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Background and Aims. In ancient grapevine varieties, the experimental design of field trials is crucial to providing a reliable
evaluation of quantitative traits. The main purposes of this study are to demonstrate the benefits of the resolvable row-column
design (RCD) for quantifying intravarietal variability and performing polyclonal selection and to compare the efficiency of fully
and partially replicated designs for quantifying intravarietal variability to implement the latter designs for a preliminary analysis of
that variability. Methods and Results. Linear mixed models were fitted to yield data obtained in field trials with fully and partially
replicated designs. The results pointed out the importance of the RCD in controlling the spatial variability present in large field
trials. Although less precise, a partially replicated design proved to be useful in evaluating intravarietal variability when the average
of years was used. Conclusions. The results reinforced the importance of the RCD in increasing the efficiency of intravarietal
variability quantification and polyclonal selection. The partially replicated design proved to be useful when the only objective was
to perform a preliminary analysis of intravarietal variability. Significance of the Study. Understanding the role of experimental
design in grapevine selection field trials will help grapevine breeders enhance their knowledge about variability within ancient

varieties and implement more successful polyclonal selection.

1. Introduction

Plant breeding plays an important role in agriculture by
providing plant materials with superior genetic quality to be
used by farmers.

Ancient grapevine varieties have a high level of
intravarietal variability with respect to the most important
traits (yield, soluble solids content, and acidity) [1, 2]. This
variability enables the best genotypes within a variety to be
selected. The traditional method used for grapevine im-
provement is clonal selection (selection of individual
clones). As grapevine is perennial, the well-conducted
clonal selection is very time-consuming. It requires
establishing multienvironmental trials in the main regions
where the variety is cultivated to study the genotype by
environment (G xE) interaction [3]. Typically, in each
location, a field trial with 20-40 clones is established with

an experimental design preferentially of the family of in-
complete block designs, with 6-10 repetitions and 5-8
plants per experimental unit [4]. Even with a sound study
of GxE interactions, clonal selection (homogeneous ge-
netic material) always suffers from high sensitivity to G x E
interactions and helps accelerate the erosion of intra-
varietal variability. However, Europe has thousands of
varieties [5], and implementing a clonal selection pro-
gramme for each variety is unfeasible. Conserving and
exploring the intravarietal variability of ancient varieties is
essential to fostering their use in the future and thus
preserving the traditions and history of ancient growing
regions and their wines. Therefore, to accomplish this latter
goal, two approaches can be adopted: studying intravarietal
variability and performing polyclonal selection for widely
used varieties and studying the intravarietal variability of
rarely grown and little-known varieties.
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For widely used varieties, a field trial is established with
a representative sample of the intravarietal variability of the
variety [1, 6]. In such field trials, many genotypes are
evaluated over several years (usually 3-6 years) in terms of
the most important economic traits, and then, polyclonal
selection is performed. Polyclonal selection is the selection of
a superior group of genotypes to predict the genetic gains for
important economic traits, that is, a varietal subpart, usually
20 genotypes, is selected according to its superiority in yield
and other important traits and lesser sensitivity to geno-
type x year interaction and distributed to producers and
planted as a balanced and indivisible mixture. This cir-
cumstance favours stability in different environments. Using
a mixture of genotypes buffers the effect of the possible
negative behaviour of an individual clone in a particular
environment. Therefore, field trials for polyclonal selection
are usually implemented at one site. Additionally, polyclonal
selection enables the intravarietal variability of the variety in
the field to be conserved for at least 30 years and several types
of polyclonal material to be selected according to different
criteria over time; these benefits of polyclonal selection
respond quickly to the demands of producers, consumers,
and climate change.

For rarely grown and little-known varieties, the cheapest
and less space-consuming strategies are desirable to evaluate
intravarietal variability in terms of important traits (to
decide if there is potential to move on to another stage of
selection) and to conserve this diversity in the field for at
least 30 years.

This work focused on the experimental designs to be
applied in the polyclonal selection methodology and in the
preliminary study of the intravarietal variability of rarely
grown and little-known varieties.

In plant breeding, the experimental design of field trials
is crucial to provide a reliable evaluation of the genotypes
under study. Grapevines are an outstanding example of
a successful crop in Portugal, where the results of selection
have fostered important economic gains [1, 4]. Therefore, to
increase the efficiency of intravarietal variability evaluation
and the genetic gains of selection, studies related to ex-
perimental designs implemented in the field are continu-
ously conducted.

To evaluate the most important economic traits, which
are quantitative traits, well-designed experiments, which rely
on the well-known principles of randomization, replication,
and blocking, are needed [7, 8]. In the plant breeding
context, fully replicated designs and partially replicated
designs are used.

In fully replicated designs, all the genotypes are repli-
cated, and in large field trials, the efficiency of those designs
depends essentially on the randomization process used to
control environmental variation. Blocking plays a key role in
controlling spatial variability, water regimes, and farming
operations. The need to control all these sources of variation
led to establishing a two-dimensional layout of field trials;
two-dimensional field trials have a strong tradition in ag-
ricultural experiments. After Fisher [9] introduced a ran-
domized complete block design, Yates [10, 11] was the first
to describe balanced incomplete block designs, including
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balanced square lattice designs. There are many variants of
these designs, but the most relevant for working with many
treatments are alpha designs [12], which constitute a par-
ticular class of generalized lattice designs; row-column de-
signs [13] impose blocks in both row and column directions;
these designs correspond to groups of more complex Latin
square designs [14] and resolvable spatial row-column de-
signs [15]. Generating efficient row-column designs is a very
important topic in experimental design research [15-19].
The overall objective is optimizing neighbour balance, en-
suring that the number of pairwise adjacencies is as equal as
possible across pairs of treatments over the field layout.

Row-column designs have been strongly implemented
for annual and perennial crops [20, 21] and forestry [22-24],
in which breeding field trials typically occupy large areas.
Concerning grapevines, fully replicated designs are useful
for evaluating intravarietal genetic variability and for per-
forming genetic selection [4]. Simulation studies with this
species revealed that alpha and row-column designs are the
most efficient when many genotypes are used [25]. Addi-
tionally, according to Gongalves et al. [25], the higher ef-
ficiency of the row-column design relative to the alpha
design was observed when the number of plots per in-
complete block was greater than or equal to 10. This type of
experimental design is also recommended in the OIV res-
olution [6] to perform polyclonal selection.

Partially replicated designs (also known as unreplicated
trials) are frequently used in plant breeding early generation
field trials. The objective is to make a preliminary assessment
of the available germplasm and to select a subgroup (nor-
mally approximately 1/3) of genotypes to enter a more
advanced stage of selection [26-28]. Numerous variants of
partially replicated trials are frequently used in plant
breeding. Two types of treatments are used: checks (which
correspond to replicated treatments) and tests (which cor-
respond to nonreplicated treatments). The checks can be
planted according to several experimental designs, among
which are the augmented randomized complete block de-
sign, augmented randomized incomplete block design, and
augmented row-column designs [29-32]. Other more
complex experimental designs have also been proposed,
such as the augmented lattice square design [33] and alpha-
alpha design [34]. When spatial correlation is considered,
the approximations of Martin et al. [27] and the p-rep
designs of Cullis et al. [28] were also proposed. To im-
prove the evenness of replicated treatment plot distribution,
Vo-Thanh and Piepho [35] proposed the augmented quasi-
sudoku designs.

For grapevine, partially replicated designs were proposed
to quantify the intravarietal variability in rarely grown va-
rieties [36]. Simulation studies performed by these authors
showed a greater precision in collections with an alpha-alpha
design, over 250 genotypes, and a minimum of 33% of plots
containing check genotypes.

Field trials to evaluate the intravarietal genetic variability
of grapevines and to perform genetic selection were tradi-
tionally planted according to a randomized complete block
design with a row-column arrangement. However, over the
past decade, with methodological advances in experimental
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designs, designs of the family of incomplete blocks have
begun to be implemented, particularly resolvable row-
column designs. Methodological studies with resolvable
row-column designs and partially replicated designs were
also implemented in the field.

The main purposes of this paper are to demonstrate the
importance and benefits of the resolvable row-column de-
sign to quantify intravarietal genetic variability and to
perform polyclonal selection and to compare the efficiency
of fully and partially replicated designs for intravarietal
variability quantification by using yield data obtained in field
trials constructed accordingly.

2. Materials and Methods

2.1. Description of Field Trials. 'To evaluate the importance of
the experimental design for quantifying intravarietal vari-
ability and for performing polyclonal selection methodol-
ogy, vield data from the field trials of several autochthonous
Portuguese grapevine varieties were considered. Six varieties
(Antido Vaz, Arinto, Bastardo, Gouveio, Rufete, and Tinta
Caiada) were planted according to a fully replicated design
(resolvable row-column design), and one (Bastardo) was
also planted according to a partially replicated design (« — «
design). In the latter case, the proportion of check and test
genotypes followed the guidelines provided by Gongalves
et al. [36]. For each variety, the field trial contains a repre-
sentative sample of the intravarietal variability prospected in
the main ancient growing regions: Antdo Vaz in Alentejo
region (Portugal); Arinto in Vinhos Verdes, Bairrada,
Lafoes, and Lisboa wine demarked regions (Portugal);
Gouveio in Ddo, Douro, and Tras-os-Montes regions
(Portugal); Rufete in Beira Interior, Ddo, and Douro regions
(Portugal); Tinta Caiada in Alentejo, Douro (Portugal), and
Somontano (Spain); Bastardo in Do, Beira Interior, Douro,
Tras-os-Montes (Portugal), and Jura (France). The geno-
types of the Bastardo variety present in the partially repli-
cated design were also present in the fully replicated design.
The two types of field trials were planted contiguously in
the field.

All information about the field trials and respective
experimental designs can be found in Table 1. The experi-
mental designs were generated by using CycDesigN 4.0
software (http//www.vsni.co.uk/software/cycdesign/),
a software package for generating several efficient experi-
mental designs, the foundations of which are described by
John and Williams [16]. For row-column designs, the spatial
option was used, and the separation of different genotypes in
rows and columns was ensured according to a modified
exponential variance weight function, with a value of 0.9 for
the decay factor; this value is consistent with values from real
grapevine selection trials [37].

Field trials are planted at the Experimental Centre for the
Conservation of Grapevine Diversity (Pegbes, Southern
Portugal) of the Portuguese Association for Grapevine Di-
versity (PORVID), which is a farm dedicated to conserving
the intravarietal variability of all autochthonous Portuguese
varieties. In all trials, the training system was a vertical shoot
position, the pruning system was a bilateral Royat cordon

system, and the planting density was 2.50m x 1.20 m. In
each trial, all the plants were grafted onto a single clone of
the 1103 Paulsen rootstock.

2.2. Models for Yield Data Analysis. The model for a re-
solvable row-column design can be described as follows:

yijlm =p+ ug,- + urj + ucol(r)], + urow(r)jm + eijlm’ (1)

fori=1,---,v;7=1,---,1351=1,---,s5and m=1,---,k (v,
number of genotypes; », number of resolvable replicates; s,
number of columns; k, number of rows). In this model, yj,
is the response (the mean yield of each plot (kg/plant)) of the
ith genotype in the jth replicate, I — thth column, and mth
row; y is the general intercept, u,, is the ith genotype effect,
Uy, is the jth replicate effect, u (), is the Ith column effect
within the j replicate, Urow(r) is the mth row effect within
the jth replicate, and ey, is the random error corresponding
to the observation y;i..

Model effects (with the exception of ) were assumed to
be independent and identically distributed normal variables
with zero mean and variances 0';, o2, agol(r), afow(,), and 2.
All random effects were assumed to be mutually
independent.

The model for a partially replicated design (a — « design)
is similar to the previously described model for a resolvable
row-column design, including the genotypic effects of the
replicated (check) and nonreplicated (test) genotypes.

For covariance parameters estimation, the residual
maximum likelihood (REML) estimation method was used.
Given the estimates of these parameters, the empirical best
linear unbiased predictors (EBLUPs) of random effects were
obtained through the mixed model equations, and the re-
spective prediction error variances (PEVs) of these pre-
dictors were obtained by using the inverse elements of the
mixed model equations.

Linear mixed models were fitted using the ASReml-R
package [38] in R software [39].

2.3. Evaluation Criteria to Compare Analyses in Fully Repli-
cated Design. The analysis performed was focused on the
study of the effects of experimental design and how they
control spatial variability in each year; therefore, an indi-
vidual year analysis was performed.

When a resolvable row-column design (RCD) is adop-
ted, the effects of the experimental design should be included
in the model to respect the randomization process. However,
when these effects are removed from the analysis, their
importance can be assessed by comparing the model without
the design effects (hereafter named MO0) with the RCD
model. The Akaike information criterion,
AIC = =2l + 2n,,, [40], was used to compare the relative
goodness-of-fit between these two models (where I is the
residual log-likelihood obtained for the fitted model and n,,,,
is the number of estimated covariance parameters). This
criterion penalizes more complex models, and smaller AIC
values indicate a better fit. The simplest model (model MO0) is
areduced form of the RCD model. Therefore, the models are
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nested and can be compared using the residual likelihood
ratio test (REMLRT), comparing minus twice the residual
log-likelihood obtained with the fitting of the two models,
one without the design effects (reduced model, M0; null
hypothesis H: 07 = 0, 02,y = 0, 0%, = 0) and the other
with the design effects (full model, RCD; alternative hy-
pothesis H: at least one of these variance components is not
zero). The distribution of the residual likelihood ratio test
statistic consists of mixtures of Chi-square distributions
because the tested parameters are in the boundary of pa-
rameter space. Determining the correct asymptotic null
distribution for the likelihood test statistic requires simu-
lation studies. Thus, a conservative solution was used, the
naive approach of using a Chi-squared distribution with the
number of degrees of freedom equal to the increase in the
number of parameters between the two models; in this case,
it corresponds to a Chi-squared distribution with three
degrees of freedom.

The variability associated with each design effect (that is,
with the resolvable replicate (H: 02 = 0 vs. H,: 02 > 0), with
the column within the replicate (Hy: 0%y, =
OvsH,: agol(r) >0), and with the row within the replicate
(Hy: Orow(r) =0 vs. Hy: afow(r) >0)) and the intravarietal
genetic variability among the tested genotypes (H,: a; =0
vs. H: aé >0) were also tested using REMLRT. Under the
null hypothesis, the asymptotic distribution of the REMLRT
statistic is a 50 : 50 mixture of Chi-square distributions with
zero and one degree of freedom [41]. This p value of the test
was half of the reported p value from the distribution with
one degree of freedom [41, 42].

With the experimental designs used in this study, the
prediction error variances may differ for different genotypes,
as genotypes with more information have smaller prediction
errors. As a consequence, a generalized measure of broad-
sense heritability was used to evaluate the efficiency of se-
lection. A generalized measure of broad-sense heritability
appropriate for complex experimental designs was in-
troduced by Cullis et al. [28] and discussed by Piepho and
Mohring [43] and later by other authors. In the context of
grapevines, the generalized measure of broad-sense herita-
bility was studied by Gongalves et al. [44]. In this study, the
generalized measure of broad-sense heritability applied was
as follows:

5 PEV
H =1-—~ (2)
09

where PEV is the average of the prediction error variance of
genotypic effects and 6> is the estimate of the genotypic
variance. This definition of heritability is related to pre-
diction error variances. The closer the predictions are to the
true values, the closer the heritability is to 1, and the smaller
the prediction error variance is. Consequently, a more ef-
ficient selection will be performed.

Therefore, the increase in efficiency of selection (EF)
when comparing the RCD model with the MO model was
based on the H? values obtained in the two models as
follows:

H:., - H?
—RED__—“MO 5 100. (3)
MO

EF (%) =

Additionally, plots of the sample semivariograms of the
residuals from the RCD model were used as a tool for di-
agnosing spatial correlation. The packages gstat [45] and sp
[46] in R software [39] were used.

2.4. Evaluation Criteria to Compare Designs. Fully and
partially replicated designs were compared to provide
a reference about the deviation of the result obtained for
quantifying intravarietal variability with a partially repli-
cated design in relation to a design that would be more
efficient (fully replicated). For this comparison, different
yield datasets were used. As a consequence, the results of
these two designs could not be formally compared by using
a residual likelihood ratio test or the AIC.

The comparison between fully replicated and partially
replicated designs was based on the results obtained by each
design individually for the following: genotypic variance
component estimate, generalized broad-sense heritability,
and genotypic coefficient of variation (CV, the ratio be-
tween the estimate for the genotypic standard deviation and
the overall mean). In this study, the yield data were analysed
for individual years and for the average of years, since a more
precise quantification of intravarietal variability is achieved
with an average of years [4].

3. Results

3.1. Fully Replicated Design: The Row-Column Design (RCD).
The results reporting the importance of including all the
experimental design effects (resolvable replicate effects,
column effects within replicates, and row effects within
replicates) in the analysis are shown in Table 2 and Figure 1.
For all the cases studied, the RCD analysis showed a better fit
than the analysis without the effects of the experimental
design (MO0). Lower AIC values were always obtained with
the RCD model. When testing variance components asso-
ciated with the effects of the experimental design, the null
hypothesis (Hy: 07 = 0, 07, = 0, 0pg,(,y = 0) Was always
rejected for any usual level of significance (p value <0.001).
Analysing the variance components of the experimental
design individually, for all the cases being studied, the
column within replicate variance was always significant
(rejection of Hy: 02,y = 0, p value <0.05). However, the
replicate and row within replicate variances were not always
significant. The replicate variance was not significant
(nonrejection of H,: 02 =0, p value >0.05) in Bastardo
/2018, Gouveio/2021, and Rufete/2020; the row within
replicate variance was not significant (nonrejection of
Hy: 0}, = 0, p value >0.05) in Antdo Vaz/2019, Arinto/
2020, Arinto/2021, Bastardo/2020, and Rufete/2020.
Therefore, in the RCD model, the importance of each ex-
perimental design variance component estimate (37, ?ffol(r),
and 6fow(r)) depended on the field trial and on the year
(Table 2). Figure 1 shows the proportion of each design effect
variance. A higher proportion of variability among
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FIGURE 1: Proportion of each design effects variance (resolvable replicates, columns within replicate, and rows within replicate) in the total
design effects variance for all the studied field trials and years. The abbreviations of the varieties are referred to in Table 1.

resolvable replicates was found in Antdo Vaz/2019, Arinto/
2020, Arinto/2021, Arinto/2019, Bastardo/2020, and Gou-
veio/2020. For the column within replicate variance, a higher
proportion was obtained in Bastardo/2018, Bastardo2019,
Bastardo/2021, Rufete2020, and Tinta Caiada/2020. The
highest proportions for the row within replicate variance
were found in Gouveio/2021 and Tinta Caiada/2021.

When the effects of the experimental design were not
included in the analysis (model M0), the results obtained
with the estimates of the variance components and their
related standard errors showed a higher error variance es-
timate. Additionally, underestimated and less precise ge-
notypic variance estimates were obtained with the MO
model. For all the cases studied, the genotypic variance
component was significant (rejection of H: aé =0, p value
<0.05) with RCD analysis.

The results for comparing the efficiency of the experi-
mental design to perform selection within a variety are il-
lustrated through generalized broad-sense heritability (H?).
For all field trials and evaluated years, the values for H? are
presented to assess the information provided by genotypic
causes associated with yield data in these trials. Depending
on the field trial and year, the values obtained with the RCD
ranged between 0.501 and 0.812. The generally high values
observed in this genetic parameter indicate the suitability of
these field experiments to perform the selection. The H>
values were always higher for the RCD analysis, indicating
a higher precision in genetic selection. The greater efficiency
of the RCD analysis depended on the field trial (the efficiency
was greater in Arinto) and on the year. For the Arinto
variety, the effects of the experimental design were more
effective in 2020 and 2019; for Bastardo in 2019, 2020, and
2021; for Gouveio in 2020; and for Tinta Caiada in 2021.

These results are supported by the values of the increase in
the efficiency (EF) of the RCD analysis compared with the
MO analysis (Table 2).

3.2. Comparing Fully and Partially Replicated Designs.
Two types of experimental designs were compared for the
Bastardo variety. Table 3 shows the results obtained for yield
data in 4 years with the RCD (fully replicated design) and
o —« design (partially replicated). The quantification of
genetic variability and, particularly, the detection of intra-
varietal variability were observed for both experimental
designs. However, the precision associated with the geno-
typic variance component estimate was always higher for the
RCD, as shown by the lower standard error associated with
this estimate and the higher values for the REML likelihood
test statistic. The values of H? were also always higher for the
RCD, varying between 0.488 and 0.712, whereas for the « — «
design, these values ranged from 0.219 to 0.453.

When the average of the 4 years was used, the values of
the coeflicient of genotypic variation (CVg) obtained for
both designs were similar, although a higher ratio 6§/SE for
the RCD was obtained; this finding reveals a higher precision
in the quantification of intravarietal variability with fully
replicated design. When analysing the precision of the se-
lection, a higher value of H? was obtained with the RCD (the
variation between the two designs was 0.24). Consequently,
a more efficient selection will be performed with RCD.

4, Discussion

Controlling error in large field trials represents a key issue in
agricultural experiments, and classical randomized complete
block designs are not the best option. Hence, two types of
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TaBLE 3: Genotypic variance estimate and respective standard error (6> (SE)), broad-sense heritability (H?), genotypic coefficient of

variation (CVg), and REML log-likelihood ratio test for genotypic variance (o

2

) obtained for fully replicated design (resolvable row-column

design, RCD) and partially replicated design (& — o design) in Bastardo (BT) variety, for individual years and the average of years.

Field trial/year Design 62 (SE) H? CVg (%) REMLRT (p value)
BT/2018 RCD 0.7684 (0.0800) 0.712 28.47 255.76 (<0.001)
x—a 0.7102 (0.1271) 0.429 22.60 81.12 (<0.001)
BT/2019 RCD 0.8775 (0.1327) 0.501 17.76 75.36 (<0.001)
a-a 0.8228 (0.1897) 0.321 18.10 40.51 (<0.001)
BT/2020 RCD 0.6370 (0.0992) 0.488 16.75 70.06 (<0.001)
a—a 0.5255 (0.1575) 0.219 14.51 20.87 (<0.001)
BT/2021 RCD 1.4065 (0.1800) 0.585 22.34 124.65 (<0.001)
o—-o 1.4323 (0.2558) 0.453 25.09 77.34 (<0.001)
BT/mean RCD 0.6038 (0.0689) 0.653 16.87 182.396 (<0.001)
a-a 0.6664 (0.1243) 0.412 17.82 74.7874 (<0.001)

practices have been proposed to overcome this issue. One
type is to use spatial models for the correlation between
neighbouring plots, and the other is the adoption of efficient
experimental designs. The first uses models that assume that
neighbouring plots will share a similar environment [47, 48].
In large grapevine selection field trials, this approach has
been shown to be effective [37]. These authors compared the
efficiency of mixed spatial models with that of a classical
randomized complete block model (with independent and
identically distributed errors). Comparisons were based on
yield data from large selection field trials of the Arinto,
Aragonez, and Viosinho grapevine varieties. The results
showed that fitting spatial mixed models to yield data was
significantly better than the classical approach, resulting in
a positive impact on selection decisions and increasing the
accuracy in predicting genetic gain. The other approach, and
the most advisable one, is to be ambitious in implementing
the experimental design in a field trial. The approach de-
scribed in this work was found to be particularly useful for
illustrating the importance of applying resolvable row-
column designs in grapevine field trials. In fact, for all the
examples studied, the RCD analysis was shown to out-
perform the one without the effects of the experimental
design. Therefore, better control of spatial and other sources
of environmental variation and background noise was
achieved using RCD analysis. The model described in
equation (1) assumed random effects for the experimental
design factors. This finding implies covariance between
observations that are made in the same resolvable replicate
(complete block), covariance between observations in the
same row within a replicate, and covariance between ob-
servations in the same column within a replicate. Therefore,
observations in the same row and column within a replicate
have a covariance of 07 + 07, + 0%, () because they share
not only the same replicate effect but also the same row and
column effects. Therefore, RCD analysis allows us to model
spatial covariance among observations in the field trial. The
effectiveness of RCD analysis can also be reinforced by the
observation of directional empirical semivariograms of the
residuals (Figure 2). For all the field trials studied, the
semivariance between residuals is similar as the lag distance
increases, showing no pattern of spatial correlation. Hence,

these results support the ability of the RCD to control spatial
variability. As a complement, it is also important to note that
when performing an analysis keeping the design effects and
considering a separable first-order autoregressive process to
the variance structure of the plot errors, the spatial structure
was found to be more appropriate for grapevine selection
field trials according to [37], the effectiveness of the RCD
analysis was also proved. In fact, convergence problems with
spatial models were observed in the field trials of the Bas-
tardo, Gouveio, and Rufete varieties (resulting in very small
and poorly estimated variance components associated with
the experimental design effects). For this reason, these re-
sults are not included in Table 2. Additionally, the higher
complexity of the spatial model was penalized in the Antédo
Vaz and Arinto field trials (compared with the AIC values
described in Table 2, higher or similar AIC values were
obtained by the spatial model). When compared with the
results of the RCD analysis (Table 2), with the complement
of the spatial analysis in the Tinta Caiada variety, slightly
lower values for AIC and similar values for H? were
obtained.

In sum, the correct strategy for field experiments should
start with a well-planned, fully replicated design, followed by
the fitting of a model with all design effects, in accordance
with the randomization scheme. Then, in the diagnosis of the
residuals, spatial correlation did not accounted for among
the design effects should be checked. Spatial models should
be used as an alternative when the experimental design is
unsuccessful and, when necessary, as a complement to the
experimental design.

The high efficiency of the RCD analysis depended on the
field trial and, for each field trial, on the year (Table 2,
Figure 1). In fact, each field trial has its own unique features
in terms of soil, slope, and cultural techniques, which define
the efficiency of the effects of the experimental design. In
addition, the conditions in each field trial change from year
to year, resulting from the effects of several cultural tech-
niques, pests and diseases, rainfall, and other specific con-
ditions. This justifies the different results obtained according
to the year for the proportion of the variability of the dif-
ferent design effects (Figure 1), mainly in the cases of the
field trials of Gouveio and Tinta Caiada varieties, as well as
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FIGURE 2: Empirical semivariograms of the residuals resulting from the fitting of the RCD model for row (0) and column (90) directions for
all field trials studied. The abbreviations of the varieties are referred to in Table 1.

for the low value of efficiency of RCD (EF, Table 2) for
Bastardo variety in 2018. As a consequence, in some years,
the effectiveness of the design effects was higher. Therefore,
as the conditions in the field are unpredictable, establishing
the experimental design should be ambitious, and all pos-
sible sources of variation that can affect an experiment
should be considered.

The high values of H? obtained are the results of not only
the randomization process of the experimental design (re-
solvable row-column design), as previously discussed but
also other reasons. One reason is related to the genotypic
variability within each variety; genotypic variability obvi-
ously influences the value of heritability (the higher the
genotypic variability within a variety, the higher the value of
H?). The other reason is related to the overall planning of the
field trial. It is essential to be demanding when choosing the
location of the field trial and to try to ensure that the
conditions are as homogeneous as possible. Another factor
in the success of an experiment is the number of replications.
As is well known, the number of replicates is essential to
allow a valid estimation of the error variance and to reduce
its estimate. In this study, most of the field trials were
established with 6 replicates, helping to reduce prediction
error variances and therefore increasing H?. In fact, the
number of replicates (no less than 4 replicates for yield data
of grapevine) proved to be a very important issue in the
accuracy and precision of the performed selection in

a methodological study conducted by [49]. The last factor
relevant to be mentioned is related to the number of plants
per plot. Plots with 3 plants and their average yield were used
for the analysis. Using an average of 3 plants instead of using
a plot with a single plant is also another strategy to reduce
the error variance (the variance of a mean is lower).

Another important question related to a randomized
design is neighbour balance, meaning that each treatment
(in this case, each clone) has varying neighbours across
replications, and the number of direct adjacencies is bal-
anced between pairs of clones. Neighbour balance is ensured
by imposing spatial restrictions during the design search.
The field trials studied in this work were installed for several
years and were generated using the package CycDesigN 4.0
with the “spatial” option, which assumed an exponential
covariance model. However, the generation of row-column
designs with higher efficiency in good neighbour balance
properties has been continuously studied and discussed
[17, 18], and more recent approaches have been recently
implemented in experimental design packages [19].

The results obtained with a partially replicated design
using real yield field data were presented for the first time in
grapevine conservation. This type of experimental design
showed a lower value of broad-sense heritability, therefore,
higher prediction error variances of genotypic effects and
less efficiency in selection. On the other hand, this type of
experimental design proved to be useful for quantifying the
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intravarietal variability; the results accord with those ob-
tained by simulation in grapevine field trials [36]. Con-
cretely, a partially replicated design was more useful when
the average of years was used, although with lower precision
than a fully replicated design. In fact, in a field trial, the
quantification of the intravarietal variability of the yield will
differ among years because several sources of error variation
(such as evaluation errors and other environmental de-
viations among years) are present and because the range of
genetic differences among genotypes differs with the year
due to G xE interaction. Therefore, an overall view of the
genetic variability within a variety requires more than one
year of evaluation, and usually, the average of years is used
for quantifying intravarietal variability [4].

As previously mentioned, for other species, the topic of
partially replicated designs is currently addressed, but in
a different context from the one proposed in this work for
grapevine varieties. In fact, the use of these designs has
been restricted to early-generation testing in plant
breeding, where the seeds of new candidate lines are usually
limited and multienvironment trials have been established.
In early-generation testing, replication usually occurs at
a higher level because trials are replicated across sites,
meaning that for the multilocation design, there will be
replication for all entries [50]. The approach presented in
this work implies no replication for some genotypes and
thus reinforces the strategy of using this type of experi-
mental design only for quantifying intravarietal variability
but not for performing the selection. In sum, to perform
polyclonal selection, a field trial with a fully replicated
design must be installed. Nevertheless, for the study of
intravarietal variability in a rarely grown and little-known
variety, a partially replicated design can be an interesting
option. Based on simulation studies in the context of
grapevines, the utilization of partially replicated designs
has already been indicated for research on rarely grown
varieties [36]. In fact, in Mediterranean countries, there is
a large richness of ancient varieties, and for many of these
varieties, there is a lack of knowledge about their intra-
varietal variability and usefulness for selection. With yield
data, this work proved that a preliminary analysis of the
potential of these varieties would be possible in a smaller
experimental area with lower costs and efforts.

5. Conclusions

Useful grapevine selection experiments require efficient
experimental designs. The results obtained with real field
data reinforce the importance of resolvable row-column
designs to improve the control of spatial variation and
background noise and the efficiency of grapevine selection.
The results obtained with a partially replicated design have
proven their usefulness in evaluating the intravarietal var-
iability when the average of years is used.

Data Availability

The data used to support the findings of this study cannot be
made available due to its proprietary nature.

Australian Journal of Grape and Wine Research

Conflicts of Interest

The authors declare that they have no conflicts of interest.

Authors’ Contributions

All authors have contributed significantly to this work and
all are in agreement with the manuscript.

Acknowledgments

The authors would like to acknowledge the colleagues of the
National Network for Grapevine Selection and Portuguese
Association for Grapevine Diversity (PORVID) for their
contribution to the management of field experiments and
data collection. The research was also supported through
funding of the project “Conservation and Selection of An-
cient Grapevine Varieties” (PDR2020-784-042704). Linking
Landscape, Environment, Agriculture, and Food (LEAF)
research centre has been funded by national funds through
FCT (Fundagio para a Ciéncia e a Tecnologia, L.P.), in the
scope of the projects UIDP/04129/2021 and GrapeVision
PTDC/BIA-FBT/2389/2020.

References

[1] A. Martins and E. Gongalves, “Grapevine breeding pro-
grammes in Portugal,” in Grapevine Breeding Programs for the
Wine Industry: Traditional and Molecular Techniques,
A. G. Reynolds, Ed., pp. 159-182, Woodhead Publishing
Elsevier, Cambridge, UK, 2015.

[2] E. Gongalves and A. Martins, “Genetic gains of selection in

ancient grapevine cultivars,” Acta Horticulturae, vol. 1248,

pp. 47-54, 2019.

E. Gongalves, I. Carrasquinho, and A. Martins, “Measure to

evaluate the sensitivity to genotype-by-environment in-

teraction in grapevine clones,” Australian Journal of Grape

and Wine Research, vol. 26, no. 3, pp. 259-270, 2020.

[4] E. Gongalves and A. Martins, “Optimizing conservation and
evaluation of intra-varietal grapevine diversity,” in Sustain-
able Viticulture and Winemaking Practices, J. M. Costa,
S. Catarino, J. M. Escalona, and P. Comuzzo, Eds., pp. 45-64,
Elsevier / Academic press, Amsterdam, Netherlands, 2022.

[5] Maul, “Vitis international variety catalogue,” 2022, http://
www.vivc.de.

[6] Oiv, “Resolution OIV-VITI 564B-2019. International Orga-
nisation of Vine and Wine; Process for the recovery and
conservation of the intravarietal diversity and the polyclonal
selection of the vine in grape varieties with wide genetic
variability,” 2019, http://www.oiv.int/public/medias/6939/
oiv-viti-564b-2019-en.pdf.

[7] E. G. Giesbrecht and M. L. Gumpertz, Planning, Construction

and Analysis of Comparative Experiments, Wiley, New York,

NY, USA, 2004.

R. Mead, S. G. Gilmour, and A. Mead, Statistical Principles for

the Design of Experiments, Cambridge University Press,

Cambridge, UK, 2012.

[9] R. A. Fisher, The Design of Experiments, Oliver & Boyd,
Edinburgh, UK, 1935.

[10] F. Yates, “A new method of arranging variety trials involving
a large number of varieties,” The Journal of Agricultural
Science, vol. 26, no. 3, pp. 424-455, 1936.

[3

[8


http://www.vivc.de
http://www.vivc.de
http://www.oiv.int/public/medias/6939/oiv-viti-564b-2019-en.pdf
http://www.oiv.int/public/medias/6939/oiv-viti-564b-2019-en.pdf

Australian Journal of Grape and Wine Research

[11] F. Yates, “Lattice squares,” The Journal of Agricultural Science,
vol. 30, no. 4, pp. 672-687, 1940.

[12] H. D. Patterson and E. R. Williams, “A new class of resolvable
incomplete block designs,” Biometrika, vol. 63, no. 1,
pp. 83-92, 1976.

[13] E. R. Williams and J. A. John, “Construction of row and
column designs with contiguous replicates,” Applied Statistics,
vol. 38, no. 1, pp. 149-154, 1989.

[14] J. A. John and E. R. Williams, “T-Latinized designs,” Aus-
tralian & New Zealand Journal of Statistics, vol. 40, no. 1,
pp. 111-118, 1998.

[15] E. R. Williams, J. A. John, and D. Whitaker, “Construction of
resolvable spatial row-column designs,” Biometrics, vol. 62,
no. 1, pp. 103-108, 2006.

[16] J. A. John and E. R. Williams, Cyclic and Computer Generated
Designs, Chapman & Hall, London, UK, 1995.

[17] H. P. Piepho, V. Michel, and E. Williams, “Neighbor balance
and evenness of distribution of treatment replications in row-
column designs,” Biometrical Journal, vol. 60, no. 6,
pp. 1172-1189, 2018.

[18] E. R. Williams and H. P. Piepho, “Error variance bias in
neighbour balance and evenness of distribution designs,”
Australian & New Zealand Journal of Statistics, vol. 61, no. 4,
pp. 466-473, 2019.

[19] H. P. Piepho, E. R. Williams, and V. Michel, “Generating

row-column field experimental designs with good neighbour

balance and even distribution of treatment replications,”

Journal of Agronomy and Crop Science, vol. 207, no. 4,

pp. 745-753, 2021.

R. Sripathi, P. Conaghan, D. Grogan, and M. D. Casler, “Field

design factors affecting the precision of ryegrass forage yield

estimation,” Agronomy Journal, vol. 109, no. 3, pp. 858-869,

2017.

C. Leddin, K. Giri, and K. Smith, “Variation in the nutritive

characteristics of modern perennial ryegrass cultivars in

South-Eastern Australian dairy environments and prospects

for inclusion in the Australian Forage Value Index (FVI),”

Agronomy, vol. 12, no. 1, p. 136, 2022.

[22] Y. B. Fu, A. D. Yanchuk, and G. Namkoong, “Incomplete
block designs for genetic testing: some practical consider-
ations,” Canadian Journal of Research, vol. 29, no. 12,
pp. 18711878, 1999.

[23] S. A. Gezan, T. L. White, and D. A. Huber, “Comparison of
experimental designs for clonal forestry using simulated
data,” Forest Science, vol. 52, pp. 108-116, 2006.

[24] M. N. Shalizi, S. A. Gezan, S. E. McKeand et al., “Corre-
spondence between breeding values of the same Pinus taeda
L. genotypes from clonal trials and half-sib seedling progeny
trials,” Forest Science, vol. 66, no. 5, pp. 600-611, 2020.

[25] E. Gongalves, A. St.Aubyn, and A. Martins, “Experimental
designs for evaluation of genetic variability and selection of
ancient grapevine varieties: a simulation study,” Heredity,
vol. 104, no. 6, pp. 552-562, 2010.

[26] R. A. Kempton and A. C. Gleeson, “Unreplicated trials,” in
Statistical ~ Methods  for  Plant  Variety  Evaluation,
R. A. Kempton and P. N. Fox, Eds., pp. 86-100, Chapman &
Hall, London, UK, 1997.

[27] R.]J. Martin, N. Chauhan, J. A. Eccleston, and B. S. P. Chan,
“Efficient experimental designs when most treatments are
unreplicated,” Linear Algebra and Its Applications, vol. 417,
no. 1, pp. 163-182, 2006.

[28] B.R. Cullis, A. B. Smith, and N. E. Coombes, “On the design of
early generation variety trials with correlated data,” Journal of

[20

[21

11

Agricultural, Biological, and Environmental Statistics, vol. 11,
no. 4, pp. 381-393, 2006.

[29] W.T. Federer, “Augmented designs with one-way elimination
of heterogeneity,” Biometrics, vol. 17, no. 3, pp. 447-473, 1961.

[30] W. T. Federer and D. Raghavarao, “On augmented designs,”
Biometrics, vol. 31, no. 1, pp. 29-35, 1975.

[31] W. T. Federer, R. C. Nair, and D. Raghavarao, “Some aug-
mented row-column designs,” Biometrics, vol. 31, no. 2,
pp. 361-374, 1975.

[32] H. P. Piepho and E. R. Williams, “Augmented row-column
designs for a small number of checks,” Agronomy Journal,
vol. 108, no. 6, pp. 2256-2262, 2016.

[33] W. T. Federer, “Construction and analysis of an augmented
lattice square design,” Biometrical Journal, vol. 44, no. 2,
pp. 251-257, 2002.

[34] E.Williams and J. John, “A note on the design of unreplicated
trials,” Biometrical Journal, vol. 45, no. 6, pp. 751-757, 2003.

[35] N. Vo-Thanh and H. P. Piepho, “Augmented quasi-sudoku
designs in field trials,” Computational Statistics & Data
Analysis, vol. 150, Article ID 106988, 2020.

[36] E.Gongalves, A. St. Aubyn, and A. Martins, “The utilization of
unreplicated trials for conservation and quantification of
intravarietal genetic variability of rarely grown ancient
grapevine varieties,” Tree Genetics & Genomes, vol. 9,
pp. 65-73, 2013.

[37] E. Gongalves, A. St.Aubyn, and A. Martins, “Mixed spatial
models for data analysis of yield on large grapevine selection
field trials,” Theoretical and Applied Genetics, vol. 115, no. 5,
pp. 653-663, 2007.

[38] D. G. Butler, B. R. Cullis, A. R. Gilmour, B. J. Gogel, and
R. Thompson, ASReml-R Reference Manual, University of
Wollongong, Wollongong, Australia, 2018.

[39] R Core Team, R: A Language and Environment for Statistical
Computing, R Foundation for Statistical Computing, Vienna,
Austria, 2022, https://www.R-project.org/.

[40] Y. Sakamoto, M. Ishiguro, and G. Kitagawa, Akaike In-
formation Criterion Statistics, Reidel, Dordrecht, Netherlands,
1986.

[41] S. G. Self and K. Y. Liang, “Asymptotic properties of maxi-
mum likelihood estimators and likelihood ratio tests under
nonstandard conditions,” Journal of the American Statistical
Association, vol. 82, no. 398, pp. 605-610, 1987.

[42] D. O. Stram and J. W. Lee, “Variance components testing in
the longitudinal mixed effects model,” Biometrics, vol. 50,
no. 4, pp. 1171-1177, 1994.

[43] H. P. Piepho and ]. Mohring, “Computing heritability and
selection response from unbalanced plant breeding trials,”
Genetics, vol. 177, no. 3, pp. 1881-1888, 2007.

[44] E. Gongalves, I. Carrasquinho, A. St.Aubyn, and A. Martins,
“Broad-sense heritability in mixed models for grapevine
initial selection trials,” Euphytica, vol. 189, no. 3, pp. 379-391,
2013.

[45] B. Griler, E. Pebesma, and G. Heuvelink, “Spatio-Temporal
Interpolation using gstat,” Rice Journal, vol. 8, no. 1,
pp. 204-218, 2016.

[46] R. S. Bivand, E. Pebesma, and V. Gomez-Rubio, Applied
Spatial Data Analysis with R, Springer, Berlin, Germany, 2nd
edition, 2013.

[47] B. R. Cullis and A. C. Gleeson, “Spatial analysis of field ex-
periments - an extension to two dimensions,” Biometrics,
vol. 47, no. 4, pp. 1449-1460, 1991.

[48] A.R. Gilmour, B. R. Cullis, A. P. Verbyla, and A. P. Verbyla,
“Accounting for natural and extraneous variation in the
analysis of field experiments,” Journal of Agricultural,


https://www.R-project.org/

12

Biological, and Environmental Statistics, vol. 2, no. 3,
pp. 269-293, 1997.

[49] E. Gongalves and A. Martins, “Methods for conservation of
intra-varietal genetic variability in ancient grapevine varie-
ties,” BIO Web of Conferences, vol. 15, Article ID 01029, 2019.

[50] J. Moehring, E. R. Williams, and H. P. Piepho, “Efficiency of
augmented P-rep designs in multi-environmental trials,”
Theoretical and Applied Genetics, vol. 127, no. 5, pp. 1049-
1060, 2014.

Australian Journal of Grape and Wine Research





