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appropriate rootstock is as important to the viability and
success of a new planting as the choice of fruiting variety.
However, the
selection of the
most appropriate
rootstock for new
apple plantings
has become
increasingly
complicated with
the introduction
of new rootstocks
with potentially
better yield
performance,
size control, and
pest resistance,
with different
capacities to
absorb mineral
nutrients from
soil and transfer
them to the grafted scion variety, and with the continual
movement toward higher high-density plantings. For that
reason in the last 20 years, several studies have compared the
horticultural performance of scion-rootstock interaction on
apples. However, relative performance among rootstocks has
not always been consistent from study to study. Part of the
variability may be attributable to scion differences, but also to
the agro-climatic conditions.

The Geneva® rootstock series, originating from the Geneva,
NY Breeding Program, are the leading fire blight-resistant root-
stocks commercially available. Geneva® rootstocks also exhibit
high cumulative yield efficiency in multiple size classes, combined
with enhanced disease and, in some cases, insect tolerance.
Therefore, one of the aims of this long-term study was to assess
horticultural performance of 16 rootstocks from the Geneva, NY
Breeding Program compared with the standard apple rootstocks,
M.9 and M.26.

In modern apple production systems, selection of an

“a long-term study in the Hudson
Valley showed considerable promise
for alternative rootstocks to M.9 in
future plantings, These included
(G.6006, (G.8189 in the semi-dwarfing
class; (G.4004 and CG.5087 in the
dwarfing class, and confirmed the
good performance of already released
rootstocks like G.969, G.935, and
G.890 within this setting. G.214 had
high levels of calcium in the leaves,
which could make it a good stock for
’Honeycrisp’."
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Materials and Methods

Plant material and trial characteristics. In the spring
of 2005, a 1.98-acre orchard trial of apple rootstocks was
planted at a Hudson Valley farm (in southeastern New
York State). ‘Fuji’ was used as the scion variety for a set of
rootstocks that included 16 Geneva rootstocks (Cornell-
Geneva Apple Rootstock Breeding Program, Geneva, NY),
and two English rootstocks (East Malling Research Station,
Maidstone, Kent, England). Rootstock, type (dwarf or semi-
dwarf), parentage, tree size and the suggested planting space
are shown in Table 1.

The orchard trial was located in the Hudson Valley, on
a bath gravel silt loam soil, with a pH of 6.2. This trial was
established on a non-fumigated replant site, one year after
uprooting an old apple orchard. The planting included five
replications (one or two trees per replication) in a random-
ized complete block experimental design. Trees were trained
into a vertical axis system, irrigated from ponds through drip
lines, and the orchard was sprinkler irrigated every 10—12
days.

Tree survival and suckering. Tree health and survival
were monitored throughout the trial. Dead trees were re-
corded each year at the time when growth measurements
were taken. The incidence of rootstock suckering (root and
collar suckers) was also recorded during this study.

Growth measurements and yield characteristics. At
harvest, all fruit from each tree were counted and weighed
to determine total yield per tree (Ib/tree). Fruit weight (FW)
was calculated considering the total number of fruits and
total yield per tree. Average fruit size from 2007 to 2015
was also calculated. Cumulative yield (CY) per tree, cumula-
tive yield per acre, yield efficiency (YE) and crop load (CL)
of each scion-rootstock combination were computed from
the harvest data. At the end of the experiment (Oct. 2015),
tree circumference was recorded at 30 cm above the graft
union, and the trunk cross-sectional area (TCSA) was then
calculated. Cumulative yield efficiency (CYE) was calculated
as the ratio between the cumulative yield in pounds per tree
(from 2007 to 2015) per final TCSA (cm?).

An alternate bearing index (AI) was calculated using the
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Table 1. Apple rootstocks grown for 11 years with ‘Fuji’ as the scion at Milton, NY.

Suggested  Suggested
in-row between row
Rootstock Type Origin Parentage Tree size spacing (ft.) spacing (ft.)
CG.2034 Super dwarf Geneva Research Station, NY, USA Dolgo crab x Malling 27 M.27 2 10
CG.4004 Semi dwarf Geneva Research Station, NY, USA 722506-004 x OP M.26 to M.7 5 13
CG.5087 Semi dwarf Geneva Research Station, NY, USA Ottawa 3 x Robusta 5 M.26 to M.7 4 12
CG.5257 Semi dwarf Geneva Research Station, NY, USA Ottawa 3 x Robusta 5 M.26 to M.7 5 13
CG.5757 Dwarf Geneva Research Station, NY, USA Ottawa 3 x Robusta 5 M.26 2 10
CG.6006 Semi dwarf Geneva Research Station, NY, USA PK-14 x Robusta 5 M.26 to M.7 4 12
CG.6976 Semi dwarf Geneva Research Station, NY, USA Robusta 5 x M.9 M.7-MM.106 6 14
CG.8189 Semi dwarf Geneva Research Station, NY, USA Ottawa 3 X Robusta 5 M.7-MM.106 6 14
G.202 Dwarf Geneva Research Station, NY, USA M.27 x Robusta 5 M.26 3 11
G.210 Semi dwarf Geneva Research Station, NY, USA Ottawa 3 x Robusta 5 M.7 6 13
G.214 Dwarf Geneva Research Station, NY, USA Ottawa 3 x Robusta 5 M.26 4 12
G.222 Semi dwarf Geneva Research Station, NY, USA M.27 x Robusta 5 M.26 to M.7 5 13
G.814 Semi dwarf Geneva Research Station, NY, USA Ottawa 3 x Robusta 5 M.26 to M.7 4 12
G.890 Semi dwarf Geneva Research Station, NY, USA Ottawa 3 X Robusta 5 M.7 6 13
G.935 Semi dwarf Geneva Research Station, NY, USA Ottawa 3 x Robusta 5 M.26 to M.7 4 12
G.969 Semi dwarf Geneva Research Station, NY, USA Ottawa 3 x Robusta 5 M.26 to M.7 5 13
M.26 Dwarf HRI-East Malling, UK M.16 x M.9 M.26 4 12
M.9 Dwarf Reselected at HRI-East Malling, UK Unknown M.9 3 11

following formula from the fifth year after planting (2009)
to the eleventh year after planting (2015):

Al =1/(n-1) x {|(ay-2;)| / (ay+ay) + |(az-a,)| / (ag+a,) ...
An1)| / (@) + 1))}

where n: number of years, and aj, ay,..., 3(,.1), a,: yield (Ib tree’
). An average alternate bearing index Was then calculated.
This index ranges from 0 to 1, with 0 = no alternation and 1=
complete yield alternation.

Leaf elemental analysis. Leaf mineral concentrations
were determined in 2014. Ten mid-shoot leaves on new ex-
tension growth distributed throughout the tree canopy were
harvested 90 days after bloom on all tree replicates. Leaves
were oven-dried, ground into powder and shipped to the
USDA ARS Children’s Nutrition Research Center (Houston,
TX) for mineral analysis of several macro- and micro-mineral
nutrients, via inductively coupled plasma-optical emission
spectroscopy (CIROS ICP Model FCE12; Spectro, Kleve,
Germany). Concentrations of B, Cu, Fe, Mn, Na, and Zn were
expressed as pg g™ on a dry weight basis, and Ca, K, Mg, P and
S were expressed as mg g™, also on a dry weight basis. Carbon
(C) and nitrogen (N) values for leaf samples were measured
with a LECO TruMac CN analyzer (Leco Corporation, St.
Joseph, Missouri) at the Cornell University Drinkwater Hor-
ticulture Laboratory (Ithaca, NY), and both were expressed
as percentage on a dry weight basis.

Statistical analyses. Statistical data analyses were per-
formed with one-way ANOVA with rootstock genotype as the
main effect and replicate as a random effect in a completely
randomized plot analysis. Rootstock genotype means were
used in a multivariate analysis to generate two-way similarity
cluster diagrams based on genotype similarity and variable
similarity. The Ward’s minimum variance criterion was used.

+ | (a(n)'
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Data were analyzed using the JMP statistical software package
(Version 12; SAS Institute Inc., Cary, North Carolina).

Results and Discussion

Survival After 11 growing seasons, tree survival differed sig-
nificantly among rootstocks. Tree survival was lower than 100%
for trees on CG.2034, CG.5087, CG.5757, CG.6006, CG.6976,
G.814, G.890, M.26 and M..9 (Figure 1). The rest of the rootstocks
studied showed good survival in the soil conditions of the trial.
The causes of tree death were not determined.

Tree vigor and suckering. Among the 18 rootstocks
evaluated in this study, ‘Fuji’ trees with the smallest trunk
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Figure 1. Tree survival rate (%) (plus standard error) in the 11th year after

budding (2015).



cross-sectional area (TCSA) were on CG.2034 and CG.5757,
followed by M.9, G.202, M.26 and G.214 (Figure 2). M.26 is
usually considered to be in a different size class than M.9 (Table
1). CG.5087, CG.5257, CG.6006, G.214, G.814 and G.935 were
similar to M.26, whereas CG.5757, G.202 and G.214 were
between M.9 and M.26.

The greatest cumulative root suckering was with CG.8189,
followed by G.890 and CG.6976, although the mean value
was less than 5 suckers per tree, which we consider a minimal
amount (Figure 2). CG.5087, CG.5757, M.9 and M.27 had no
suckers. Sucker production is a genetic predisposition of the
rootstock, but it is influenced by climate. In some trials, M.9
produces suckers, but in this trial it had none. Suckers can
be a source of infection of fire blight. Currently, there is no
technique for eliminating suckers except to cut them out every
year. Therefore, breeding rootstocks with no or low suckering
predisposition is one of the breeding objectives of the Geneva
program (Fazio et al. 2015).

Yield, fruit size, & yield efficiency. ‘Fuji’ scions grafted on
the super dwarf rootstock CG.2034 and the semi-dwarf rootstock
G.202 had the lowest cumulative yield values, followed by trees
on G.814, G.214, M.26, M.9 and CG.5757. The greatest cumu-
lative yield was with trees on CG.6976, followed by CG.8189,
CG@G.6006, and G.969 (Figure 3). M.9 performed well in this trial,
which is one of the reasons it has persisted as the standard dwarf-
ing rootstocks for over 50 years. Some new dwarfing rootstocks
in this study exceeded significantly the cumulative yield of M.9.
Therefore, high-density orchards with these rootstocks should
produce greater yields, thus reducing production costs per unit
of fruit (Robinson and Lakso 1991).

In contrast, trees on CG.2034, CG.5757 and M.9 had higher
yield efficiency (yield adjusted for tree size) compared with the
rest of the rootstocks evaluated (data not shown). Based on these
results and other studies, it was not unexpected that the most
dwarfing rootstocks would have the highest yield efficiency. The
preference for grafting cultivars on dwarf rootstocks is aimed at
the production of more flowers and fruit per unit area of land,
and at the greater efficiency of conversion of light energy into
fruit dry matter. In addition, scions grafted onto clonal dwarf-
ing rootstocks produce fruits approximately in the second year,
which is 4 or 5 years earlier than scions grafted on seedling
rootstocks.

Mean fruit size was largest with the semi-vigorous root-
stocks C@G.8189, and CG.6976 (217.9 g and 215.7 g, respec-
tively), and the semi-dwarf rootstock G.890 (215.8 g), whereas
the dwarfing CG.2034, G.814 and G.969 had the smallest fruit
size (183.1 g, 184.3 g and 185.7 g, respectively) (Figure 3). ‘Fuji’
on M.9 and M.26 had similar fruit size (around 200 g). Despite
these differences in fruit sizes among rootstocks, most rootstocks
had average fruit sizes greater than 180 g and can be classified
as large fruits.

Based on the suggested planting space for each rootstock
(Table 1) and the cumulative yield per tree (Figure 3), the es-
timated cumulative yield per acre after 11 years of study was
calculated (Figure 4). The dwarf CG.5757 had the highest es-
timated cumulative yield per acre, followed by the dwarf root-
stocks CG.6006, M.9, CG.5087 and G.935, and the super dwarf
CG.2034. In contrast, the lowest values were for the semi-dwarf
rootstocks CG.5257, G.814 and G.210.

Crop load and bearing index. The highest cumulative crop
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Figure 2. Final trunk cross sectional area (TCSA), and average number of
suckers (plus standard errors) of 18 apple rootstocks budded on
‘Fuji’ after 11 years of study.
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Figure 3. Cumulative yield and mean fruit size (plus standard errors) of 18
apple rootstocks budded on ‘Fuji’ after 11 years of study.
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Figure 4. Estimated cumulative yield per acre (plus standard errors) of 18
apple rootstocks budded on ‘Fuji’ after 11 years of study.
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load was on CG.2034, followed by CG.5757, M.9 and CG.6006,
whereas G.814, G.202, and G.210 had the lowest values (Figure
5). During the course of the trial, crop load was generally good
and there was a highly significant correlation between cumulative
yield efficiency and cumulative crop load.

All rootstocks evaluated in this study had a mean biennial
bearing index value lower than 0.5, which means there was low
alternation of cropping (Figure 4). G.214 had the lowest bien-
nial bearing index, while G.202, followed by CG.5757 and G.814,
had the highest biennial bearing index value. Alternate bearing
is a physiological condition that occurs in apples. It refers to
the tendency of an entire tree to produce a greater than average
crop one year, and a lower than average crop the following year.
Gibberellins are considered to be the main cause of alternate
bearing due to their role in preventing the formation of flow-
ers buds. ‘Fuji, as expected, was biennially bearing during the
course of this trial. However, since annual cropping is essential
for orchard profitability, it is important to know which rootstock
induces more annual bearing with this type of variety. Generally,
weak or dwarfing rootstocks have been reported to reduce bien-
nial bearing in apples.

The effect of rootstock on leaf mineral concentration was
evaluated for each rootstock. To simplify the interpretation of
this data, a hierarchical agglomerative cluster analysis was used to
divide the rootstocks into groups of increasing dissimilarity. Three
clusters were identified from similar nutrient profiles (Figure 6).
This division did not correspond to rootstocks groupings based
on type, parentage or tree size. The first group, which included
CG@G.2034 through G.935 (in red in Fig. 6), was characterized by
rootstocks with low to medium P, K, and Fe values. The dwarf
C@G.2034 and the semi-dwarfs G.969 and CG.6006 resulted in
higher Mn concentrations in leaves. The second group, which
included CG.4004 through M.9 (in green), showed low to me-
dium B, Ca, Cu and Na values. The last group, CG.5257 through
G.214 (in blue), had medium to high B, P, and K values. In this
group, G.890 conferred some of the highest values of B, P, K, Cu,
Fe and Mg, while G.214 had the highest Ca value, which is con-
sistent with data from similar experiments in Washington State
(Musacchi, pers. comm.). The high Ca values for G.214 could
make it a good rootstock for bitter pit-susceptible varieties like
‘Honeycrisp. All of the rootstocks had optimum leaf Fe, Mn, P,
compared with reference values (Stiles and Reid 1991), optimum
Ca values with the exception of M.26, which had lower than the
optimum, optimum leaf K values except CG.5757 and CG.6006,
which had lower values compared with the optimum, and lower
leaf B, Cu, Mg and Zn values than the optimum reference values.
Unfortunately, no reference values have been found for Na, S and
C. Therefore, results cannot be compared.

Conclusions

It is likely that the rootstock-induced changes in the concen-
trations of mineral nutrients can have subtle or dramatic effects
on the physiological machinery of the tree, resulting in changes
in fruit production and quality. Several Geneva rootstocks evalu-
ated during the course of this study showed considerable prom-
ise as alternatives to M.9 in future plantings, such as CG.6006,
CG@G.8189 in the semi-dwarfing class; CG.4004 and CG.5087 in the
dwarfing class, and confirmed the good performance of already
released rootstocks like G.969, G.935, and G.890 within this set-
ting. This study, for the first time, has generated a comprehensive
horticultural and elemental data set for ‘Fuji’ grafted on several
rootstocks, mostly Geneva), trained in vertical axis system.
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years of study.
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