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Abstract
The aim of potato breeding is to release cultivars that exhibit high and stable performance across the target population 
of environments. The objective of this research was therefore to investigate the use of various methods (site regression 
[SREG], coefficient of variation and regression deviation [σ2

δ]) for determining the adaptability and stability of produc-
tive and quality traits in the Nordic region of Europe. The multi-environment trials included 256 breeding clones and 
released cultivars grown by EU farmers at three distinct testing sites over two years in Sweden. There was significant 
(P < 0.001) variation in tuber yield, starch percentage and reducing sugars in the tuber flesh among the breeding clones 
and cultivars, testing environments and the genotype by environment interaction (GEI). The environments were very 
diverse, as revealed by the SREG biplots and particularly for the GEI patterns noted in terms of their productive and 
quality characteristics. The percentage of stable high-tuber yielding germplasm was greater for breeding clones (23%) 
than for released European cultivars (2%), thus revealing the advantage of potato breeding in the target population of 
environments. SLU 1415001 and SLU 1314015 were the most promising breeding clones due to their stable high tuber 
yield. This characteristic was best for the starch potato cultivars, although none of them exhibited a significant different 
σ2

δ. ‘Talent’ shows an almost stable good performance among low reducing sugar cultivars and breeding clones, which 
are often unstable in terms of their scoring across environments. Neither a breeding clone nor a cultivar was at the top 
for stable tuber yield, tuber flesh starch or reducing sugars in the tuber flesh, which shows the challenge faced by potato 
breeding while addressing the needs of different markets.

Keywords AMMI · Coefficient of variation · Genotype × environment interaction · Regression · Scandinavia · Solanum 
tuberosum · SREG

1 Introduction

The testing of potato breeding clones along with released cultivars in various environments (e.g., sites, years, cropping 
seasons) generates trial data for the various characteristics measured therein. This dataset results from combining 
the effects of both genetic (G) and environmental (E) factors, as well as their interaction (GEI), which reduces the 
association between genotype and phenotype, thereby affecting selection effectiveness. Hence, the main goal of 
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testing across sites and over several years is to obtain an accurate estimate of the performance of breeding clones 
or cultivars by minimizing the variance in their mean while considering both costs and time. Reducing the variance 
increases the chance of obtaining significant differences among breeding clones or cultivars, which facilitates the 
selection of promising germplasm that perform regularly across the target population of environments where they 
will be released for farming. Such stability should be a key characteristic of a cultivar.

There are several ways of either determining the adaptability or measuring the stability of a potato cultivar (or 
soon to be). According to Chloupek and Hrstkova [1], crops that respond positively to changes in agricultural condi-
tions exhibit adaptability, while Tai and Young [2] indicated that potato cultivars with average genotypic stability and 
above-average mean performance generally exhibit adaptability. Lin et al. [3] defined stability groups according to 
whether they refer to deviations from the average genotype effect or to the GEI and whether they include a regression 
model on an environmental index. Furthermore, these stability measurements are related to classifying germplasm 
as stable if their among-environment variance is small (Type 1), if their response to the environment parallels that of 
the mean response of the trial (Type 2), or if they have a small residual mean square of the regression model on the 
environmental index (Type 3). The coefficient of variation (CV), as defined by Francis and Kannenberg [4], is Type 1, 
while Type 3 includes the regression approach improved by Eberhart and Russell [5]. According to Lin et al. [3], Type 
3 splits the variability of a breeding clone or cultivar into a predictable performance related to a regression and an 
unpredictable performance corresponding to the deviation from the residual mean square (σ2

δ). On the other hand, 
Type 1 is related to homeostasis, that is, the ability of a crop to remain stable despite changes in its surroundings [6], 
which allows the use of this concept as a criterion for determining stability.

Potato breeding clones should have a predictable performance for key characteristic(s) showing little GEI if they 
are meant to be released as cultivars in the target population of the environment. Hence, stability measurements 
are useful for identifying such a promising bred germplasm. According to Eberhardt and Russell [5], a stable cul-
tivar has a regression coefficient (β) and σ2

δ equal to 1 and 0, respectively. Cultivars with β above 1 and σ2
δ equal 

to 0 perform well in high-yielding environments, while those with β values less than 1 and showing nonsignificant 
deviations are suitable for low-yielding environments. Any cultivar with a significant σ2

δ is regarded as unstable. This 
stability analysis of potato plants has been used for interpreting the results of multiple environmental trials and for 
selecting superior breeding clones and suitable cultivars, for example, in Brazil [7], Canada [2], Ethiopia [8], India 
[9], Kenya [10, 11], Latvia [12], Perú [13], Türkiye [14], Uganda [15] and the USA [16, 17]; moreover, the CV facilitated 
the identification of promising potato bred germplasm in Iran under water deficit and potassium humate [18] or in 
Kenya [19] and in Poland [20].

The additive main effect multiplicative interaction (AMMI) model was proposed by Gauch [21] to determine the 
GEI and structure the interactions between the tested germplasm and the environments where the field trials were 
conducted. The AMMI model first uses analysis of variance to determine the main effects due to both genotypes and 
environments and the GEI and thereafter partitions the GEI into components through principal component analysis. 
Likewise, AMMI modeling facilitates the delineation of mega environments and improves trial accuracy. AMMI has 
been used for analyzing multi-environment potato yield trials in Brazil [22], Croatia [23], Ethiopia [8, 24], Iran [25, 26], 
Kenya [11], Korea [27], Rwanda [28], and Uganda [29]. Its modeling, particularly when using the ensuing biplots, led 
to the identification of breeding clones for further cultivar registration and suitable cultivars for respective sites in 
the target population of the environment. Cornelius [30], Crossa and Cornelius [31] and Crossa et al. [32] proposed 
site regression analysis (SREG) as an alternative to the AMMI. SREG uses a bilinear model to remove environmental 
effects and provides the answer solely as a function of the effects of the genotype and GEI; thus, this approach is most 
suitable when the environment accounts for more variation than does the genotype and GEI [33]. Moreover, GEI can 
be detected through the crossover effect resulting from ranking changes in genotypes across environments [34]. This 
approach was used by Gedif and Yigzaw [35] along with the GGE biplot [34] to visualize patterns and interactions 
without environmental effects and to identify stable potato cultivars for tuber yield in Ethiopia. Similarly, Sood et al. 
[36] used the GGE biplot for the analysis of potato multi-environment trials in subtropical India.

There are gaps in the assessment of the adaptability and stability of potato germplasm in Scandinavia. Hence, the objec-
tive of this research was to determine the adaptability and stability of productivity and quality traits using SREG, CV and 
regression approaches for analyzing the multi-environment traits of potato breeding clones and cultivars in Sweden, as well 
as to dissect and visualize GEI patterns that assist in defining whether the testing sites belong to the same target population 
of environments.
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2  Materials and methods

The multi-environment trials included up to 256 breeding clones and released cultivars grown by EU farmers (Sup-
plementary Table 1; https:// hdl. handle. net/ 11529/ 10548 617). The cultivars ‘Bintje’, ‘Carolus’, ‘Connect’, ‘King Edward’ and 
‘Solist’ were the checks used by the Svenska Potatisförädling run by the Swedish University of Agricultural Sciences (SLU, 
Alnarp, Sweden). SLU also provided 47 advanced breeding clones (36 for table whose parents were breeding clones 
and released cultivars, 8 for crisps and 3 for tables but derived from using crop wild relatives as grandparents). The 209 
released cultivars were mostly ware (190) or starch (9) potatoes.

The testing sites were at the Skåne (Helgegården and Mosslunda) and Norrland (Umeå) regions of Sweden, where 
trials were run in 2020 and 2021 using simple lattice designs with two replications of 10-plant plots. Helgegården and 
Mosslunda are potato-producing sites near Kristianstad (56°01′46″N 14°09′24″E) that experience long days (hours with 
sun above 120 w/m2: 192–308; Supplementary Table 2) and relatively warm temperatures (monthly average: 23.1–32.6 °C; 
Supplementary Table 2) during the cropping season, which took between 110 and 120 days, while Umeå (63°49′30″ 
N 20°15′50″ E) has very long days (hours with sun above 120 w/m2: 110–399; Supplementary Table 2) and cool tempera-
tures (monthly average: 18.3–28.2 °C; Supplementary Table 2) during the 90– to 100–day cropping season.

The soils used for trials in Skåne were disturbed IVA with pH 5.9 in 2020 and class V with pH 7.7 in 2021, while the 
soils for trials in Umeå were III or IVA with pH 5.8 and 5.9 respectively. The crop husbandry practices used were the same 
as those used in potato farming at each site. There were fungicide sprays against the oomycete Phytophthora infestans 
only in Helgegården to avoid late blight throughout the growing season and to allow for the achievement of tuber yield 
potential at this testing site. The characteristics evaluated were total tuber yield in a 10-plant plot (kg), tuber flesh starch 
content, which was calculated after determining the specific gravity at harvest [37] and reducing sugars in the tuber 
flesh using potato glucose strip tests [38].

2.1  Statistical data handling

The analysis of variance was used to determine the significance of G, E and the GEI in the multiple environment trials. 
The general additive linear model was as follows:

where � is the mean, L denotes the ith location (i = 1,2,… , J denotes the jth environment ( j = 1,2,… ), and e ∼ N
(

0, �2
e

)

 
is the residual error.

The effects of the GEI on each breeding clone or cultivar were analyzed using the CV [4], regression [5], and AMMI [21] 
models. Analysis of the trials in each and across environments was performed with GEA-R [39]. The CV [4] was defined 
as follows:

where Si and BLUE are the simple standard deviations of the mean performance (for tuber yield, tuber flesh starch or 
reducing sugars in the tuber flesh) across environments and the best linear unbiased estimator across environments, 
respectively. The environmental variance Si

2 was therefore estimated as follows:

in which Rij , mi , and e are the observed genotype performance in the jth environment, the genotype mean across envi-
ronments, and the number of environments, respectively. BLUE is an estimator with the smallest variance among those 
unbiased and linear in the observed output. The Eberhardt and Russell regression approach [5] considers the regression 
coefficient ( bi ) and its deviations ( σ2δi ), which are defined as follows:

and

Yij = � + Li + Ej + (LE)ij + e
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where xij , �.j , �i . , and �.. are the mean of the ith genotype in the jth environment, mean of the jth environment, mean of 
genotypes across environments, and total, respectively, whereas the number of genotypes is g.

The SREG considers this linear-bilinear model:

where Yij refers to the performance of the ith genotype in the jth environment; � is the grand mean; ej is the environ-
mental deviation from the grand mean; �n denotes the eigenvalue of the nth principal component axis; �in and �jn are the 
genotypic and environmental principal component scores for axis n , respectively; and εij ∼ N

(

0, �2
�

)

 is the random term 
or residual. Singular value decomposition (SVD) of the first two principal components (PCs) was subsequently applied 
to fit the biplot model:

where ej is the main effect of the jth environment; � + ej is the mean performance across all the genotypes in the jth 
environment; �1 and �2 are the singular values for PC1 and PC2, respectively; �i1 and �i2 are the eigenvectors of the ith 
genotype for PC1 and PC2, respectively; �j1 and �j2 are the eigenvectors of the jth environment for PC1 and PC2, respec-
tively; and εij is the residual associated with the ith genotype in the jth environment.

2.2  Biplot graphs

Biplots were used to discriminate high- and low-yield breeding clones and cultivars as well as favorable and unfa-
vorable environments [32]. The SREG1 biplot uses the X axis for the BLUEs for each productivity or quality trait and 
the Y axis for factor 1 (PC1), whereas the SREG2 biplot has factor 1 along the X axis and factor 2 (PC2) following the 
Y axis. A vertical line in the mid-section of the performance for the respective biplots of each trait and a horizontal 
line at PC = 0 were drawn to group the evaluated bred germplasm for performance, adaptability and stability. Among 
the SREG1 biplots, the breeding clones or cultivars and environments on the right had above average performance, 
while the breeding clones or cultivars and environments in the center of the SREG2 biplot had the minimum geno-
type × environment interaction, thereby being better than the other breeding clones or cultivars and environments 
because they did not have a significant GEI. Furthermore, breeding clones or cultivars adjacent to an environment 
were those specifically adaptive to such a related environment, while those breeding clones or cultivars near the 
component axes had relative adaptability. The X-axis represents the BLUE for each productivity or quality trait, and 
the Y-axis represents the CV; for the regression approach, the X-axis represents s2di , and b represents the Y-axis. 
Vertical and horizontal lines in the mid-sections of the respective CV biplots were drawn to group the evaluated 
bred germplasm as follows: [1] high yield and small variation (low CV) in the right lower quadrant; [2] high yield and 
large variation (large CV) in the right upper quadrant; [3] low yield and small variation in the left lower quadrant; 
and [4] low yield and large variation in the left upper quadrant. In the regression biplots, the vertical line was drawn 
at s2di = 0, and the horizontal line was drawn at b = 1 to identify adaptable or stable breeding clones and cultivars.

3  Results

Late blight was not observed (or was not visible) at high latitudes in Umeå. However, in both locations in Skåne, late blight 
was prevalent and had a high incidence and severity. In the Helgegården trial, pesticides were employed to manage late 
blight, thereby enabling the cultivars and breeding clones to express their tuber yield potential. There was significant 
(P < 0.001) variation in tuber yield, starch percentage and reducing sugars in the tuber flesh among the breeding clones 
and cultivars (hereafter, together denoted as g), the environment and the GEI (Table 1). The e , g and GEI effects accounted 
for approximately 42%, 33% and 25%, respectively, of the tuber yield variation, while e described 72%, g 20% and GEI 

σ2δi =
Σ
g

i=1
(xij − �i .)

2
− biΣ

e
J=1

(�.1 − �..)
2

e − 2

Yij = � + ej +

N
∑
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effects on approximately 8% of the tuber flesh starch variability. Approximately 43%, 31% and 26% of the tuber flesh 
starch variability was due to e , g and GEI, respectively, for reducing sugars in the tuber flesh. The linear components of the 
regression were significantly greater than the pooled deviations. Similarly, the σ2δi from the regression was significant, 
thereby indicating some degree of nonlinearity in the GEI. This could arise from either specific GEIs or changes in GEI 
expression according to the testing environment, which highlights that the GEI is a key factor in potato cultivar trials that 
may affect the ability to detect differences among breeding clones and cultivars. The first five interaction principal compo-
nents  (PC1–PC5) were significant (P < 0.05) for the productivity and quality traits evaluated according to the SREG analysis 
(Table 1).  PC1 accounted for more than 50% of these traits, while the SREG 2 biplot captured ca. 70% of the tuber yield 
GEI, more than ¾ of the GEI for tuber flesh starch, and more than 69% of the GEI for reducing sugars in the tuber flesh.

The red circle in Fig. 1 includes 9 (of 39 or approximately 23%) high-yield table breeding clones and 4 other European 
released cultivars (of 209 or ca. 2%) (namely, ‘Galactica’ [34], ‘Papageno’ [179], ‘Connect’ [194] and ‘Taisiya’ [211]) in Nordic 
testing environments. The outstanding high-yielding SLU 1415001 [221] exhibited little interaction across testing sites 
over time, as noted in the biplot, and SLU 1314015 [237] exhibited the least interaction with the testing environments 

Table 1  Analysis of variance for (A) total tuber weight in 10-plant plots (kg), (B) tuber flesh starch (%) and (C) reducing sugars in tuber flesh 
(0–4 scale using glucose strips)

a Interaction principal component

Source of variation Degrees of 
freedom

Sum of squares (SS) SS (%) Mean square FC Probability  FC

(A) Total tuber weight in 10-plant plots (kg)
 Environment (E) 5 22,172.23884 41.87036 4434.44777 1160.84627 0.00001 < 
 Genotype (G) 255 17,565.23519 33.17043 68.88328 18.03221 0.00001 < 
 E × G 1188 13,217.02149 24.95921 11.12544 2.91241 0.00001 < 
  PC1a 259 17,287.37642 54.38712 66.74663 20.86184 0.00001 < 
 PC2 257 4604.42708 14.48580 17.91606 5.59971 0.00001 < 
 PC3 255 4233.90779 13.32013 16.60356 5.18949 0.00001 < 
 PC4 253 3193.44594 10.04677 12.62232 3.94514 0.00001 < 
 PC5 251 1476.99837 4.64673 5.88446 1.83920 0.00001 < 
 PC6 249 989.63330 3.11345 3.97443 1.24222 0.01108
 Residuals 1449 5535.19875 3.82001

(B) Tuber flesh starch (%)
 Environment (E) 5 43,529.63601 72.10485 8705.92720 7935.07663 0.00001 < 
 Genotype (G) 255 12,180.35542 20.17620 47.76610 43.53674 0.00001 < 
 E × G 1168 4659.91876 7.71894 3.92249 3.57518 0.00001 < 
 PC1 259 10,574.57463 59.64121 40.82847 42.45624 0.00001 < 
 PC2 257 2976.85448 16.78963 11.58309 12.04489 0.00001 < 
 PC3 255 2604.85943 14.69156 10.21514 10.6224 0.00001 < 
 PC4 253 740.32876 4.17550 2.92620 3.04286 0.00001 < 
 PC5 251 533.00084 3.00616 2.12351 2.20817 0.00001 < 
 PC6 249 300.69795 1.69595 1.20762 1.25577 0.00812
 Residuals 1447 1587.56837 1.09714

(C) Reducing sugars in tuber flesh (0–4 scale using glucose strips)
 Environment (E) 5 1772.15420 43.28648 354.43084 591.07031 0.00001 < 
 Genotype (G) 255 1255.91677 30.67691 4.92516 8.21350 0.00001 < 
 E × G 1188 1065.94237 26.03661 0.89726 1.49632 0.00001 < 
 PC1 259 1347.32087 55.43229 5.20201 8.89537 0.00001 < 
 PC2 257 330.59144 13.60139 1.28635 2.19964 0.00001 < 
 PC3 255 227.32415 9.35271 0.89147 1.52440 0.00001 < 
 PC4 253 209.86699 8.63447 0.82951 1.41845 0.00009
 PC5 251 184.09625 7.57420 0.73345 1.25419 0.00825
 PC6 249 131.37064 5.40493 0.52759 0.90217 0.84513
 Residuals 1449 868.88189 0.59964
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among those included in the ellipse. The outstanding breeding clones according to their CV were SLU 1415001 [221], 
1,402,003 [216], 2-IV-6 [244] and 1,314,015 [237] (Fig. 2). Together, these data were obtained with the high-yield release 
cultivar ‘Galactica’ [34] in the lower right quadrant of the graph. Svensk Potatisförädling SLU 1452001 [143] and SLU 
1438004 [232], as well as the starch cultivar ‘Avenue’ [144], were adaptable (red numbers), while the table cultivars ‘Red 
Emmalie’ [137] (having reddy-pink skin and matching flesh rich in anthocyanins) and the white skin and creamy flesh 
‘Valor’ [142] were adaptable and stable (green numbers) according to the regression approach (Fig. 2). However, none 
of them were among the high-yielding bred-germplasm or released cultivars.

In both years, highest tuber yield was obtained from the site in Helgegården, and Mosslunda (also in Skåne), though 
exhibiting less tuber yield, was the closest of the other two sites in both years (Fig. 1). The least yielding Umeå showed 
similar GEI patterns over time, while the other two sites in Skåne did not.

3.1  Tuber flesh starch

The red ellipse in Fig. 3 includes four starch release cultivars grown in Europe (namely, ‘Quadriga’ [147], ‘All Star’ 
[254], ‘Nofy’ [255] and ‘Serum Star’ [256]) along with the old floury cultivar ‘Odenwälder Blaue’ [45], the crisp culti-
var ‘Verdi’ [187], which may sometimes be used for starch production and dehydration of potatoes, and the crisp 
Svenska potatisförädling clone SLU 131 [12]. ‘Avenue’ [144], ‘Kuras’ [146], ‘Saprodi’ [148] and ‘Tarzan’ |185] are other 
four potato cultivars released in Europe for starch production, while ‘Golden Wonder’ [35] is an old, crisp cultivar 
used in organic farming. Figure 4 shows that within the right bottom quadrant (towards the right), the cultivars 
and breeding clones had the highest and most stable starch content in the tuber flesh (SLU 1452001 [143], ‘Red 
Emmalie’ [137], ‘Colomba’ [71], ‘Lady Christl’ [126], ‘Rosara’ [99] and ‘Blaue St. Galler’ [26]). The starch cultivars used 
were ‘Serum Star’ [256], ‘All Star’ [254], ‘Tarzan’ [185], ‘Avenue’ [144], ‘Quadriga’ [147], and ‘Saprodi’ [148]. Similarly, 
in this group, the crisp cultivar Verdi [187]; the old mealy or floury potato cultivars ‘Odenwälder Blaue’ [45], ‘Golden 
Wonder’ [35], and ‘Eigenheimer’ [31]; and Svenska Potatisförädling SLU 107 [9] and SLU 131 [12]. Neither a breed-
ing clone nor a released cultivar had adaptability or stability for tuber flesh starch according to σ2δi and b (Fig. 4).

The site with the highest tuber flesh starch was Helgegården, and the worst was Umeå (particularly in 2021), 
as shown by the SREG1 data in Fig. 3. Neither Helgegården 2020 nor Umeå 2021 were included in the same GEI 
clustering in the SREG2 biplot as was the case for the other four testing environments. The best starch cultivars 
(‘Arran Victory’ [113] and SLU 127 [11]) were nearby Helgegården 2020 and they had specific adaptation to this 
testing environment.

Fig. 1  Left: Biplot of site regression (SREG) analysis with tuber yield in a 10-plant plot (kg) along the X-axis and principal component (PC) 1 
along the Y-axis (left); Right: Biplot of the interaction PCs with factor 1 (PC1) along the X-axis and factor 2 (PC2) along the Y-axis
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3.2  Reducing sugars in the tuber flesh

Figure 5 shows two European released cultivars for chips, namely, ‘Talent’ [55] and ‘Charlotte’ [192], two diploid Solanum 
tuberosum Gp. Phureja with yellow tuber flesh [’Mayan Gold (131) and its offspring ‘Inca Bella’ (123)], and Svenska potat-
isförädling SLU 1410004 [218]. According to the other stability statistics, only the cultivar ‘Talent’ [55] exhibited almost 
stable good performance among the cultivars and breeding clones with low reducing sugars (> 1). The other cultivars 
were unstable in their scoring across environments (Fig. 6).

Fig. 2  Stability graph for total tuber yield in a 10-plant plot (X axis) as determined by the coefficient of variation (CV) on the Y axis. The num-
bers in red indicate the stable breeding clones and released cultivars with above-average yields (left). The right graph shows the adaptabil-
ity determined by the regression coefficient (Y axis) and its deviations  (s2

d) on the X axis

Fig. 3  Left: Biplot of site regression (SREG) analysis of tuber flesh starch (%) along the X-axis and principal component (PC) 1 along the Y-axis 
(left); Right: Biplot of the interaction PCs with factor 1 (PC1) along the X-axis and factor 2 (PC2) along the Y-axis
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Umeå 2021 and Helgegården 2021 were the best testing environments for this trait because both were able to dif-
ferentiate the genotypes, but their GEIs were different according to the SREG biplots (Fig. 6). The GEI was very similar for 
both testing sites in Skåne in 2021.

4  Discussion

In plant breeding, the terms "wide adaptation" and "narrow adaptation" refer to the range of environmental condi-
tions under which a particular crop or cultivar performs well [40, 41]. A breeding clone or cultivar with wide adapt-
ability performs well across a broad range of environmental conditions because it can thrive in various climates, 
soils, and management practices [42]. Wide adaptability is desirable for crops intended for cultivation in diverse 

Fig. 4  Stability graph for the tuber flesh starch percentage (X axis) as determined by the coefficient of variation (CV) on the Y axis. The num-
bers in red indicate the stable breeding clones and released cultivars with above-average yields (left). The right graph shows the adaptabil-
ity determined by the regression coefficient (Y axis) and its deviations  (s2

d) on the X axis

Fig. 5  Left: Biplot of site regression (SREG) analysis of tuber reducing sugars along the X-axis and principal component (PC) 1 along the 
Y-axis (left); Right: Biplot of the interaction PCs with factor 1 (PC1) along the X-axis and factor 2 (PC2) along the Y-axis
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geographic locations. Moreover, these systems provide resilience to unpredictable environmental changes and 
increase the likelihood of successful cultivation in different regions with variable temperatures, pathogens, pests 
and soil types. A breeding clone or cultivar with narrow adaptation is specialized for a specific set of environmental 
conditions because it performs optimally only under a limited range of factors, such as climate, soil type, or manage-
ment practices. Narrowly adapted cultivars are often optimized for specific environments, resulting in higher yields 
or quality under those specific conditions [43]. A cultivar may therefore be developed specifically for a particular 
region with a unique set of climatic and soil conditions. The choice between wide and narrow adaptation in potato 
plants depends on the specific breeding goals, the target environment for cultivation, and the balance between 
resilience and optimization. In some cases, potato breeders may aim to compromise upon this approach by seeking 
cultivars that exhibit a balance between adaptability across different conditions and optimized performance under 
specific, well-defined conditions.

The testing environments were very diverse, as revealed by the SREG biplots and, in particular, by the GEI patterns 
for both productive and quality characteristics. These populations represent different target populations of environ-
ments in Scandinavia: those with high yield potential for avoiding pathogens with the use of pesticides, those with 
late blight proneness and potential for organic farming, and those with a short, cool cropping season under very long 
days. The significant GEI across testing sites and over several years noted in multi-environment trials indicates the 
further need to determine the adaptability and stability of breeding clones before they are released as new cultivars 
in the Nordic region of Europe. As indicated by Cotes et al. [43], stable and sustainable tuber yields under varying 
environments should be pursued while breeding new potato cultivars.

It was clear that the tuber yield of the potato bred-germplasm and released cultivars across the three testing sites 
over two years was affected by a crossover GEI, as previously noted among the same testing sites with a small set of 
released cultivars [44]. Statistical analysis using appropriate methods, as described in this research article, allows the 
identification of promising germplasm with stable high tuber yields, for example, SLU 1415001 and SLU 1314015. The 
breeding clone SLU 1314015 also had a high level of host plant resistance to the oomycete Phytophthora infestans 
[45] and a high genomic value for this characteristic as well as for tuber yield [46]. The greater percentage of high- 
and stable-yielding breeding clones (23%) than European-released cultivars (2%) confirms that potato breeding 
should be within the target population because foreign cultivars bred elsewhere are not always very suitable for 
Scandinavia. Consequently, SLU 1314015 was chosen for subsequent cultivar release, as detailed in Ortiz et al. [47]. 
Currently, SLU’s Svensk Potatisförädling is in the registration process for inclusion in Svenska Sortlistan. This compi-
lation of cultivar information serves as a prerequisite for certifying planting materials within the European Union. 
The upcoming launch of Svalöf represents a noteworthy achievement, as the initial potato cultivar was exclusively 
cultivated in Sweden in the mid-1990s.

Fig. 6  Stability graph for reducing sugars in the tuber flesh (X axis) as determined by the coefficient of variation (CV) on the Y axis. The num-
bers in red indicate the stable breeding clones and released cultivars with above-average yields (left). The right graph shows the adaptabil-
ity determined by the regression coefficient (Y axis) and its deviations  (s2

d) on the X axis
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The testing environment had a significant effect on the amount of tuber flesh starch. This result was not surprising 
because this multigenic characteristic [48] seems to be influenced by the farming site. As indicated by Flis et al. [49], 
neither temperature nor precipitation explain the site effect on tuber flesh starch. Although the released starch cultivars 
performed on average well in terms of these characteristics in multiple environment trials, none of the strains had a low 
σ2δi , which agrees with the findings of Flis et al. [50], who noted a tendency toward instability in bred germplasm with 
high starch content. Furthermore, they also indicated that a Type 1 measurement such as the CV should be used with 
caution when considering it for breeding processing potatoes with stable starch content. In view of these findings, vari-
ous stability analyses should be used for obtaining multi-environment trial data for tuber flesh starch. In this regard, after 
using various stability measurements, Lenartowicz et al. [51] identified ‘Kuras’ as a stable starch cultivar. Notably, Naeem 
and Caliskan [19] reported that stability statistics depend on the method used for determining dry matter in tubers.

Reducing sugars in tuber flesh are the most difficult characteristic for identifying stable or adaptable potato germplasm 
through multi-environment testing. Umeå 2021 and Helgegården 2021 emerged as optimal testing environments for 
low reducing sugars influenced by the GEI. This outcome may be attributed to the potato plants achieving full chemical 
maturity (ensuring sugar stability through natural senescence) without succumbing to defoliation caused by late blight. 
The impact of late blight on reducing sugars is likely more significant than the variation attributed to different sites. Typi-
cally, genotypes that reach full maturity exhibit relatively low GEIs. According to Mackenzie et al. [16], who used chip 
color ratings after frying, a great amount of experimental error (or the residual in the ANOVA) affects the assessment of 
this characteristic.

Although Flis et al. [49] indicated that a stable tuber yield was often associated with stable starch yield and content 
after testing a set of 21 cultivars bred in Hungary, Poland and Spain, neither a breeding clone nor a cultivar was at the top 
in terms of the rankings for tuber yield, tuber flesh starch and reducing sugars in the tuber flesh in our multi-environment 
trials. This result was similar to that of Tai and Young [2], who were unable to detect a cultivar combining both high mar-
ketable tuber yield and specific gravity after a decade of variety trials in New Brunswick (Canada). These findings also 
show the challenges faced by potato breeding, which must consider developing cultivars for each market segment, such 
as those eaten after baking, boiling, frying, mashing or roasting and for salads in the home tables; used as fingerlings and 
petit potatoes by chefs and as chips in fast food restaurants; and for both crisp and starch processing by the industry.

5  Conclusion

The adaptability and stability of breeding clones are crucial considerations before their release as new cultivars in the 
Nordic region of Europe. This is due to the significant genotype-by-environment interaction that impact productivity 
and quality traits. These interactions necessitate a thorough evaluation of breeding clones within the specific environ-
mental conditions of the target populations to ensure their suitability. In this context, the breeding clones SLU 1314015 
and 1,415,001 emerged as particularly promising candidates. Their stability in producing high tuber yields under various 
conditions highlights their potential for successful cultivation in the region. Specifically, clone SLU 1314015 has been 
selected for further development and eventual release in southern Scandinavia. This decision underscores the approach 
of potato breeding suitable to the local environment, thus avoiding the introduction of foreign cultivars that may not 
perform optimally in high-latitude climates.

Despite these advancements, challenges remain. Notably, identifying breeding clones or cultivars that combine high 
productivity with desirable characteristics such as high dry matter content and low levels of reducing sugars in the 
tuber flesh proved elusive. This indicates a gap in the current breeding approach and suggests the necessity of employ-
ing a selection index during population improvement efforts within the reference breeding germplasm. Such an index 
could facilitate the targeted selection of traits that are essential for both productivity and quality, addressing the limita-
tions observed in the current breeding pool. In summary, this study emphasizes the importance of tailored breeding 
approaches in the Nordic region, focusing on the adaptation of cultivars to specific environments.
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