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1. Introduction
The official Swedish variety trials aim at providing information and advice for farmers to decide
which variety that is the best or the most suitable with regards to their field conditions. The multienvironment trials (MET) are conducted every year to accomplish this aim. Therefore, reliable statistical
methods are necessary to provide accurate prediction.
The current statistical method follows the tradition established in the UK by Patterson and Silvey
(1980) and has not been changed for many years. Based on to this tradition, the effects of varieties are
modelled as fixed, and so the estimation is “best linear unbiased estimation” (BLUE). On the other hand,
Smith et al. (2001) recommended to model the effects of varieties as random, and so the method is
known as “best linear unbiased prediction” (BLUP). Robinson (1991) gave several arguments for BLUP
being preferable to BLUE: i) BLUP produces smaller expected mean square errors, ii) BLUP is more
appropriate in plant variety trials when the goal is to predict the future variety performance by having
the correct ranking of the varieties, and iii) BLUP is suitable for small-area estimation. Hence, there is
a scope for improvement to give better accuracy for the cultivar performance and ranking in different
environments in Sweden.
In this study, we present a cross-validation study of different linear mixed models that utilizes either
empirical BLUE (E-BLUE) and empirical BLUP (E-BLUP) to improve the prediction accuracy of
variety × regions. The term E-BLUP is used because the variance components need to be estimated.
2. Materials and methods
We used Swedish variety trials in spring-barley and winter wheat yield. The datasets were balanced.
The trials were laid out as split-plot trials, since there were two fungicide treatments, i.e., treated and
untreated. Within each fungicide treatment, varieties were arranged in an alpha design. The trials were
performed in three different Swedish agricultural regions: North, Middle, and South.
The current analysis procedure is done with an unweighted two-stage analysis (Möhring and Piepho,
2009). In the first stage, the experiment is analysed using a linear mixed model with varieties, fungicide
treatments, and variety-by-fungicide treatment interactions as fixed effects. The effects of replicates and
incomplete blocks are modelled as random. In the second stage, the linear mixed model is applied for
each region, fungicide treatment, and year. In this work, we used the second stage data and focused on
the fungicide-treated subsets of the datasets.
Tables 2 and 3 list the E-BLUP and E-BLUE models for single-year series and five-year series,
respectively. The notation is based on Piepho et al. (2003), where the fixed-effects factors are given
before the colon, and the random-effects factors are given after the colon. The letter V is the variety (c
= 1, …, C), R is the region (j = 1, …, J), L is the trial, which was always nested within R (t = 1, …, T),
𝐽𝐽

and Y is the year (Y = 1, …, m). We modelled the covariance structure of the trials as 𝐆𝐆L = ⨁𝑗𝑗=1 𝐓𝐓𝑗𝑗 ,

where 𝐓𝐓𝑗𝑗 is an 𝐿𝐿𝑗𝑗 -by-𝐿𝐿𝑗𝑗 diagonal matrix where all diagonal elements are 𝜎𝜎𝐿𝐿2𝑗𝑗 or, in other words, region-

specific variance. This structure was used in all models, except the E-BLUP models that did not include
regions (SYR 3 single-year series and MYR 2 five-year series), and the E-BLUE models in the singleyear series. The model with heterogeneous residuals structure (only in SYR 1 and SYF 2) are region𝐽𝐽

specific, i.e., 𝐑𝐑 = ⨁𝑗𝑗=1 𝐑𝐑𝑗𝑗 , where 𝐑𝐑𝑗𝑗 is the residual matrix for j-th region.

Table 2. List of E-BLUP and E-BLUE models for single-year series
Model

Fixed terms Random terms Covariance structure

SYR 1
SYR 2

(Basic BLUP Models)

SYR 3 (BLUP No Region)
SYF 1 (BLUE Region Random)

R

V + L + V.R

V

V+L
R + L + V.R

SYF 2 (BLUE currently used model)* V + R + V.R L

𝐆𝐆𝐿𝐿 = ⨁𝐽𝐽𝑗𝑗=1 𝐓𝐓𝑗𝑗 , 𝐑𝐑 = ⨁𝐽𝐽𝑗𝑗=1 𝐑𝐑𝑗𝑗
𝐆𝐆𝐿𝐿 = ⨁𝐽𝐽𝑗𝑗=1 𝐓𝐓𝑗𝑗 , 𝐑𝐑 = 𝜎𝜎 2 𝚰𝚰
𝐑𝐑 = 𝜎𝜎 2 𝚰𝚰

𝐆𝐆𝐿𝐿 = ⨁𝐽𝐽𝑗𝑗=1 𝐓𝐓𝑗𝑗 , 𝐑𝐑 = 𝜎𝜎 2 𝚰𝚰

𝐆𝐆𝐿𝐿 = ⨁𝐽𝐽𝑗𝑗=1 𝐓𝐓𝑗𝑗 , 𝐑𝐑 = ⨁𝐽𝐽𝑗𝑗=1 𝐑𝐑𝑗𝑗

Table 3. List of E-BLUP and E-BLUE models for five-year series
Model
MYR 1 (Basic BLUP Model)
MYR 2 (BLUP No Region)
MYF 1 (BLUE Region Random)
MYF 2 (BLUE current model)*

Fixed term Random terms
R
V + L + Y +V.R + V.Y + Y.R + V.R.Y
L + V + Y + V.Y
V
R + L + Y + V.R + V.Y + Y.R + V.R.Y
V
L + Y + V.Y

For the single-year series cross-validation, we employed a 2-fold cross-validation for all models.
Each fold was used as validation set once. The trials in each region were divided equally (50/50) into
training and validation set. For the five-year series cross-validation, we modified the leave-one-out
cross-validation for the practice of predicting the variety performance based on five-year datasets. The
five-year datasets in a row were assigned as the training set and the sixth year were assigned as the
validation set. The main interest of variety trials is predicting differences among tested varieties.
Thus, the performance of cross-validation should be assessed by mean squared error of prediction
differences (MSEP) of variety differences in the training set (𝑧𝑧𝑐𝑐𝑡𝑡 − 𝑧𝑧𝑐𝑐′𝑡𝑡 ), compared to the observed
differences in the validation set (𝑦𝑦𝑐𝑐𝑐𝑐 − 𝑦𝑦𝑐𝑐 ′ 𝑡𝑡 ):
∑𝑇𝑇𝑡𝑡=1 ∑𝐶𝐶𝑐𝑐=1 ∑𝐶𝐶𝑐𝑐≠𝑖𝑖[𝑦𝑦𝑐𝑐𝑐𝑐 − 𝑦𝑦𝑐𝑐 ′ 𝑡𝑡 − (𝑧𝑧𝑐𝑐𝑡𝑡 − 𝑧𝑧𝑐𝑐 ′ 𝑡𝑡 )]2
𝑇𝑇𝑇𝑇(𝐶𝐶 − 1)
We ranked the performance of the models based on the average of MSEP.
𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 =

3. Results
Tables 3 and 4 list the mean of MSEP for single-year and five-year series, respectively. Clearly, the
E-BLUE model (current practice), performed comparatively poorly for winter wheat and spring barley
datasets. As it was expected, the E-BLUP models performed the best, i.e., SYR 1 with heterogeneous
residuals for the single-year series, and MYR 1 for the five-year series. The SYR 1 with heterogeneous
residuals structure for the single-year series was still computationally feasible. However, for the fiveyear series, this residual structure was not computationally feasible, and so we did not employ such
structure.
Our study confirmed the previous simulation studies to use E-BLUP as a routine procedure (Forkman
and Piepho, 2013, Kleinknecht et al., 2011, Piepho and Möhring, 2006). The empirical datasets hardly
satisfied the assumption of normality. However, E-BLUP per se does not require normality (Searle et
al., 1992) and our cross-validation results revealed that the E-BLUP performed better than the E-BLUE.

We demonstrated the potential of borrowing strength across regions from random effects of variety-byregion interaction, thereby increasing the accuracy of region-based yield prediction. In conclusion, the
model that should be applied for the routine analysis of single-year series is the model SYR 1, i.e., the
model R : V + L + V.R, with heterogeneous residuals. For the five-year series, the model MYR 1, i.e.,
the model R : V + L + Y +V.R + V.Y + Y.R + V.R.Y, is recommended.
Table 3. Mean of MSEP for single-year series of winter wheat (𝑁𝑁 = 8) and spring barley (𝑁𝑁 = 5).
Ranking

Model

1
2
3
4
5

SYR 1
SYR 2
SYF 1
SYR 3
SYF 2* (current method)

Winter wheat Spring Barley
Mean
6781
6846
7093
7245
7407

Mean
1751
1766
1783
1814
1959

Table 4. Mean of MSEP for five-year series winter wheat (𝑁𝑁 = 6) and spring barley (𝑁𝑁 = 6).
Winter wheat Spring Barley
Ranking
Model
Mean
Mean
1
MYR 1
854685
276814
2
MYR 2
859878
278789
3
MYF 2* (current method)
938231
307994
4
MYF 1
1940205
611592
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