slovenia). The smeet cherry cultivars 'Van'
and 'Sunburst’, which are very common in Sloveniachards in the Primorska
region, were treated in the experiment. Some césrof each cultivar were
sprayed with GA3 and the others only with water. Théur of the cherries was
measured 6 times during maturation to detect dfiees in ripening. After
picking, fruit firmness and the cracking index weneasured.

The experiment was set up as a factorial repeatedsares experiment with
three fixed and one nested random factor. The oivgecof this paper is a
statistical analysis of the experiment.

The common characteristic of factorial repeated sneas experiments is the
observation of the same experimental unit over sEvigeatments or at different
points of time. Such experimental designs are véignoused in agriculture, where
a typical experimental unit is an animal, a plantplat, a fruit, etc. When
comparing the means of the treatments applied @ experimental unit, we
examine a factor called as the within-units factdihe factor whose levels
determine the groups of experimental units that wish to compare is the
between-units factor.

In general two different approaches to the hypothéssting have been used in
the analysis of such experiments. One is a univamaixed-model nested design,
where a nested random factor is included in the ehod absorb the correlation
between the experimental errors (also known adig@pt design) (Fisher, 1971).
The assumptions, concerning univariate normal ibgtion in the underlying
population, sphericity and compound symmetry of eru@riance-covariance
matrix must be valid if the univariate analysis igpeopriate. A more general
approach is a multivariate analysis. It assumes #ivaviate normal underlying
distribution in the population, and the experimérgarors are considered to be
correlated. In the multivariate approach two methodn be used: MANOVA with
the profile analysis and a completely unstructuredorewvariance-covariance
matrix, and Linear Mixed Models (LMM), whose advagé is that several
different covariance structures can be estimated #@re most appropriate one
chosen. The above mentioned approaches lead tosahee results when the
sphericity and compound symmetry of error varianceaciance matrix is met.

2 Experimental design

The experiment was carried out on 7-year old ‘Vamd aSunburst’ sweet cherry
trees. Among similar sized and oriented brancheshentrees six branches were
randomly selected for each cultivar. Then 20 cherviere sampled randomly and
marked on each branch. This means that a two-shag@archical sampling was
carried out and the branches represented the nesteldm factor. Three of the six
branches were sprayadth GA3 while the other three branches were sprayéh

water and wergrotected from spraying with GA3. GA3 was sprayedimyrthe
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transition from green to straw-yellow fruit colougbout 7 weeks after full
blossom.

The cultivars and5A3 treatmenhare two between-unit fixed factors and time is
the within-unit or repeated factor.

Three variables: brightness, intensity of green-oedour Green/Redl and
intensity of blue-yellow colourRlue/Yellow, were measured with a chromameter
for each of the twenty cherries over 6 time pointghaee- or four-day intervals
during maturation (20. 5. 2002, 23. 5. 2002, 272602, 30. 5. 2002, 3. 6. 2002
and 6. 6. 2002). After all the cherries from cho$eanches were picked, at fruit
maturity, among all the picked intact cherries freamch branch 20 intact fruits
were chosen for measurements of firmness on 3reéifitesides of the cherry. These
cherries were not the same as those that were mhaf&e colour variables
measurements. The marked cherries were put intce puater (the water
temperature was 24°C) and the number of crackedielsevas counted after 4 and
6 hours for measurements of cracking index.

3 Data

After the first exploratory data analysis of colowariables, we had to eliminate
the data for some cherries from the further analy&sause it was evident that
some larger and very evident measurement errordeekis the data. Thus, the
number of 20 cherries per branch was reduced tto 1I® cherries per branch. The
scheme of the data is presented in Table 1.

Table 1; The scheme of the data.

Date
Treatment Cultivar Branch Cherry fruit | D; D, D D, Ds
b, CpyeesCpy
‘'Van' b, Cpy+11-+:Cy,
Control by
by
‘Sunburst' by
bs
b,
‘Van' bg
GA3 by
bio
‘Sunburst' b,
by, Cry 15+ Cny,
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Figure 1: Time-related changes in brightness, green/redbdmel/yellow for each cherry
on one branch treated as Control and on one braealed with GA3 in cv. 'Van'.
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Figure 2: Box plots of brightness, green/red and blue/yelfoweach treatment
combination.
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Figure 1 presents the results of measuring theetlw@our variables of the
cherries: brightness, green/red and blue/yellowalbsix consecutive dates for the
cherries on just one branch for the cv. 'Van'. Amg dine in the figure represents
the values for one cherry.

The results of measuring the colour variables fibrttree branches together
are presented with box-plots in Figure 2. Each ptot-presents the distribution of
colour variable for the group of cherries on thiemanches for one treatment
combination. In general, the brightness decreasasng ripening, as do the
blue/yellow values, while the green/red values iasee This means that cherries
become darker, redder and yellower during maturatiéor all three variables
there is much variability between the cherry fruitsd avariability also changes
with time. Quite notable differences exist betwelea two varieties: 'Van' starts to
change colour earlier than 'Sunburst’ does. Onbtss of subjective decision of
experts, the control cherries were mature befoosdhtreated with GA3 and were
picked three days earlier in both varieties. Onlyefivme points were taken into
account in the further statistical analysis.

Figure 3 displays the distributions of fruit firmmsedor each treatment
combination. In general, the values are greateratbthree sides for the cherries
treated with GA3 in both varieties, but in the ca$éSunburst' there exists much
larger variability of data for the cherries treateith GA3. This difference in
variability should be taken into account in the hett analysis.
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7 7 —
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i 3 o [
24 24
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Figure 3: Box plots of fruit firmness for each treatment dination.
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6 Themathematical models and statistical inference

Using the statistical analysis of the two betweeit-tactors and one repeated
factor experiment, we would like to answer the daling questions:
* How does the colour of cherries change with time?
* What influence does GA3 have on the colour of chéwits?
* Is the time related change of cherry colour the sanespective of whether
they have or have not been sprayed with GA3 ?
» Are there differences in colour between the twaetass?
» Do the differences in colour between the cultivanange with time?
* Is the GA3 influence on colour the same in bothigats?
» Does the GA3 influence on colour change with regardoth the cultivar
and the time?

The null hypothesis which we want to test for eadhtlee three variables
concerning the colour of cherries (brightness, ghesd, blue/yellow) measured at
5 time points are:

Ho: There is no main effect of tHeA3 treatment

Ho  Heps = Hc -

Ho: There is no main effect of thane.
Ho : tp1 = Hp2 = Hp3 = Hpa = Hps

Ho: There is no main effect of thmultivar.

Ho : Mvan = Hsunburst

Ho: There is no interaction between ti@e and theGA3 treatment

Ho: There is no interaction between tii@e and thecultivar.

Ho: There is no interaction between tB&3 treatmentnd thecultivar.

Ho: There is no interaction between time, the GA3treatmentand thecultivar.

Similar questions and hypotheses could be statedHerfirmness variable,
measured with a penetrometer on three differenéssiof the cherries, but instead
of the repeated factor time factside of the measurement is now repeated.

Although there exist some outliers and asymmetrympieical distributions of
our data, we assumed that the three colour-varsabled fruit firmness had a
normal distribution in the underlying population ciierries. In the mathematical
model we need to consider that the measurementseogame experimental unit at
different time points are correlated. First, theivamiate ANOVA mathematical
model, in which all factors and their interactiocan be explained in transparent
way, will be presented and used for the fruit firrmseanalysis. Secondly, the
MANOVA approach will be presented and used for ¢béour variables analysis.
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6.1 Theunivariate approach

In the univariate approach the cherry branches amtsfare regarded in the model
as nested random factors (a kind of dummy variabdepbsorb the correlation
between experimental errors. This approach hasatheantage of permitting a
relatively simple derivation of the expected valoégshe mean squares, it also has
grater power than the multivariate test.

In the mathematical model three fixed facto@A3 treatmentcultivar and
repeated factotime will be included together with two nested randoactbrs:
branch as an experimental first order unit aokerry as an experimental second
order unit. The mathematical model for these tHamtor repeated measures is

Yiim = 4+ Tij B + Cijyy + Vm + (Ty)ijm + (Pb)(ij Jkm * (J'C)(ijk)lm
where
Iy =a; + [ +(aﬂ)ij and (Ty)ijm = (@) +(,3V)jm +(0',3V)ijm
a; represents the main effect of fixed fac®A3 treatmenti =1...,a, a=2;

(6.1)

represents the main effect of fixed facteultivar, j=1..b, b=2; ap;
represents the interaction effect of fixed factGA3 treatmentndcultivar; by
represents the random effectlwfanch k=1...,b, b, =3 is number of branches
nested in each treatment combinatiof;y, represents the random effect of
cherries |=1..,ny, n, (between 16 and 20) number of second order

experimental units (cherries) within each level @ndom first order factor
(branch); y., represents the main effect of repeated fattoe, m=1,....d, d =5;

(ay)., represents the effect of interaction betw@#3 treatmenandtime; (By);,,

represents the effect of interaction betweelitivar andtime; (a,By) represents

ijim
the effect of interaction betwedBA3 treatment cultivar andtime; (yb)(ij)km and
(yc)(ijk)"n represents the interaction betwetme and the experimental units of

first and second order, respectively.
The classical ANOVA assumptions are:

it =X B = XmVm =0,
0By =2 0B = 2i0Vim = 2 BYim = 2m@Vim = ZmBVim =0,
ziaﬂyijm :zj'aﬂyijm :Zmaﬂyijm =0,

(90)(i Jem DN(O’ aﬁ) and (Je) i ym CN (0' Ug)-
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The univariate ANOVA table is presented in TableFar simplicity of the
notation in the table, it is assumed thgf =n for all the branches. This is not

true in our case, but incorporating a differeqt in the calculation of appropriate
mean sums of squares causes no difficulties.

Table 2: ANOVA table for the univariate approach for twotWween-unit and one
repeated factor with two nested random factordhendase when there is equal number of
cherriesn on all branches.

Source of variation Degrees of freedom MS F
Between units

GA3 a-1= MSA | MSA/MSEB
Cultivar (b-1)=1 MSB | MSB/MSEB
GA3*Cultivar (@a-1(b-1)=1 MSAB | MSAB/MSEB
Branches withirGA3*Cultivar ablb, -1)=8 MSEB

Cherries within (Branches ai@A3*Cultivar) abh (n-1)=228 MSEBC

Within units

Time d-1=4 MSD | MSD/MSE
Time*GA3 (d-1(a-1)=4 MSDA | MSD/MSE
Time*Cultivar (d-1)b-1)=4 MSDB | MSDB/MSE
Time*GA3*Cultivar (d-1)(a-1b-1)=4 |MSDAB | MSDAB/MSE
Timef(branches withinGA3*Cultivar) abb, -1)(d -1)=32 MSE

Time(cherries  within ~ (branches  andabl (n-1)(d-1)=908 |MSEC

GA3*Cultivar)

Total abhdn-1=1199

The univariate ANOVA has been found appropriatethé error variance-
covariance matrix for the repeated factor has aigpastructure called compound
symmetry. It allows for the variables to be cortethbut restricts every variable
having the same variance and every pair of varmhblkeving the same covariance.
In the case of compound symmetry, colour variableder any two dates should be
equally correlated and have the same variance h@masis of the exploratory data
analysis it is hard to believe that this can beuss=sd. But we could assume
compound symmetry for the firmness of fruits. Thaudhly's test was used to test
the structure of the variance-covariance matrix @anghowed that the assumption
of compound symmetry held true for firmness but riot the three colour
variables.
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6.2 The multivariate approach

In the multivariate approach, the responsesyy, :[yijk,l, Yikzr++s Yikid ] (repeated

measures) for each experimental unit constituteeetor y;,, . The mathematical

model (6.1) is now written in matrix form as a siepwo-way MANOVA model:
Vi =n+o; +B; +apy +ep

where a; is the effect of theth level of GA3 treatmenbn each of thel variables

in vy, B; is the effect of thg-th level of cultivar, and ep; is the interaction

effect, g, is error vector which is further partitioned irtto parts corresponding

to experimental units of the first and of the setasrder. We use conditions
@ =Y. B, =YaB, =Y, ap, =0 and assume thag, ONy (0, X).

This model seems to involve only factd@#\3 treatmentndcultivar and their
interaction but an approach similar to the profé@alysis in the classical
MANOVA can be used to obtain tests on factdime and the interactions
time*GA3 time* cultivar andtime*GA3*cultivar (Rencher, 1995). The MANOVA
assumption that:ov(yijkl ): ¥ for alli, j, k andl allows thed repeated measures to

be correlated in any pattern, since is completely general. The number of
parameters which should be estimated in this cavae structure isl(d +1)/2 and

it is large in comparison with compound symmetrhene only two parameters
should be estimated. A more general multivariatpragch is the linear mixed
model approach (LMM), which allows us to assumdeddnt covariance structures
with less parameters to be estimated. An LMM moidealso appropriate when
there is heterogeneity &'s between the treatments.

7 Results

The estimation of model and variance-covariancaipa@ters was calculated by the
SPSS Repeated procedure and Linear mixed modelsegwoe. For the colour
variables we compared the results of two differe@peated error covariance
structures: compound symmetry and unstructuredother words, we compared
the results of the univariate approach with thailtssof the multivariate approach
(Table 4). As the Maulchy's test showed, we haveige unstructured variance-
covariance for the colour variables and compoundregtry for fruit firmness. But
the results of the hypothesis testing are quiteilaimmn both approaches for all
variables.

Table 3 shows the results of F-tests. The factoetplays the most important
role in explaining the differences between the nseahall three colour variables
of cherries. There is no interaction between thetdis cultivar and GA3
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treatment all the other interactions and main effects agmisicant. In the further
analysis, we tested the different contrasts to &xpthe interaction and establish
the significant differences between different levelf factors (Table 4). Table 4
gives only the significance of the differences okfans, their values can be
obtained from Figure 4, which present marginal nsefor the control and for the
GAZ3 treatment showing the time-related changes of brightnesgemgired and
blue/yellow for each cultivar separately. The meatues of brightness are higher
for GA3 treated cherries, but the differences between meaa significant only
for the dates 3 and 4 for the cv. 'Van' and for te#es 4 and 5 for the cv.
'Sunburst'. In the case of the variable Green/Red>A3 treatmentgenerally gives
lower values, but the differences are significantyofor dates 3 and 4 for 'Van'
and for date 4 for 'Sunburst'.

Most differences are significant for the variableu®Yellow: almost all the
period for 'Van' and the last three dates for 'Suab.

These results show that, to some extent, the GRAtitment causes a little
slower ripening of cherries in both cultivars aha@ttthe ripening process of ‘Van’
differs slightly from the ripening process of ‘Sunbt’.

The results of F-tests for fruit firmness show theg can reject the hypothesis
for main effects of the within-unit fact@ide and for main effects of the between-
unit factorcultivar. The means of firmness are otherwise systemayi¢agher for
the cherries treated with GA3 than for those, whach not, but the variability of
data is too high to allow them to be significant.

Tabele 3: The results of F test given by the linear mixeddeloanalysis considering
unstructured error variance-covariance for theeahrelour variables and compound
symmetry for the firmness.

Brightness Green/Red Blue/Yellow Firmness
Source F p F p F p F p
GA3 6,5/0,011* 4,0/ 0,045* 11,9 0,001* 3,8/0,087
Cultivar 18,1| 0,000* 18,0 0,000* 18,9 0,000* 6,2 0,037*
Date 1541,6/ 0,000* | 2814,9 0,000* 1100,4 0,000*
(Side) 21,2|0,000*
Cultivar*GA3 0,4|0,550 0,2 0,665 1,40,231 0,070,797
Cultivar*Date 53,5(0,000* 15,9 0,000* 15,8 0,000*
(Cultivar*Side) 1,1/0,336
GA3*Date 10,7|0,000* 30,6/ 0,000* 15,9 0,000*
(GA3*Side) 0,4|0,649
GA3*Date*Cultivar 6,8|0,000* 6,3( 0,000* 6,5 0,000*
(GA3*Side*Cultivar) 2,7/0,068
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Figure 4: The marginal means for the control and for the G&&atment showing the
time-related changes in brightness, green/red dmelyellow for each cultivar
separately.
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Figure 5: The marginal means for the control and for &3 treatmentshowing the
time-related changes in firmness for each cultsgparately.

Table 4: The significance of differences between the mezrolour and firmness
variables between GA3 and Control, for each cutltimad for each date separately.

Brightness Green/Red Blue/Yellow

‘Van' 'Sunburst' 'Van' 'Sunburst' ‘Van' 'Sunburst'

UN CS| UN CS | UN CS| UN CS| UN CS| UN CS
Date 1 |0,930 0,622 0,720 0,883 0,261 0,557
Date 2 |0,348 0,941 0,092 0,750 0,005 * 0,855
Date 3 |0,006* * |0,317 0,002* * 0,102 0,000* * 0,046*
Date 4 |0,002* * |0,000* * 0,023* * 0,001* * 0,000* * 0,001* *
Date 5 0,123 0,010* * 0,308 0,580 0,013* 0,008**

UN unstructured variance-covariance; CS compound symmetry;

8 Conclusions

Two different approaches for the factorial-repeateeasures experiment were

used and discussed for the data analysis of fourabkes describing cherry

ripeness and firmness. From theoretical point elwithe multivariate approach is

appropriate for the three colour variables anduhe/ariate approach for the fruit
firmness. The results show to some extent thatGA& treatmentcauses slightly

slower ripening of cherries in both cultivars arwtt the ripening processes of

‘Van’ and ‘Sunburst’ differ slightly. The means éfuit firmness are otherwise

systematically higher for the cherries treated WiA3 than for non-treated ones,
but the variability of data is too high to allowetl to be significant. The estimates

of error variance components from this experimeart be important information
for further similar experiments planning.
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