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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.

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
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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
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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 (Y'S,) 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 YS, 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 Y,
=p+R+S +RS +B(S),; where Y, is the
response variable of the i rootstock at the
j™ site, p 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 k™ 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
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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, 0.3 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, R?-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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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.

Shukla’s Environment
TCA CV  Slope Stability Variance AMMI

Rootstock (cm®) (%) (b) R>  Dev-reg variance Pr>Z  model Model  YS?
M.9 66.9 37.6 136 0.86 86.0 230.5 0.008 557.0 21.3 2
M.26 90.7 31.7 158 0.83 150.5 311.7 0.006 678.8 229 T&
M.27 20.0 36.6 0.23 031 35.6 27.3 0.107 68.0 1.1 -2
M.9 Nic29 73.3 341 146 096 27.1 210.5 0.009 501.2 21.1 5&
M.9 Pajam 1 68.8 350 140 0.96 23.7 179.9 0.009 473.7 20.2 3
M.9 Pajam 2 74.1 31.0 132 095 28.7 171.2 0.011 417.5 19.9 10&
B.9 46.5 232 052 0.62 47.1 2.5 0.423 132.6 4.6 o6&
B.491 28.3 36.6 050 0.68 34.6 2.4 0.498 105.6 4.8 0
0.3 65.5 292 1.06 0.87 49.6 86.0 0.022 353.5 14.2 5&
V.1 98.5 27.0 134 0.74 178.4 309.0 0.005 531.3 20.9 8&
P.2 52.9 312 085 0.75 69.3 74.2 0.025 251.2 11.2 3
P.16 27.6 35.1 050 0.76 229 29 0.377 103.7 5.7 -1
MARK 40.8 293 045 039 91.6 475 0.055 149.4 1.6 0
M.9 61.8 392 139 092 453 221.3 0.008 543.7 21.3 0
NAKBT337

* Kang’s yield-stability statistic (YS,) for TCA assumes large trunks are preferable. Values followed by & indicate these rootstocks

are larger than average and are relatively stable.

parameter. Rootstocks with slopes near 1.0
(0.3) 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), 0.3 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%
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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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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 (Y'S,) 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, 0.3,
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
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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.I.
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

Mean

Cum. Shukla’s Env.

Yld. Stability Var.
Stock (kg/tree) CV_ Slope R* Dev-Reg variance Pr>Z model AMMI YS;*
M.9 202.9 622 135 092 855.0 692.1 0.053 10130.0 86.7 6&
M.26 218.7 51.3 1.04 082 13187 7554 0.048 6889.1 75.6 9&
M.27 55.4 614 029 0.67 2396 3826.8 0.009 1100.2 13.3 -9
M.9 NIC29 227.5 52.0 133 093 730.1 382.6 0.127  9748.1 91.0 14&
M.9 Pajam 1 217.8 53.7 130 095 5182 86.8 0.351 90848 874 12&
M.9 Pajam 2 237.6 496 141 094 691.0 5232 0.091 10760.0 95.8 13&
B.9 160.9 512 0.66 0.68 11379 2298.8 0.014 3576.8 33.6 3
B.491 95.1 57.8 0.53 084 2821 20752 0.015  2059.0 28.5 -4
0.3 200.2 57.6 1.15 089 898.6 610.0 0.064 77122 728 7&
V.1 253.7 46.6 1.24 0.86 13573 781.6 0.048 91893 89.6 12&
P.2 158.0 563 0.85 0.77 1177.1 1573.6  0.021 5044.5 46.3 -1
P.16 107.4 714 0.82 081 8623 1258.7 0.029 45243 442 -3
MARK 1355 63.4 079 0.67 1713.9 2316.5 0.013 50384 37.0 -6
M.9 190.6 55.8 122 096 3237 3932.5 0.001 8010.5 79.9 0
NAKBT337

” Kang’s yield-stability statistic (YS,), where values followed by & indicate these rootstocks have high cumulative yield and are

relatively stable.
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Table 3. Cumulative yield efficiency (CYE, kg-cm? 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.

Shukla’s Env.

CYE Stability Var.
Stock (kg'em?) CV Slope  R? DevReg variance Pr>Z  model AMMI  YSi*
M.9 3.28 49.0 1.01 091 0.148 633.5 0.590 9809.7 84.4 5&
M.26 2.62 425 0.64 0.79  0.151 766.7 0.461 6861.7 75.4 1
M.27 3.08 504 091 0.79  0.319 3734.1 0.009 1083.6 13.1 -5
M.9 NIC29 3.34 439 1.07 0.88 0.212 3529 0.135 9259.6 88.8 T1&
M.9 Pajam 1 3.37 434 1.03 0.94 0.102 90.6 0.343 9053.1 87.3 9&
M.9 Pajam 2 3.34 41.1  0.01 093 0.114 445.1 0.108 10169.0 94.1 7&
B.9 3.63 429 093 0.75 0.398 2260.4 0.014 35779 327 8&
B.491 3.78 48.6 1.14 0.97  0.055 2013.1 0.016  2004.5 28.2 9&
0.3 3.38 455 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 3.34 489 1.21 091 0.194 3873.3 0.001 7991.2 79.6 -1
NAKBT337

” Kang’s yield-stability statistic (YS,), where values followed by & indicate these rootstocks have high cumulative yield and are

relatively stable.

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, 0.3, 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 0f 0.01 indicating above average stabil-
ity. According to Shukla’s stability variance,
stable rootstocks (Z <0.05) included M.26,
0.3 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, 0.3, 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 Pajaml,
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
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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.

Suckers Shukla’s Env.

Per Stability Var.
Stock tree CV__ Slope R? DevReg variance Pr>Z model AMMI YS;*
M.9 34 191.5 040 0.74 5.58 1.9 0.810 315 38 11%
M.26 0.4 3724 003 0.24 0.37 0.1 0.900 11.5 03 14%
M.27 2.7 207.7 024 0.38 8.72 0.2 0.880 226 2.1 12%
M.9 NIC29 11.9 163.8 147 093 17.05 118.6 0.013 2293 13.8 1
M.9 Pajam 1 13.3 161.0 1.57 092 19.31 144.4 0.011 2394 149 0
M.9 Pajam 2 16.5 150.0 1.78 0.85 53.68 231.0 0.009 3441 17.2 -6
B.9 10.4 138.7 1.03 0.87 1498 424 0.034 120.7 94 4
B.491 43 156.7 028 045 9.26 0.3 0.780 246 25 19%
0.3 11.6 133.1 1.33 092 1392 87.8 0.018 164.6 12.6 2
V.1 10.0 176.8 1.19 0.84 2594 72.9 0.019 159.6 10.8 9
P2 1.1 243.1 0.11  0.67 0.60 0.1 0.880 127 1.0 13%
P.16 18.7 1355 199 0.81 87.83 3183 0.008  411.1 193 -7
MARK 13.5 156.8 146 0.69 91.68 176.8 0.010 2663 13.2 -5
M.9 NAKBT337 10.6 1372 1.11 0.88 1545 55.3 0.025 1382 103 3

* Kang’s yield-stability statistic (YS)), where values followed by & indicate these rootstocks have low numbers of suckers and are

relatively stable.

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 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.

Mean Shukla’s Env.

TCA Stability Var.
Stock (cm?) CV  Slope R?>  DevReg variance Pr>Z model AMMI YS;

z

B.62396 674 345 0.64 0.69 145.1 335 0.276  4579.0 122 4
B.9 314 442 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 45069 14.2 1
G.41 59.1 283 0.53 0.77 68.5 49.4 0.262 52450 12.8 0
G.935 67.5 28.0 045 0.53 1374 55.1 0.272 53402 8.9 5&
J-TE-H 855 313 0.83 0.90 59.7 48.8 0266 46154 18.4 8&
M.26 91.1 36.8 1.14 0.83  208.3 225.0 0.120  5298.8 229 9&
Pi Au51-4 176.6 327 2.04 0.86 520.6 1765.4 0.039  8471.5 559 7&
Pi Au 56-83 193.8 351 235 0.92 3804 2244.8 0.036 10117.0 62.1 8&
M.9 Pajam2 747 450 1.23 0.96 46.6 191.5 0.108  4619.3 30.5 4
M.9 66.7 448 0.96 0.94 45.0 45.2 0.290 43553 21.6 3
NAKBT337

* Kang’s yield-stability statistic (YS,), where values followed by & indicate these rootstocks have high TCA and are relatively

stable.
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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.

Cum. Stability Var.
Stock Yld. (6)% Slope R? DevReg variance Pr>Z model AMMI YS;

(kg/tree) ‘
B.62396 183.8 89 1.13 085 627.2 1.0 0.361 19120.0 55.6 7&
B.9 103.1 149 0.09 001 15022 3177.2 0.057 23153.0 0.0 -3
G.16 141.9 29.1 031 021 9769 1854.4 0.077 232450 5.6 -1
G4l 180.2 134 086 0.85 384.3 1.8 0.295 21157.0 389 5&
G.935 185.8 133 023 006 2316.7 3560.7 0.054 20403.0 0.0 6&
J-TE-H 202.1 9.6 128 070 1967.7 1583.7 0.084 24586.0 64.7 6&
M.26 181.3 6.6 091 059 1630.9 987.5 0.117 21115.0 29.7 7&
Pi Au51-4 2333 289 211 097 3434 32077 0.058 29920.0 94.8 6&
Pi Au 56-83 250.9 51 190 080 2609.5 42908 0.049 33782.0 94.3 9&
M.9 Pajam2 177.3 139 125 073 1625.6 826.4 0.135 22018.0 589 4
M.9 173.0 147 092 087 354.6 2.1 0.421 20752.0 39.7 3
NAKBT337

*Kang’s yield-stability statistic (YS,), where values followed by & indicate these rootstocks have high

cumulative yield and are relatively stable.

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 R?
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
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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.

Mean Shukla’s Env.

CYE Stability Var.
Stock (kg-em?)  CV Slope R? DevReg variance Pr>Z model AMMI YS;*
B.62396 3.17 39.7 1.24 092 0.140 0.119 0.086 288838 57.0 7&
B.9 3.98 40.4 1.50 0.88 0.309 0.429 0.044 33843 8.6 10&
G.16 3.01 272 0.69 0.87 0.073 0.155 0.083 34427 475 4&
G4l 3.45 30.1 0.99 095 0.059 0.023 0.267 26561 509 11&
G.935 3.47 35.1 1.16 098 0.029 0.087 0.164 33317 403 12&
J-TE-H 2.49 40.1 091 0.83 0.173 0.199 0.061 33012 71.0 1&
M.26 2.49 46.1 1.07 092 0.101 0.045 0.188 33902 55.0 2&
PiAu51-4 1.64 40.7 057 077 0.100 0.304 0.052 41211 1044 -3
Pi Au 56-83 1.42 449 050 0.64 0.150 0.417 0.045 42290 993 -6
M.9 Pajam2 3.03 44.9 1.16 097 0.051 0.156 0.288 26879 719 7&
M.9 3.14 40.8 120 093 0.123 0.076 0.126 24090  59.4 8&
NAKBT337

* Kang’s yield-stability statistic (YS,), where values followed by & indicate these rootstocks have high cumulative yield and are

relatively stable.

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.

Suckers Shukla’s Env.

per Stability Var.
Stock tree CV  Slope R?> DevReg variance Pr>Z model AMMI YS
B.62396 1.0 2847 0.19 049 1202 0.08 0368 474 124 7&
B.9 6.8 1152 070 063 9.548 795 0155 2261 332 4
G.16 2.8 211.6 079 086  3.621 594 0204 2169 415 5
G4l 0.5 288.6 0.18 094  0.068 007 0366 356 094 9&
G.935 9.2 2079 3.17 096 14281 25530  0.035 2856 17.14 0
J-TE-H 15 1829 024 046 2356 203 0289 669 118 6&
M.26 0.4 3058 -0.01 003 0.145 0.08 0485 326 008 10&
Pi Au51-4 9.2 207.5 232  0.87 27.324 144.60 0.038 132.3 1239 -1
Pi Au 56-83 0.9 196.2 0.06 027 0.284 1.11 0.444 3.69 028 8&
M.9 Pajam2 4.1 1649 235 0.97 5.115 7422 0.118 1242 11.67 6&
M.9 4.1 1742 1.02 0.96 1.393 10.81 0.178 1439  5.74 5
NAKBT337

* Kang’s yield-stability statistic (Y'S,), where values followed by & indicate these rootstocks have low numbers of root suckers and

are relatively stable.

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-
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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 0.3, 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
Pajaml1. 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).
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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.
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