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Biometrie in der Nutzpflanzenforschung  

 

Die Modellierung von Daten aus Versuchen in den Nutzpflanzenwissenschaften 

basiert meistens auf linearen gemischten Modellen. Der Vortrag stellt einige 

aktuelle Beispiele solcher Anwendungen vor und diskutiert methodische 

Herausforderungen und Zukunftsperspektiven sowie Bezüge zu benachbarten 

Disziplinen in den biologischen Wissenschaften. Eine wichtige Anwendung ist 

Projektion der Effekte des Klimawandels basierend auf Versuchsserien. 
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      locations of trial network 

      “mean” of target population of environments (TPE)    (Piepho & Williams 2024)

TPE 
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1. Introduction 
 

When and where it all began: 

 

 

 

Journal of Agricultural Science (Cambridge) 28 (1938), 556-580 
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Yates and Cochran (1938):  

 

“Any experimental programme which is instituted to assess the value of any 

particular treatment or practice or to determine the optimal amount of such 

treatment should therefore be so designed that it is capable of furnishing an 

accurate and unbiased estimate of the average response to this treatment in the 

various combinations of circumstances in which the treatment will subsequently 

be applied. The simplest and indeed the only certain way of ensuring that this 

condition shall be fulfilled is to choose fields on which the experiments are to be 

conducted by random selection from all fields which are to be covered by the 

subsequent recommendations.”  
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Yates and Cochran (1938) go on to acknowledge that  

 

“it is usually impossible to secure a set of sites selected entirely at random. An 

attempt can be made to see that the sites actually used are a “representative” 

selection, but averages of the responses from such a collection of sites cannot be 

accepted with the same certainty as would the averages from a random 

collection.”  
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 MET are routinely analysed using linear mixed models.  

 

 A key step in the use of such models is to decide for each factor whether it is to 

be regarded as fixed or random.  

 

 Once the status of each factor as either fixed or random has been established, 

one may use the convention that if an effect involves at least one random factor, 

it should be modelled as random (Nelder 1977).  

 

 Hence, if environment is considered as a random factor, it follows that variety  

environment interactions are to be modelled as a random effect. 
 



 

50 Jahre Kolloquium Statistische Methoden in der empirischen Forschung, 14. Oktober 2025                        Hans-Peter Piepho 
 

15 

Fisher (1935, Section 65):  

 

“In fact, if our concern is to ascertain not merely the best variety on the aggregate 

of the (...) fields actually used, but to ascertain which is the best over the whole 

area deemed suitable for this type of crop, within the region from which the sites 

of the experiment have been selected, the comparison between varieties V and 

interaction of varieties and places VP will be the more appropriate. For if the (…) 

sites have been chosen at random from this area, a significant difference in this 

comparison would indicate, at the level of significance used, varietal differences 

applicable to the whole area.” 
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Yates and Cochran (1938) assert that  

 

“in the ideal case where the chosen places are a strictly random selection from all 

possible places (…) it would appear to be legitimate (…) to compare the mean 

square for varieties with that for varieties  places …”
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2. ANOVA models 
 

 ijjiij EE     
 
 = genotype (fixed) 
 
E = environment (random) 
 
 

       ijkikijjkkjiijk LYYLLYYL     
 
L = location (random) 
 
Y = year (random) 
 

(Greek letters: fixed factors; Latin letters: random factors) 
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Interlude 
 
 
(1) Series of experiments virtually always analysed in two stages: 
 
- Analysis of individual trials  means per genotype and environment (ijk) 
- Linear mixed model fitted to genotype-environment means (previous slide) 
 
 
(2) In many ways analogous to network meta-analysis or analysis of clinical trials: 
 
“Environments”  “Studies”  “Clinics” 
 
 
(3) “Environments” and “Studies” analogous to “blocks” in incomplete block design 
 
      Recovery of inter-block information  
        Recovery of inter-environment information 
        Recovery of inter-study information                           (Madden et al. 2016)
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Difference of two varieties i and h in a given location j and year k: 
 

           hjkijkhkikhjijhihjkijk LYLYYYLL     
 
 
Expected value of a variety difference in the TPE: 
 
  hihjkijkE     

 
 
If all random effects are independently and identically distributed (i.i.d.), we find  
 
  5.00  hjkijkP   in a randomly selected environment if 0 hi   

 (Eskridge & Mumm 1992).  
 
 rationale for recommending the variety with the largest mean across  

    environments for the whole TPE  fine from breeder’s perspective  
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      my farm 

      locations of trial network 

      “mean” of target population of environments (TPE)

TPE Farmer’s perspective 
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In the best-case scenario, the farmer’s location is identical to one of the trial 
locations: 
 
     hjijhihjkijk LLjE       

 
 
  5.00  jP hjkijk      if         0 hjijhi LL    

 
 
 a farmer only needs to identify the variety with the largest long-term mean at  

    his or her location.  

 

But: farmer’s location  trial locations (even the “closest” one) 

 
    The key question then is how to best estimate this mean 
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Two important general conclusions       
 

(1) For a farmer the estimated variety mean in the TPE is likely to provide a more 

reliable basis for variety recommendations than the variety mean at the trial 

location considered to be most similar to the farmer’s location 

 

(2) Can judge the relative merits of TPE means versus location means via the 

Mean Squared Error of a Difference (MSED) because environments (locations, 

years) are modelled as random 

 
(Piepho & Williams 2024) 
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3. Random genotypic effects as an option 
 
Two good reasons to model genotypes as random: 
 
 
(1) Want to do genomic prediction (GBLUP) 

(Bernardo 1994; Meuwissen et al. 2001) 
 
(2) Want to borrow strength across zones  

(Atlin et al. 2000) 
 
 
Bottom line: 

 Random genotypes is an option 

 Random environments is a must 
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Random-effects model 
 

       ijkikijjkkjiijk aLYaYaLLYYLa     
 
a  = random genotype 

L  = random location 

Y  = random year 

 

Long-term mean of the i-th genotype at the j-th location: 

 

 ijjiij aLLa    
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4. Improving predictions using genotypic and environmental covariates 

(Piepho 2022) 
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Two types of models using environmental covariates (EC) 
 
 
(1) Stratification of environments into environmental types (ET) 
                                                (Bustos-Korts et al. 2022) 
 
 
(2) Regression models with EC: 
 
       - Factorial regression (Denis 1980) 
 
       - Extended Finlay-Wilkinson regression  
                                             (Piepho & Blancon 2023) 
 
       - Environmental kinship (Jarcquin et al. 2014) 

Increasing 
Complexity 
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Finlay-Wilkinson regression 
 
 
 
 
 
 
 
 
 
 
 
 
          

    Environmental mean 

Yield 

Mean of all 
Genotypes  
(i = 1) 

Low input 
(i < 1) 

High input 
(i > 1) 

    
(Yates & Cochran 1938; Finlay & Wilkinson 1963) 
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Factorial regression 
 

jpipjijiiij xxx   ...2211  
 
where  
 
ij  = expected response for the i-th genotype (i = 1, …, I)  
                                         in the j-th environment (j = 1, …, J) 
 
i  = intercept for the i-th genotype 
 
ik  = slope for the k-th environmental covariate (EC) for the i-th genotype  
 
xjk  = value of the k-th covariate (k = 1, …, p) for the j-th environment 
 

(Denis, 1988; Piepho & Blancon, 2023) 
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Now take genotypes as random 
 

ii a   
 

ikkik c   
 

        jpippjijiiij xcxcxca    ...222111   , 
 
where 
 





























,

0
0

~
pi

i N
c
a

  

 
 Tipii ccc ,...,1   
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Three different choices for  
 
(i) Unstructured model for  
 
 random coefficients regression 
 translational invariance (Longford, 1993; Buntaran et al., 2021) 
 We may denote this approach in our context as random FR 
 
 
(ii) The kinship approach  
 











 2

2

0
0








pI                                   (Jarquin et al., 2014)   

 
 not translationally invariant 
 more parsimonious than random FR  
 regularization argument, implies ridge regression (Ruppert et al., 2003, p.66)  
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(iii) Reduced rank regression (RRR)  
 
 

T  
 
 
where  is a J  q matrix of factor loadings for q factors and J environments 
 
 translationally invariant 
 but can be good approximation to unstructured model 
 

(Tolhurst et al., 2022; Piepho & Blancon 2023) 
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Using regression models for predictions into new environments 
 
The values of EC may not be known for a new environment 
 
 need a distributional model for the EC: 
 

       jkxkxjxxjk LYYLx      
 
where  
 

jkx   = value of the EC in the j-th location in the k-th year  

x    = intercept 

    2,0~ Lxjx NL             = random main effect for the j-th location 

    2,0~ Yxkx NY             = random main effect for the k-th year 
      2,0~ LYxjkx NLY   = random location-year interaction for the j-th location  
                                            and k-th year
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A single regression term  
 
xi  

 
i = slope for i-th genotype 
x = value of EC 
 
Need plug-in value = expected value   for x: 
 
 i  

 

Uncertainty associated with the value of x  variance x  
 
Here: initially assume that both i and   are known 
 
 contribution to the prediction variance for the response is xi 2

 
 



 

50 Jahre Kolloquium Statistische Methoden in der empirischen Forschung, 14. Oktober 2025                        Hans-Peter Piepho 
 

34 

Estimating the prediction variance  
 
The overall prediction variance associated with xi has two components: 
 
(i) Both i  and  xE  in the product  i  need to be estimated 

(ii) Uncertainty about the value x takes in a new environment: 22
xix    

 
 
 
(i) Variance due to the estimation of  i   
 

          ˆvarˆvarˆvarˆvarˆˆvar 22
iiii              (Goodman, 1960) 
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The naïve plug-in estimator of 2
i  is biased 

 
         2222 ˆˆˆˆvar iiiii EEE     

 
 
 
   iiiE  ˆvarˆ 22   

 
 
 
Estimate 2

i  by  iii  ˆvarˆ~ 22   and 2  by   ˆvarˆ~ 22    
 
 
 

          ˆvarˆvarˆvarˆˆvarˆˆˆvar. 22
iiiiest   
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(ii) Estimation of 22
xix    

 
The naïve plug-in estimator 22 ˆˆˆ xix    is biased 
 
Bias may be reduced by using the estimator  
 

   22 ˆˆvarˆ~
xiix    

 
 
 
 
The overall prediction variance is obtained by adding the variances in (i) and (ii) 
 
 

 
Conjecture: the main problem is x  
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Extension to multiple EC and inclusion of intercept 
 
 
This is straightforward but will be omitted here 
 
Jointly consider intercept and all slopes: 
 

ii  
 

 
 

xx 
  

 
Overall prediction variance 
 

  Rx
T
i   

ˆˆvar
 

 

R  = variance of deviations from regression 
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Example: Rice data from Bangladesh (BRRI) 
 
 
 
 
 Stability trials 

 Long-term data (1970 to 2020) 

 10 Locations 

 41 rice varieties in the winter season, 45 rice varieties in the monsoon season 

 RCBD with three replications at each trial 

 Leave-one-environment-out cross-validation & 

Leave-one-year-out cross-validation 

 47 weather and soil EC extracted from public databases (agERA5 and FAO)  

 
(Hrachov et al. 2025) 

 

              (Maksym Hrachov) 
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Locations of Stability 
Trials with rice in  
Bangladesh 
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Hitchhiker’s Guide to the Galaxy 
 
Ford Prefect & Arthur Dent, stranded on prehistoric Earth and trying to get out: 

 

Arthur Dent and Ford Prefect know exactly where they don’t want to be. They 

don’t want to be stranded on prehistoric Earth with a load of unwanted telephone 

sanitizers and advertising executives who have been thrown off their home planet 

of Golgafrincham, a world which has subsequently been wiped out by a 

particularly virulent disease contracted from an unexpectedly dirty telephone. 

Unfortunately that is precisely where they are. But fortunately they have found a 

way of coping with their predicament: they are drunk.  

. . . . . 
 
ARTHUR: Have you got an answer?  
 

FORD: No, but I’ve got a different name for the problem!



 

50 Jahre Kolloquium Statistische Methoden in der empirischen Forschung, 14. Oktober 2025                        Hans-Peter Piepho 
 

42 

5. Breeding progress and climate change 
 

       ijkikijjkkjiijk LYYLLYYL     
 

 = genotype     L = location     Y = year  
 

 Take i and Yk as fixed (can’t take random because of time trend) 

 All other effects random (i.i.d. normal with constant variance) 

 Adjusted means for i assess genetic trend  

 Plotted against year in which variety entered trial 

 Adjusted means for Yk assess non-genetic trend 

 Plotted against calendar year 

 Estimate trend by linear regression based on adjusted means for i and Yk 
                      (Mackay et al. 2011) 
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(Mackay et al., 2011)             year means 
 variety means 
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Genetic trend 
 

iii Hr     
 
   = fixed regression coefficient for genetic trend 

ir   = year of first trial for i-th variety 

 2,0~ Hi NH   
 
Non-genetic trend 
 

kkk ZtY     
 
   = fixed regression coefficient for agronomic trend  

kt  = calendar year  
 2,0~ Zk NZ   

(Laidig et al. 2014) 
 

(Friedrich Laidig) 
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Graphical displays 
 
Overall trend: frontier line 
 

  kk t    
 
 realized trend if best new variety is planted each year 
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Figure:  
 
GENETIC:  
variety group means 
 
AGRONOMIC:   
year means 
 
FRONTIER:  
frontier line 
 
I1: Intensity 1 
I2: Intensity 2 
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Table: Estimates of regression coefficients for winter wheat 
 

Trait Intensity Slope estimates for regression on 

  Year of first trial (ri) Calendar year (tk) 

  Estimate 
 

s.e. Estimate s.e. 

Yield (dt/ha) 1 +0.82      0.04      -0.20       0.11     

 2 +0.53      0.04     +0.16       0.12     

Mildew (1-9) 1  -0.095     0.006     +0.052     0.0092     

 2  -0.042     0.003      -0.002     0.0048     
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       ijkikijjkkjiijk LYYLLYYL    
 
+ genetic and non-genetic trends 
 
+ nitrogen fertilizer rate 
                                                                                                  (Ludwig Riedesel) 
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(Riedesel et al. 2022) 
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Life cycle assessment (LCA) 
 
 
 

 
 
 
CFP = Carbon footprint 
 
GHGL = Greenhouse gas load 
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Figure: Breeding progress for carbon footprint (CFP) winter wheat  
                                                                                               (Riedesel et al. 2022)
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6. Bayesian Updating 
 
 Variety testing and plant breeding programs have decades of long-term data 

 This is plenty of information to objectively inform priors for variance parameters 

 Field trials organized by cycles  can update priors by cycles 

 

(Stephan Bark 2025,  
 Master thesis) 
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