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Abstract
 The NC-140 technical committee performs multisite rootstock trials to quickly expose rootstocks to a wide 
range of biotic and abiotic stresses.  The site x rootstock interaction is almost always significant for every response 
variable measured in multisite rootstock trials, indicating that rootstock performance varies with site. Stable root-
stocks are those that perform similar across sites. The ideal rootstock is one that has high potential and is stable 
over sites. Data for trunk cross-sectional area (TCA), cumulative yield (CY), cumulative yield efficiency (CYE) 
and root suckers per tree from the 1994 and the 2003 NC-140 apple rootstock trials were subjected to five sta-
bility analyses (Findlay-Wilkinson joint regression, Shukla’s stability variance, environmental variance, AMMI 
variance and Kang’s yield-stability statistic) to evaluate the stability of the tested rootstocks. As expected, results 
varied depending on the trial and the stability statistic being considered. For the 1994 trial, M.26, B.9 and B.491 
had above-average stability for all response variables. For the 2003 trial, M.9 NAKBT337 and B.62396 had above 
average stability for TCA and CY, and G.41 and G.935 had above stability for CYE. M.26 had above average 
stability for root suckers in both trials because it had fewer than average root suckers at most sites.  These results 
can be useful while making rootstock recommendations for sites not included in these trials.

Rootstock x Site Interaction and Stability Analysis of 
Apple Rootstocks Across Sites in Two NC-140

Multilocation Apple Rootstock Trials 

Additional index words. GGE biplots, genotype x environment interaction, GGE, variance

 Since the introduction of the vertical axis 
tree training system, the North American 
apple industry has been transitioning to in-
tensive orchard systems that require dwarf-
ing rootstocks. Rootstock performance var-
ies with location, and rootstocks that perform 
consistently well over a range of environ-
ments are desirable.  However, it is also im-
portant to identify rootstocks that are adapted 
to certain environments. Clonally propagated 
apple rootstocks have been evaluated for 
more than a century (Hatton, 1920), but re-
sults from various rootstock trials are diffi-
cult to compare due to differences in scion 
cultivar, tree management, tree spacing, root-
stocks being compared, replication and ex-
perimental design, and other site-related vari-
ables. The NC-140 project was established to 
quickly evaluate rootstocks growing in dif-
ferent environments. Data from multiloca-
tion uniform rootstock trials are typically an-

alyzed with analysis of variance (ANOVA), 
and total sums of squares are partitioned into 
three sources: rootstock main effect, envi-
ronment or site main effect, and the rootstock 
x site interaction. Means across sites (main 
effect rootstock means) are adequate indi-
cators of rootstock performance only in the 
absence of rootstock x site interaction. For 
nearly every response variable analyzed in 
every trial, the rootstock x site interaction 
was significant (Autio et al., 2011; Marini et 
al., 2006; Marini et al., 2014; NC-140, 1991), 
but there has been little effort to evaluate the 
nature of these interactions. One reason that 
the interactions are significant is because 
there are many degrees of freedom in the 
error term, so the test is very powerful and 
even minor interactions may be significant. 
When rootstocks are compared within sites, 
the relative rankings of rootstocks sometimes 
differ from one site to another; this is known 



221aPPle

as crossover interaction, making it difficult 
to recommend a rootstock for a given site or 
geographic region.
 Breeders of agronomic crops often per-
form stability analyses to evaluate the geno-
type x environment interaction (GEI) (Lin 
and Binns, 1988). A genotype is considered 
stable if its performance is relatively con-
stant across varying environments. Several 
stability analyses have been developed, but 
no single method adequately explains geno-
type performance across environments be-
cause the nature of the interaction may differ. 
Therefore, results may depend on the method 
used to evaluate stability. 
 Stability methods are based on univariate 
and multivariate models. The most widely 
used methods are univariate stability models 
based on regression and variance estimates. 
Yates and Cochran (1938) were the first to 
explore techniques to better understand GEI.  
The yield of each of six barley genotypes was 
regressed on the mean yield of all genotypes 
for each of 12 location-year combinations, 
referred to as “environments”, providing 
an indication of genotype behavior across 
changing environments. Plotting the slopes 
for the yield of each genotype against mean 
yield averaged over all sites provided a vi-
sual partitioning of the GEI. However, this 
method could be applied to only two geno-
types at a time. Finlay and Wilkinson (1963) 
and Eberhart and Russell (1966) extended 
this technique, called “joint regression analy-
sis” and stated that genotypes with regression 
coefficients (slopes) of about 1.0 have aver-
age stability over all environments and they 
perform similarly over a wide range of en-
vironments. Genotypes with regression coef-
ficients greater than 1.0 have below- average 
stability and perform below average in poor 
environments and perform above average 
in favorable environments. Genotypes with 
regression coefficients less than 1.0 have 
above average stability and are insensitive 
to environment because they perform simi-
lar regardless of environment. Rootstocks 
with negative slopes would perform above 

average at poor sites and below average at 
favorable sites. This technique was used by 
Olien et al. (1991) to evaluate the stability 
of rootstocks in the NC-140 1980-81 apple 
rootstock trial. To my knowledge theirs was 
the only attempt to evaluate stability of fruit 
tree rootstocks. 
 Over the past 60 years new stability anal-
yses have been developed to evaluate GIE. 
Some of the more commonly used univari-
ate stability parameters include the Finlay 
and Wilkinson (1963) regression coefficient 
and Eberhart and Russell (1966) deviation 
from regression (mean square error). Vari-
ance parameters that measure stability can 
be estimated with Shukla’s stability variance 
model (Shukla, 1972) and the environmen-
tal variance model (Sheffé, 1959). Since the 
most desirable genotypes are often those 
with high yield and stability, Kang (1993) 
proposed a rank-sum method to integrate 
yield and stability into a single index. Kang’s 
yield-stability statistic (YSi) is a nonparamet-
ric stability procedure where both the mean 
and Shukla’s stability variance for a trait are 
used as selection criteria. The method gives 
equal weight to the mean and the variance, 
so genotypes with values greater than the 
mean YSi are considered above average in 
stability. During the past 20 years, the addi-
tive main effects multiplicative interaction 
(AMMI) model (Piepho, 1997) has become 
widely used to investigate GEI.  The AMMI 
model combines ANOVA for the genotype 
and environment main effects with principal 
components analysis (PCA) of GEI and the 
AMMI stability value can be used to assess 
genotype stability and may provide more 
reliable estimates of genotype performance 
than the mean across sites.  
 The objective of this study was to bet-
ter understand the nature of rootstock x site 
interactions for two NC-140 multilocation 
apple rootstock trials using several stability 
analyses. The stability of four important root-
stock characteristics [trunk cross-sectional 
area (TCA), cumulative yield, cumulative 
yield efficiency, and root suckers] was evalu-
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ated using univariate and AMMI models. 

Materials and Methods
 Data from two NC-140 rootstock trials 
were used for stability analyses and LSmeans 
for the interaction of site x rootstock for the 
four response variables (TCA, cumulative 
yield, cumulative yield efficiency, and root 
suckers) were published.  The 1994 trial con-
sisted of ‘Gala’ on 18 rootstocks at 25 sites 
(Marini et al., 2006). For the 2003 trial, 23 
rootstocks were evaluated at eight sites and 
the scion cultivar was ‘Golden Delicious’ 
(Marini et al., 2014). At some sites some 
rootstocks had poor survival, so only sites 
and rootstocks with at least 80% tree survival 
were included in this study. Consequentially, 
there were 14 rootstocks at 17 sites for the 
1994 trial and 11 rootstocks at eight sites for 
the 2003 trial.  
 Analysis of variance (ANOVA). Data for 
each variable were subjected to ANOVA 
with SAS’s Proc Mixed using the model Yij 
= µ + Ri + Sj + RSij + B(S)ik; where Yij is the 
response variable of the ith rootstock at the 
jth site, µ is the overall mean, R is the main 
effect of rootstock i, S is the main effect of 
site j, RS is the Rootstock x Site interac-
tion effect, and B is the kth block nested in 
site j and was specified as a random effect. 
ANOVA indicated that rootstock, site and the 
rootstock x site interaction were all signifi-
cant (P < 0.0001) for all response variables 
in both trials.  
 Joint-regression analysis. The main effect 
mean for each site is the average perfor-
mance of all rootstocks within a site; it is re-
ferred to as the “site index” and is a measure 
of the overall potential of that site for the re-
sponse variable being considered. The mean 
value for each response variable, averaged 
over all blocks within a site, was regressed 
against the site indexes individually for each 
rootstock with SAS’s Proc GLM. The root-
stock means, coefficients of variation (CV), 
slopes and deviations from regression (Dev-
Reg = mean squares deviation from the re-
gression) are presented in Table 1. According 

to Eberhart and Russell (1966), a regression 
coefficient (slope) = 1 and variance devia-
tion (Dev-Reg) = 0 indicates average stabil-
ity.  Rootstocks with slopes less than 1.0 have 
greater than average stability, and rootstocks 
with slopes greater than 1.0 have less than 
average stability, relative to the average sta-
bility over all rootstocks in the trial. 
 Stability statistics. Piepho (1999) pub-
lished SAS code for Proc Mixed to fit several 
stability models for multilocation experi-
ments with randomized complete blocks at 
each location. Stability variances were esti-
mated with Shukla’s stability variance model 
and the environmental variance model by fit-
ting models with different covariance struc-
tures by including RANDOM statements 
with different TYPE= options.  A mixed 
model version of the AMMI model also was 
fit by adding an intercept term (INT) to the 
first RANDOM statement and the second 
RANDOM statement requested the first-
order factor analytic [TYPE=FA(1)] covari-
ance structure (Piepho, 1999).  

Results
 1994 trial, TCA.  Mean TCA averaged 
over all sites, estimated from trees surviving 
to the tenth year of the study, along with the 
coefficients of variation (CV) are presented 
in Table 1. Trees on M.26 and V.1 had the 
largest trunks, whereas trees on M.27, B.491 
and P.16 had the smallest trunks (Table 1). 
The CVs were not related to mean TCAs for 
rootstocks, but CVs were highest for M.9 
NAKBT337, M.9, M.27 and B.491 and low-
est for B.9, V.1, O.3 and MARK. 
 Linear regression models were fit for each 
rootstock, where the response variable was 
the mean TCA for a given rootstock aver-
age over all 17 sites and the regressor vari-
able was the average TCA averaged over all 
14 rootstocks at each site. Slopes, R2-values 
and Dev-Reg (deviation from the regression 
line) are presented in Table 1. According to 
Finlay and Wilkinson (1963), when rootstock 
means are regressed on site means, the result-
ing regression coefficient (slope) is a stability 
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parameter. Rootstocks with slopes near 1.0 
(O.3) have average stability over all sites and 
produce large trunks at sites that tend to have 
large trunks and small trunks at sites that 
have small trunks. Rootstocks with slopes 
greater than 1.0 (M.26, V.1, and all five M.9 
clones) had below-average stability and the 
vigor of those rootstocks was influenced by 
environmental differences. Rootstocks with 
slopes less than 1.0 (M.27, B.9, B.491, P.16 
and MARK) had higher-than-average stabil-
ity and trunk size for those rootstocks was 
similar at all sites. To illustrate different root-
stock responses to the range of site means, 
rootstock means were plotted against the site 
means along with the associated regression 
lines for three rootstocks with different de-
grees of stability (Fig. 1). M.27 had above 
average stability (slope=0.23), O.3 had av-
erage stability (slope=1.06) and M.26 had 
below-average stability (slope=1.58). 
 The Dev-Reg from regression can also be 
used as a stability parameter (Eberhart and 
Russell, 1966). Rootstocks with high Dev-
Reg (M.26 and V.1) are considered to have 
below average stability. Another stability pa-
rameter is Shukla’s stability variance (Shuk-
la, 1972) and rootstocks with low variances 

are considered to be stable. A Z-statistic was 
used to test the null hypothesis that Shukla’s 
stability variance is equal to zero and only 
the low-vigor rootstocks M.27, B.9, B.491 
and MARK had stability variances that did 
not significantly differ from zero at the 5% 

Table 1. Mean trunk cross-sectional area (TCA) and coefficient of variation (CV), plus five stability pa-
rameters for ‘Gala’ trees on 14 rootstocks averaged over 17 sites in the 1993 NC-140 rootstock trial.  Grand 
mean=58.6, CV=55.6, LSD=13.43.

z  Kang’s yield-stability statistic (YSi) for TCA assumes large trunks are preferable. Values followed by & indicate these rootstocks 
are larger than average and are relatively stable. 

 

Fig. 1. The relationship between mean trunk cross-sectional area (TCA) for ‘Gala’ trees on three apple 
rootstocks at 17 sites vs. site mean TCA averaged across 14 rootstocks at 17 sites. The slope for O.3 
(triangle) is 1.06 and indicates average stability; the slope for M.26 (diamond) is greater than 1.0, 
indicating below average stability; and the slope for M.27 (star) is less than 1.0, indicating above average 
stability. 

 

 

 

 

Fig. 1. The relationship between mean trunk cross-
sectional area (TCA) for ‘Gala’ trees on three apple 
rootstocks at 17 sites vs. site mean TCA averaged 
across 14 rootstocks at 17 sites. The slope for O.3 
(triangle) is 1.06 and indicates average stability; the 
slope for M.26 (circle) is greater than 1.0, indicat-
ing below average stability; and the slope for M.27 
(star) is less than 1.0, indicating above average sta-
bility.
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parameters for ‘Gala’ trees on 14 rootstocks averaged over 17 sites in the 1993 NC-140 rootstock trial.  

Grand mean=58.6, CV=55.6, LSD=13.43. 
 
z Kang’s yield-stability statistic (YSi) for TCA assumes large trunks are preferable. Values followed by & 
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CV 
(%) 
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(bi)  

 
 
  R2 

 
 
Dev-reg 

Shukla’s 
Stability 
variance 

 
 
Pr>Z 

Environment 
Variance 
model 

 
AMMI 
Model 

 
 
YSi

z 

M.9  66.9 37.6 1.36 0.86   86.0  230.5 0.008    557.0   21.3   2 
M.26  90.7 31.7 1.58 0.83  150.5  311.7 0.006    678.8     22.9   7& 
M.27  20.0 36.6 0.23 0.31    35.6    27.3 0.107      68.0     1.1 -2 
M.9 Nic29  73.3 34.1 1.46 0.96    27.1  210.5 0.009    501.2   21.1   5& 
M.9 Pajam 1  68.8 35.0 1.40 0.96    23.7   179.9 0.009    473.7   20.2   3 
M.9 Pajam 2  74.1 31.0 1.32 0.95    28.7  171.2 0.011    417.5   19.9 10& 
B.9  46.5 23.2 0.52 0.62    47.1      2.5 0.423    132.6     4.6   6& 
B.491  28.3 36.6 0.50 0.68    34.6      2.4 0.498    105.6     4.8   0 
O.3  65.5 29.2 1.06 0.87    49.6    86.0 0.022    353.5   14.2   5& 
V.1  98.5 27.0 1.34 0.74 178.4  309.0 0.005    531.3   20.9   8& 
P.2  52.9 31.2 0.85 0.75    69.3    74.2 0.025    251.2   11.2   3 
P.16  27.6 35.1 0.50 0.76    22.9      2.9 0.377    103.7     5.7  -1 
MARK  40.8 29.3 0.45 0.39    91.6    47.5 0.055    149.4     1.6   0 
M.9 
NAKBT337 

 61.8 39.2 1.39 0.92    45.3  221.3 0.008    543.7   21.3   0 
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level (Table 1). Variance estimates produced 
with the environmental variance and AMMI 
models were low for M.27, B.9, B.491, P.16 
and MARK and these rootstocks would be 
considered stable for TCA (Table 1). Kang’s 
yield-stability statistic (YSi) combines root-
stock performance with stability. Rootstocks 
that produce large trees may or may not be 
considered desirable depending on scion cul-
tivar, tree spacing, training system and site 
vigor. Assuming large trunks are desirable 
and giving equal weight to tree size and sta-
bility, the most desirable rootstocks included 
M.26, M.9 NIC29, M.9 Pajam 2, B.9, O.3, 
and V.1 (Table 1).
 Cumulative yield, 1994 trial. In most NC-
140 trials, cumulative yield was based on the 
trees surviving for the duration of the study. 
However, tree longevity is an important eco-
nomic consideration. For this study, cumula-
tive yield was based on the number of trees 
that were planted. Therefore, if a tree died 
in 1996 after producing only 2.0 kg of fruit, 
cumulative yield for that tree for the 10-year 
period was 2.0 kg, so for this study cumula-
tive yield is also a function of tree survival. 
Trees on V.1, M.9 Nic 29 and M.9 Pajam 2 

had the highest cumulative yield and trees 
on M.27 and B.491 had the lowest yield per 
planted tree (Table 2). P.16 had the high-
est CV, V.1 had the lowest CV and CVs for 
the other 12 rootstocks ranged from 63.4 to 
49.6%. Rootstocks with slopes greater than 
or equal to 1.25 included M.9, M.9 Nic 29, 
M.9 Pajam 1, M.9 Pajam 2, and V.1 and had 
lower-than-average stability. The rootstock 
P.2 had a slope of 0.99 and would be consid-
ered to have average stability, whereas M.27, 
B.9, B.491, and Mark would be considered to 
have above-average stability. MARK had the 
highest Dev-Reg, whereas M.27, B.491 and 
M.9 NAKBT337 had the lowest Dev-Reg. 
Rootstocks with values for Shukla’s stabil-
ity variance differing significantly from zero 
included M.26, M.27, B.9, B.491, V.1, P.2, 
P.16, MARK and M.9 NAKBT3377. The 
variances from the environmental variance 
and the AMMI models were lowest for M.27, 
B.9, B.491, P.2, P.16 and MARK and highest 
for M.9, M.9 Nic 29, M.9 Pajam 2 and V.1.  
Considering both cumulative yield and sta-
bility, Kang’s yield-stability statistic indicat-
ed that M.9, M.26, M.9 Nic 29, M.9 Pajam 
1, M.9 Pajam 2, O.3 and V.1 were desirable 

Table 2. Cumulative yield per planted tree and coefficients of variation (CV), plus five stability parameters 
for ‘Gala’ trees on 14 rootstocks averaged over 17 sites in the 1993 NC-140 rootstock trial.  When a tree 
died, it had 0.0 yield for the remainder of the trial.  Grand mean = 177.2, CV = 64.55,   LSD=13.8

z  Kang’s yield-stability statistic (YSi), where values followed by & indicate these rootstocks have high cumulative yield and are 
relatively stable.

Table 2. Cumulative yield per planted tree and coefficients of variation (CV), plus five stability 
parameters for ‘Gala’ trees on 14 rootstocks averaged over 17 sites in the 1993 NC-140 rootstock trial.  
When a tree died, it had 0.0 yield for the remainder of the trial.  Grand mean = 177.2, CV = 64.55,   
LSD=13.8 
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M.9 202.9 62.2 1.35 0.92    855.0      692.1 0.053 10130.0 86.7   6& 
M.26 218.7 51.3 1.04 0.82  1318.7      755.4 0.048 6889.1 75.6    9& 
M.27   55.4 61.4 0.29 0.67    239.6    3826.8 0.009 1100.2 13.3 -9 
M.9 NIC29 227.5 52.0 1.33 0.93    730.1      382.6 0.127 9748.1 91.0 14& 
M.9 Pajam 1 217.8 53.7 1.30 0.95    518.2        86.8 0.351 9084.8 87.4 12& 
M.9 Pajam 2 237.6 49.6 1.41 0.94    691.0      523.2 0.091 10760.0 95.8 13& 
B.9 160.9 51.2 0.66 0.68 1137.9    2298.8 0.014 3576.8 33.6   3 
B.491   95.1 57.8 0.53 0.84   282.1    2075.2 0.015 2059.0 28.5  -4 
O.3 200.2 57.6 1.15 0.89   898.6      610.0 0.064 7712.2 72.8    7& 
V.1 253.7 46.6 1.24 0.86 1357.3      781.6 0.048 9189.3 89.6  12& 
P.2 158.0 56.3 0.85 0.77 1177.1    1573.6 0.021 5044.5 46.3   -1 
P.16 107.4 71.4 0.82 0.81   862.3    1258.7 0.029 4524.3 44.2   -3 
MARK 135.5 63.4 0.79 0.67 1713.9    2316.5 0.013 5038.4 37.0   -6 
M.9 
NAKBT337 

190.6 55.8 1.22 0.96   323.7    3932.5 0.001 8010.5 79.9    0 

z Kang’s yield-stability statistic (YSi), where values followed by & indicate these rootstocks have high 
cumulative yield and are relatively stable. 
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rootstocks. Most of these rootstocks were 
fairly vigorous, and since trees on vigorous 
rootstocks must be planted further apart, 
yield per unit land area would likely be less.
Cumulative yield efficiency, 1994 trial. Cu-
mulative YE (CYE) was calculated for only 
trees surviving until the end of the study (Ta-
ble 3). Rootstocks with the highest CYE in-
cluded B.9, B.491, and P.16, whereas trees on 
M.26 and V.1 had the lowest CYE. The CV 
was highest for M.9 and P.16 and lowest for 
V.1 and P.2 (Table 3). Several rootstocks had 
slopes near 1.0 (M.27, B.9, O.3, P.2, MARK 
and all five M.9 clones), indicating average 
stability. P.16 had lower than average stabil-
ity (slopes >1.0), whereas M.9 Pajam 2 had a 
slope of 0.01 indicating above average stabil-
ity. According to Shukla’s stability variance, 
stable rootstocks (Z <0.05) included M.26, 
O.3 and four of the five M.9 clones.  Vari-
ance estimated with the environmental vari-
ance and AMMI models were relatively low 
for M.27, B.9 and B.491 and highest for V.1 
and the five M.9 clones. Kang’s yield-stabil-
ity statistic indicated that M.9, M.9 Nic 29, 
M.9 Pajam 1, M.9 Pajam 2, B.9, B.491, O.3, 
P.16, and MARK had relatively high CYE 

and were fairly stable.  
 Root suckers, 1994 trial. Averaged over all 
sites, rootstocks with more than 10 root suck-
ers per tree included M.9 Nic 29, M.9 Pajam 
1, M.9 Pajam 2, B.9, O.3, V.1, P.16, Mark, 
and M.9 NAKBT337 (Table 4). Rootstocks 
with low numbers of root suckers also tended 
to have the largest CVs. Nonstable rootstocks 
(slopes > 1.0) included P.16, M.9 Pajam1, 
M.9 Pajam2, M.9 Nic 29, and MARK and 
they also had high Dev-Reg. Shukla’s stabili-
ty variances were not significant and varianc-
es estimated with the environmental variance 
and AMMI models were low for M.9, M.26, 
M.27, B.491, and P.2. Kang’s yield-stability 
statistic identified M.9, M.26, M.27, B.491 
and P.2 as producing fewer than average root 
suckers and having relatively high stability.
TCA, 2003 trial. Trees on Pi Au 51-4 and Pi 
Au 56-83 had much larger trunks than all oth-
er rootstocks and trees on B.9 had the small-
est trunks (Table 5). CVs were not related to 
TCA but were smallest for G.41 and G.935, 
and largest for B.9, M.9 Pajam 2, and M.9 
NAKBT337. The two Pi Au rootstocks had 
slopes greater than 2.0 and high Dev-Reg, 
so they had below average stability and are 

Table 3. Cumulative yield efficiency (CYE, kg·cm2 TCA) per surviving tree and coefficients of variation 
(CV), plus five stability parameters for ‘Gala’ trees on 14 rootstocks averaged over 17 sites in the 1993 
NC-140 rootstock trial.  Grand mean = 3.32, CV=47.5, LSD = 0.87. 
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 z 
M.9 3.28 49.0 1.01 0.91 0.148    633.5 0.590 9809.7 84.4  5& 
M.26 2.62 42.5 0.64 0.79 0.151    766.7 0.461 6861.7 75.4  1 
M.27 3.08 50.4 0.91 0.79 0.319  3734.1 0.009 1083.6 13.1 -5 
M.9 NIC29 3.34 43.9 1.07 0.88 0.212    352.9 0.135 9259.6 88.8  7& 
M.9 Pajam 1 3.37 43.4 1.03 0.94 0.102      90.6 0.343 9053.1 87.3  9& 
M.9 Pajam 2 3.34 41.1 0.01 0.93 0.114    445.1 0.108 10169.0 94.1  7& 
B.9 3.63 42.9 0.93 0.75 0.398 2260.4 0.014 3577.9 32.7  8& 
B.491 3.78 48.6 1.14 0.97 0.055 2013.1 0.016 2004.5 28.2  9& 
O.3 3.38 45.5 1.05 0.95 0.077   455.9 0.091 7008.4 68.4  8& 
V.1 2.65 38.3 0.66 0.88 0.082   748.6 0.050 8920.2 88.2 -2 
P.2 3.24 39.8 0.84 0.83 0.208 1486.9 0.022 4896.6 44.5   0 
P.16 4.07 54.0 1.49 0.83 0.629 1266.4 0.028 4412.6 42.1 10& 
MARK 3.38 46.2 1.00 0.76 0.445 2012.5 0.016 5139.6 38.6   6& 
M.9 
NAKBT337 

3.34 48.9 1.21 0.91 0.194 3873.3 0.001 7991.2 79.6  -1 

z Kang’s yield-stability statistic (YSi), where values followed by & indicate these rootstocks have high 
cumulative yield and are relatively stable. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 3. Cumulative yield efficiency (CYE, kg·cm2 TCA) per surviving tree and coefficients of variation 
(CV), plus five stability parameters for ‘Gala’ trees on 14 rootstocks averaged over 17 sites in the 1993 
NC-140 rootstock trial.  Grand mean = 3.32, CV=47.5, LSD = 0.87.

aPPle

z  Kang’s yield-stability statistic (YSi), where values followed by & indicate these rootstocks have high cumulative yield and are 
relatively stable.
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very sensitive to site differences. These were 
the only rootstocks with Shukla’s stability 
variances significantly greater than zero, and 
high values for variances estimated with the 
environmental variance and AMMI models. 
Slopes for M.26 and M.9 NAKBT337 were 
near 1.0 and had average stability because 
TCA was similar despite large differences 
in site means. These two rootstocks also had 
relatively low values for the other three sta-

bility variances. The slope for B.9 was only 
0.1 and along with a small Dev-Reg indi-
cated it had above average stability and had 
similar TCA across all eight sites. M.26 and 
M.9 Pajam 2 had slopes slightly greater than 
1.0, but the other five rootstocks had slopes 
between 0.45 and 0.83 with relatively small 
variances and would be considered slightly 
above average in stability.  If large trunks are 
considered desirable, Kang’s yield-stability 

Table 4. Mean number of root suckers per surviving tree in year 9 and coefficients of variation (CV), plus 
five stability parameters for ‘Gala’ trees on 14 rootstocks averaged over 17 sites in the 1993 NC-140 root-
stock trial. Grand mean = 9.2, CV=186.0, LSD=10.08.

z  Kang’s yield-stability statistic (YSi), where values followed by & indicate these rootstocks have low numbers of suckers and are 
relatively stable.
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Shukla’s 
Stability 
variance 

 
 
Pr>Z 

Env. 
Var. 
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M.9   3.4 191.5 0.40 0.74   5.58     1.9  0.810 31.5   3.8 11% 
M.26   0.4 372.4 0.03 0.24   0.37     0.1  0.900 11.5   0.3 14% 
M.27   2.7 207.7 0.24 0.38   8.72     0.2  0.880 22.6   2.1 12% 
M.9 NIC29 11.9 163.8 1.47 0.93 17.05 118.6  0.013 229.3 13.8   1 
M.9 Pajam 1 13.3 161.0 1.57 0.92 19.31 144.4  0.011 239.4 14.9   0 
M.9 Pajam 2 16.5 150.0 1.78 0.85 53.68 231.0  0.009 344.1 17.2  -6 
B.9 10.4 138.7 1.03 0.87 14.98   42.4  0.034 120.7   9.4   4 
B.491   4.3 156.7 0.28 0.45   9.26     0.3  0.780 24.6   2.5 19% 
O.3 11.6 133.1 1.33 0.92 13.92   87.8  0.018 164.6 12.6   2 
V.1 10.0 176.8 1.19 0.84 25.94   72.9  0.019 159.6 10.8   9 
P.2   1.1 243.1 0.11 0.67   0.60     0.1  0.880 12.7   1.0 13% 
P.16 18.7 135.5 1.99 0.81 87.83 318.3  0.008 411.1 19.3  -7 
MARK 13.5 156.8 1.46 0.69 91.68 176.8  0.010 266.3 13.2  -5 
M.9 NAKBT337 10.6 137.2 1.11 0.88 15.45   55.3  0.025 138.2 10.3   3 

z Kang’s yield-stability statistic (YSi), where values followed by & indicate these rootstocks have high 
cumulative yield and are relatively stable. 

 

 

 

 

 

 

 

 

 

 

 

Table 5. Mean trunk cross-sectional area (TCA) and coefficient of variation (CV), plus five stability 
parameters for ‘Golden Delicious’ trees on 11 rootstocks averaged over 8 sites in the 2003 NC-140 
rootstock trial.  Grand mean = 89.5, CV = 67.5, LSD=12.8. 

Table 5. Mean trunk cross-sectional area (TCA) and coefficient of variation (CV), plus five stability pa-
rameters for ‘Golden Delicious’ trees on 11 rootstocks averaged over 8 sites in the 2003 NC-140 rootstock 
trial.  Grand mean = 89.5, CV = 67.5, LSD=12.8.

z  Kang’s yield-stability statistic (YSi), where values followed by & indicate these rootstocks have high TCA and are relatively 
stable.
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variance 
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Var. 
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B.62396   67.4 34.5 0.64 0.69 145.1     33.5 0.276 4579.0 12.2  4 
B.9   31.4 44.2 0.10 0.05 163.6   295.5 0.076 5346.8   0.8 -4 
G.16   59.5 36.7 0.72 0.74 145.7     36.8 0.319 4506.9 14.2  1 
G.41   59.1 28.3 0.53 0.77   68.5     49.4 0.262 5245.0 12.8  0 
G.935   67.5 28.0 0.45 0.53 137.4     55.1 0.272 5340.2   8.9  5& 
J-TE-H   85.5 31.3 0.83 0.90   59.7     48.8 0.266 4615.4 18.4  8& 
M.26   91.1 36.8 1.14 0.83 208.3   225.0 0.120 5298.8 22.9  9& 
Pi Au 51-4 176.6 32.7 2.04 0.86 520.6 1765.4 0.039 8471.5 55.9  7& 
Pi Au 56-83 193.8 35.1 2.35 0.92 380.4 2244.8 0.036 10117.0 62.1  8& 
M.9 Pajam2   74.7 45.0 1.23 0.96   46.6   191.5 0.108 4619.3 30.5  4 
M.9 
NAKBT337 

  66.7 44.8 0.96 0.94   45.0     45.2 0.290 4355.3 21.6  3 

z Kang’s yield-stability statistic (YSi), where values followed by & indicate these rootstocks have high 
cumulative yield and are relatively stable. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 6. Cumulative yield and coefficient of variation (CV), plus five stability parameters for ‘Golden 
Delicious’ trees on 11 rootstocks averaged over 8 sites in the 2003 NC-140 rootstock trial.                 
Grand mean =187.2, CV =49.8, LSD=42.1. 
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statistic identified G.935, J-TE-H, M.26, Pi 
Au 56-83 as being fairly stable with large 
trunks.  
 Cumulative yield, 2003 trial. The two Pi 
Au rootstocks and J-TE-H had the highest 
cumulative yield (cumulative yield >200 kg/
tree) and they also had slopes greater than 
1.0 (Table 6). B.9 had the lowest yield. Root-
stocks with slopes less than 1.0 included B.9, 
G.16 and G.935, indicating that they had 
above average stability. Shukla’s stability 
variances were significant for only Pi Au 56-
83 and it had the highest variances estimated 
with the environmental variance and AMMI 
models. Variance estimates for the other root-
stocks were similar.  According the yield-sta-
bility statistic, rootstocks with relatively high 
yield and stability included B.62396, G.41, 
G.935, J-TE-H, M.26, Pi Au 51-4, and Pi Au 
56-83. Although some of the stability statis-
tics indicated that Pi Au 56-83 was not stable, 
the yield-stability statistic identified it as a 
better than average rootstock because it gives 
equal weight to cumulative yield and stabil-
ity and it had the highest yield in the trial.  
 Cumulative yield efficiency, 2003 trial. Pi 
Au 51-4 and Pi Au 56-83 had the lowest CYE 
and relatively high CVs (Table 7). The two Pi 

Au rootstocks also had slopes less than 0.6, 
indicating above average stability, but the R2 
values were less than 0.8; the other stability 
statistics indicated low stability. Rootstocks 
with CYE greater than 3.0 included B.62396, 
B.9, G.16, G.41, G.935, M.9 Pajam 2 and 
M.9 NAKBT337. Of these seven rootstocks 
only B.9 had a slope much greater than 1.0, 
plus a high Dev-Reg and Shukla’s stability 
variance was significant. Therefore, B.9 had 
below average stability and was adapted to 
high-yielding sites. The two Pi Au rootstocks 
were not selected by the yield-stability statis-
tic as desirable rootstocks because the CYE 
was only about half that of the other root-
stocks. 
 Root suckers, 2003 trial. Trees on G.935 
and Pi Au 51-4 had the most root suckers 
whereas trees on G.41, M.26 and Pi Au 56-
83 had less than one sucker per tree (Table 8). 
Most of the rootstocks with few suckers had 
high CVs. Slopes were very high for G.935, 
Pi Au 51-4 and M.9 Pajam 2, indicating they 
produced many suckers at sites that had high 
numbers of suckers. The rootstocks B.9, 
G.16 and M.9 NAKBT337 had slopes near 
1.0, indicating they had average stability and 
root sucker development was similar across 

aPPle

Table 6. Cumulative yield and coefficient of variation (CV), plus five stability parameters for ‘Golden 
Delicious’ trees on 11 rootstocks averaged over 8 sites in the 2003 NC-140 rootstock trial. Grand mean 
=187.2, CV =49.8, LSD=42.1.

z  Kang’s yield-stability statistic (YSi), where values followed by & indicate these rootstocks have high 
cumulative yield and are relatively stable.

 
Stock 

Cum. 
Yld. 
(kg/tree) 

 
CV 

 
Slope 

   
R2 

 
DevReg 

Stability 
variance 

 
Pr>Z 

Var. 
model 

 
AMMI 

 
YSi 
z 

B.62396 183.8   8.9 1.13 0.85   627.2       1.0 0.361 19120.0 55.6  7& 
B.9 103.1 14.9 0.09 0.01 1502.2 3177.2 0.057 23153.0   0.0 -3 
G.16 141.9 29.1 0.31 0.21   976.9 1854.4 0.077 23245.0   5.6 -1 
G.41 180.2 13.4 0.86 0.85   384.3       1.8 0.295 21157.0 38.9   5& 
G.935 185.8 13.3 0.23 0.06 2316.7 3560.7 0.054 20403.0   0.0   6& 
J-TE-H 202.1   9.6 1.28 0.70 1967.7 1583.7 0.084 24586.0 64.7   6& 
M.26 181.3   6.6 0.91 0.59 1630.9   987.5 0.117 21115.0 29.7   7& 
Pi Au 51-4 233.3 28.9 2.11 0.97   343.4 3207.7 0.058 29920.0 94.8   6& 
Pi Au 56-83 250.9   5.1 1.90 0.80 2609.5 4290.8 0.049 33782.0 94.3   9& 
M.9 Pajam2 177.3 13.9 1.25 0.73 1625.6   826.4 0.135 22018.0 58.9   4 
M.9 
NAKBT337 

173.0 14.7 0.92 0.87   354.6       2.1 0.421 20752.0 39.7   3 

z Kang’s yield-stability statistic (YSi), where values followed by & indicate these rootstocks have high 
cumulative yield and are relatively stable. 

 

 

 

 

 

 

 

 

 

 

 

 

Table 7. Cumulative yield efficiency (CYE) and coefficients of variation (CV), plus five stability 
parameters for ‘Golden Delicious’ trees on 11 rootstocks averaged over 8 sites in the 2003 NC-140 
rootstock trial that survived 10 years. Grand mean =2.83, CV=47.25, LSD=0.37. 
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B.62396 3.17 39.7 1.24 0.92 0.140 0.119 0.086 28888   57.0   7& 
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all sites. Dev-Reg was positively related to 
suckers per tree. All three variance estimates 
were highest for trees on J-TE-H and G.935. 
The yield-stability statistic selected B.62396, 
G.41, J-TE-H, M.26, Pi Au 56-83, and M.9 
Pajam2 as desirable rootstocks for lack of 
root suckers and stability. 

Discussion
 At least 23 stability statistics have been 
developed and they do not always agree be-

cause they measure different aspects of sta-
bility. Dia et al. (2016) found that Shukla’s 
stability variance and deviation from regres-
sion were correlated for a watermelon culti-
var trial and Changizi et al. (2014) found that 
the slope, deviation from regression and the 
environmental variance were correlated for 
a corn cultivar trial. Results from different 
NC-140 trials cannot be directly compared 
because the relative magnitude of variation 
associated with a given rootstock-site com-

Table 7. Cumulative yield efficiency (CYE) and coefficients of variation (CV), plus five stability param-
eters for ‘Golden Delicious’ trees on 11 rootstocks averaged over 8 sites in the 2003 NC-140 rootstock trial 
that survived 10 years. Grand mean =2.83, CV=47.25, LSD=0.37.

Table 8. Mean number of root suckers per tree and coefficients of variation (CV), plus five stability param-
eters for ‘Golden Delicious’ trees on 11 rootstocks averaged over 8 sites in the 2003 NC-140 rootstock trial 
that survived 10 years.  Grand mean = 3.6, CV=265.3, LSD=4.7.

z  Kang’s yield-stability statistic (YSi), where values followed by & indicate these rootstocks have high cumulative yield and are 
relatively stable.

B.9 3.98 40.4 1.50 0.88 0.309 0.429 0.044 33843     8.6 10& 
G.16 3.01 27.2 0.69 0.87 0.073 0.155 0.083 34427   47.5   4& 
G.41 3.45 30.1 0.99 0.95 0.059 0.023 0.267 26561   50.9 11& 
G.935 3.47 35.1 1.16 0.98 0.029 0.087 0.164 33317   40.3 12& 
J-TE-H 2.49 40.1 0.91 0.83 0.173 0.199 0.061 33012   71.0   1& 
M.26 2.49 46.1 1.07 0.92 0.101 0.045 0.188 33902   55.0   2& 
Pi Au 51-4 1.64 40.7 0.57 0.77 0.100 0.304 0.052 41211 104.4 -3 
Pi Au 56-83 1.42 44.9 0.50 0.64 0.150 0.417 0.045 42290   99.3 -6 
M.9 Pajam2 3.03 44.9 1.16 0.97 0.051 0.156 0.288 26879   71.9   7& 
M.9 
NAKBT337 

3.14 40.8 1.20 0.93 0.123 0.076 0.126 24090   59.4   8& 

z Kang’s yield-stability statistic (YSi), where values followed by & indicate these rootstocks have high 
cumulative yield and are relatively stable. 
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B.62396 183.8   8.9 1.13 0.85   627.2       1.0 0.361 19120.0 55.6  7& 
B.9 103.1 14.9 0.09 0.01 1502.2 3177.2 0.057 23153.0   0.0 -3 
G.16 141.9 29.1 0.31 0.21   976.9 1854.4 0.077 23245.0   5.6 -1 
G.41 180.2 13.4 0.86 0.85   384.3       1.8 0.295 21157.0 38.9   5& 
G.935 185.8 13.3 0.23 0.06 2316.7 3560.7 0.054 20403.0   0.0   6& 
J-TE-H 202.1   9.6 1.28 0.70 1967.7 1583.7 0.084 24586.0 64.7   6& 
M.26 181.3   6.6 0.91 0.59 1630.9   987.5 0.117 21115.0 29.7   7& 
Pi Au 51-4 233.3 28.9 2.11 0.97   343.4 3207.7 0.058 29920.0 94.8   6& 
Pi Au 56-83 250.9   5.1 1.90 0.80 2609.5 4290.8 0.049 33782.0 94.3   9& 
M.9 Pajam2 177.3 13.9 1.25 0.73 1625.6   826.4 0.135 22018.0 58.9   4 
M.9 
NAKBT337 

173.0 14.7 0.92 0.87   354.6       2.1 0.421 20752.0 39.7   3 

z Kang’s yield-stability statistic (YSi), where values followed by & indicate these rootstocks have high 
cumulative yield and are relatively stable. 

 

 

 

 

 

 

 

 

 

 

 

 

Table 7. Cumulative yield efficiency (CYE) and coefficients of variation (CV), plus five stability 
parameters for ‘Golden Delicious’ trees on 11 rootstocks averaged over 8 sites in the 2003 NC-140 
rootstock trial that survived 10 years. Grand mean =2.83, CV=47.25, LSD=0.37. 
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B.62396 3.17 39.7 1.24 0.92 0.140 0.119 0.086 28888   57.0   7& 

z  Kang’s yield-stability statistic (YSi), where values followed by & indicate these rootstocks have low numbers of root suckers and 
are relatively stable.

Table 8. Mean number of root suckers per tree and coefficients of variation (CV), plus five stability 
parameters for ‘Golden Delicious’ trees on 11 rootstocks averaged over 8 sites in the 2003 NC-140 
rootstock trial that survived 10 years.  Grand mean = 3.6, CV=265.3, LSD=4.7. 
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Shukla’s 
Stability 
variance 

 
 
Pr>Z 

Env. 
Var. 
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B.62396 1.0 284.7  0.19 0.49   1.202     0.08 0.368 4.74   1.24  7& 
B.9 6.8 115.2  0.70 0.63   9.548     7.95 0.155 22.61   3.32  4 
G.16 2.8 211.6  0.79 0.86   3.621     5.94 0.204 21.69   4.15  5 
G.41 0.5 288.6  0.18 0.94   0.068     0.07 0.366 3.56   0.94  9& 
G.935 9.2 207.9  3.17 0.96 14.281 255.30 0.035 285.6 17.14  0 
J-TE-H 1.5 182.9  0.24 0.46   2.356      2.03 0.289 6.69   1.18  6& 
M.26 0.4 305.8 -0.01 0.03   0.145      0.08 0.485 3.26   0.08 10& 
Pi Au 51-4 9.2 207.5  2.32 0.87 27.324  144.60 0.038 132.3 12.39  -1 
Pi Au 56-83 0.9 196.2  0.06 0.27   0.284       1.11 0.444 3.69   0.28   8& 
M.9 Pajam2 4.1 164.9  2.35 0.97   5.115     74.22 0.118 12.42 11.67   6& 
M.9 
NAKBT337 

4.1 174.2  1.02 0.96   1.393     10.81 0.178 14.39   5.74   5 

z Kang’s yield-stability statistic (YSi), where values followed by & indicate these rootstocks have high 
cumulative yield and are relatively stable. 

 

 

 

 

 

 

 

 

 

 

 

z

Table 8. Mean number of root suckers per tree and coefficients of variation (CV), plus five stability 
parameters for ‘Golden Delicious’ trees on 11 rootstocks averaged over 8 sites in the 2003 NC-140 
rootstock trial that survived 10 years.  Grand mean = 3.6, CV=265.3, LSD=4.7. 
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B.62396 1.0 284.7  0.19 0.49   1.202     0.08 0.368 4.74   1.24  7& 
B.9 6.8 115.2  0.70 0.63   9.548     7.95 0.155 22.61   3.32  4 
G.16 2.8 211.6  0.79 0.86   3.621     5.94 0.204 21.69   4.15  5 
G.41 0.5 288.6  0.18 0.94   0.068     0.07 0.366 3.56   0.94  9& 
G.935 9.2 207.9  3.17 0.96 14.281 255.30 0.035 285.6 17.14  0 
J-TE-H 1.5 182.9  0.24 0.46   2.356      2.03 0.289 6.69   1.18  6& 
M.26 0.4 305.8 -0.01 0.03   0.145      0.08 0.485 3.26   0.08 10& 
Pi Au 51-4 9.2 207.5  2.32 0.87 27.324  144.60 0.038 132.3 12.39  -1 
Pi Au 56-83 0.9 196.2  0.06 0.27   0.284       1.11 0.444 3.69   0.28   8& 
M.9 Pajam2 4.1 164.9  2.35 0.97   5.115     74.22 0.118 12.42 11.67   6& 
M.9 
NAKBT337 

4.1 174.2  1.02 0.96   1.393     10.81 0.178 14.39   5.74   5 

z Kang’s yield-stability statistic (YSi), where values followed by & indicate these rootstocks have high 
cumulative yield and are relatively stable. 
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bination is a function of the rootstocks, scion 
cultivar and sites for that trial and the com-
bination of these factors is unique for each 
NC-140 trial. Therefore, the stability of a 
rootstock can only be compared to the aver-
age stability of rootstocks in each trial.  Olien 
et al. (1991) compared nine rootstocks based 
on values for the slopes using the Findlay-
Wilkinson joint-regression method and the 
five rootstocks that were also evaluated 
in the current trials included MARK, O.3, 
M.9, M.26 and M.27. Compared to the other 
four rootstocks (MAC.24, M.7 EMLA, M.9 
EMLA and OAR 1), all five rootstocks had 
above-average stability for TCA and cumu-
lative yield. Only M.26 had above average 
stability for CYE (Olien et al., 1991).
 In an attempt to summarize the somewhat 
conflicting statistics for each response vari-
able (TCA, cumulative yield, cumulative YE 
and number of suckers per tree) in each of the 
current trials, the five stability statistics (re-
gression coefficient, deviation from regres-
sion, Shukla’s stability variance, environ-
mental variance and AMMI variance) were 
ranked from low to high and summed. For 
TCA in the 1994 trial, the most stable root-
stocks included B.9, P.2, P.16, B.491, M.27 
and O.3, whereas the least stable rootstocks 
were M.9 T337, M.9 and M.26.  Based on the 
sum of ranks for cumulative yield in the 1994 
trial, the most stable rootstocks were M.26 
and B.9, and the least stable were M.27, P.16, 
and MARK (data not shown). For CYE the 
most stable rootstocks were B.491, M.26, 
B.9, P.2, and M.27 and the least stable root-
stocks included M.9 Nic 29, M.9 and M.9 
Pajam1. For root suckers the most stable 
rootstocks were B.9, M.26 and B.491 and the 
least stable rootstocks included P.16, MARK, 
M.9 Pajam 1 and M.9 Pajam 2.  An overall 
stability rating was estimated by summing 
the sum of the ranks over three response 
variables (cumulative yield, cumulative YE 
and root suckers). The most stable rootstocks 
were M.26, M.9, and M.9 Nic29 and the least 
stable rootstocks were P.16 and M.27 (data 
not shown). 

 For the 2003 trial, based on the sum 
of ranks for TCA, M.9 NAKBT337 and 
B.62396 were the most stable, and Pi Au 
56-83 and Pi Au 51-4 were the least stable. 
The sum of ranks indicated that for cumu-
lative yield the most stable rootstocks were 
M.9 NAKBT337, B.9, G.16 and B.62396 
and the least stable were Pi Au 56-83 and J-
TE-H.   For CYE the sum of ranks indicated 
that the most stable rootstocks were G.41 and 
G.935 and the least stable were B.9 and Pi 
Au 56-83. For root suckers the most stable 
rootstocks were M.26 and G.41 and the least 
stable were G.935 and Pi Au 51-4. Based 
on the overall stability rankings, M.26 and 
B.62396 were most stable and Pi Au 51-4 
was the least stable. 
 Results from the two trials are not very 
consistent, probably because the range of 
environmental conditions was much greater 
in the 1993 trial. The only southern site in 
the 2003 trial was KY, whereas AR, GA, NC, 
SC, TN and VA participated in the 1993 trial. 
Kang (1993) suggested that while evaluating 
stability, researchers should place more em-
phasis on performance of a genotype and his 
yield-stability statistic gives equal weight to 
performance and stability. When considering 
the yield-stability statistic for the 1993 trial, 
only M.9 had above average values for all re-
sponse variables, whereas M.9 NAKBT337 
had below average values for all response 
variables. For the 2003 trial, rootstocks with 
above average values for the yield-stability 
statistic for all response variables included 
M.9 Pajam 2, M.26, Pi Au 56-83, B.62396 
and J-TE-H. 
 While selecting a rootstock, tree survival 
is a critical factor to consider. Tree survival 
was not considered in the study because it is 
a binomial response and not suited to these 
analyses. Tree longevity was taken into con-
sideration for cumulative yield because trees 
that died during the trial had low cumulative 
yield. Stability is an important characteristic 
of a rootstock for making recommendations 
over a large region. Since cumulative yield 
is usually positively related to tree size and 
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cumulative yield efficiency is usually nega-
tively related to tree size, researchers can use 
stability analyses to select the most stable 
rootstocks within a given vigor category.    

Literature Cited
Autio, W.R., T.L. Robinson, B. Black, T. Bradshaw, 

J.A. Cline, R.M. Crassweller, C.G. Embree, E.E. 
Hoover, S.A. Hoying, K.A. Iungerman, R.S. 
Johnson, G. Lang, M.L. Parker, R.L. Perry, G.L. 
Reighard, J.R. Schupp, M. Stasiak, M. Warmund, 
and D. Wolfe. 2011. Performance of ‘Fuji’ and 
‘McIntosh’ apple trees after 10 years as affected by 
several dwarf rootstocks in the 1999 NC-140 apple 
rootstock trial. J. Amer. Pomol. Soc. 65:2-20.

Dia, M., T.C. Wehner, and C. Arellano. 2016. Analysis 
of genotype x environment interaction (GxE) using 
SAS programming. Agron. J. 108:1838-1852. 

Eberhart, S.A. and W.A. Russell. 1966. Stability pa-
rameters for comparing varieties. Crop Sci. 6:36-40. 

Finlay, K.W. and G.N. Wilkinson. 1963. The analysis 
of adaptation in a plant-breeding programme. Aust. 
J. Agric. Res. 14:742-754. 

Francis, T.R. and L.W. Kannenberg. 1978. Yield sta-
bility studies in short-season maize: a descriptive 
method for grouping genotypes. Can. J. Plant Sci. 
58:1029-1034. 

Hatton, R.G. 1920. Results of research on fruit tree 
stocks at East Malling. J. Pomol. 3:1–10.

Kang, M.S. 1993. Simultaneous selection for yield and 
stability in crop performance trials.: consequences 
for growers. Agron. J. 85:754-757. 

Lin, C.S. and M.R. Binns. 1988. A method of analyz-
ing cultivar x location x year experiments: A new 
stability parameter. Theor. Appl. Genet. 76:425-
430.  

Marini, R.P., J.L. Anderson, W.R. Autio, B.H. Bar-
ritt, J.A. Cline, W.P. Cowgill, Jr., R.M. Crassweller, 
P.A. Domoto, D.C. Ferree, J. Garner, A. Gaus, G.M. 
Greene, C. Hampson, P. Hirst, M.M. Kushad, E. 

Mielke, C.A. Mullins, M. Parker, R.L. Perry, J.P. 
Prive, G.L. Reighard, T. Robinson, C.R. Rom, T.R. 
Roper, J.R. Schupp, E. Stover, and R. Unrath. 2006. 
Performance of Gala apple on 18 dwarf rootstocks: 
Ten-year summary of the 1994 NC-140 dwarf root-
stock Trial. J. Amer. Pomol. Soc. 60:69-83.

Marini, R.P., B. Black, R.M. Crassweller, P.A. Domo-
to, C. Hampson, S. Johnson, K. Kosola, S. McArt-
ney, J. Masabni, R. Moran, R.P. Quezada, T. Robin-
son, and C.R. Rom. 2014. Performance of ‘Golden 
Delicious’ apple on 23 rootstocks at eight locations: 
a tene-year summary of the 2003 NC-140 dwarf 
rootstock trial. J. Amer. Pomol. Soc. 68:54-68.

NC-140. 1991. Performance of ‘Starkspur Supreme 
Delicious’ on 9 rootstocks at 27 sites over 10 years. 
Fruit Var. J. 45:200-208.

Olien et al., 1991. Long-term performance potential 
and stability across 10 environments for nine apple 
rootstocks tested in the 1980-81 NC-140 trial. Fruit 
Var. J. 45:208-212. 

Perkins, J.M. and J.L. Jinks. 1968. Environmental and 
genotype-environment components of variability: 
III. Multiple lines and crosses. Heredity 23:339-
356.   

Romagosa, I., P.N. Fox, L.F. Garcia del Moral, J.M. 
Ramos, B. Garcia del Moral, F. Roca de Togores, 
and J.L. Molina-CanoI. 1993. Integration of statisti-
cal and physiological adaptation in barley cultivars. 
Theor. Appl. Genet. 86:822-82.

Shukla, G.K. 1972. Some statistical aspects of parti-
tioning genotype-environment components of vari-
ability. Heredity 29:237-245.

Tai, G.C.C. 1971. Genotype stability analysis and 
its application to potato regional trials. Crop Sci. 
2:184-190. 

Yates, F. and W.G. Cochran. 1938. The analysis of 
groups of experiments. J. Agric. Sci. 28:556-5880. 

Wrinkle, G. 1962. Evaluation method for recording 
ecological differences in field trials. Z. Plfanzenzu-
echt 47:92-96.




