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The Importance of Apple
Rootstocks on Tree Growth, Yield,

Fruit Quality, Leaf Nutrition, and
Photosynthesis with an Emphasis

on ‘Fuji’
Esmaeil Fallahi,1 W. Michael Colt,2  Bahar Fallahi,3 and Ik-Jo Chun4
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SUMMARY. Tree fruit rootstocks are used to influence precocity, tree size, fruit quality, yield
efficiency, mineral uptake, and to withstand adverse environmental conditions. In this paper,
we will briefly discuss the history and literature of apple (Malus domestica) rootstocks and their
effects on scion tree growth, yield, fruit quality, leaf mineral nutrition, and photosynthesis.
Then, the results of our long-term study on the effects of rootstocks on tree growth, yield,
fruit quality and leaf mineral nutrition, and one season of photosynthesis measurement in ‘BC-
2 Fuji’ will be presented and discussed. In this study, ‘Fuji’ trees on ‘Malling 9 NAKBAT337’
(M.9) rootstock had the smallest trunk cross-sectional area (TCA), highest yield efficiency, and
were the most precocious followed by those on ‘East Malling-Long Ashton 26’ (M.26 EMLA)
and ‘East Malling-Long Ashton 7’ (M.7 EMLA). Trees on M.7 EMLA often had larger fruit
with less color than those on M.9 and M.26 EMLA. Trees on M.7 EMLA frequently had
greater leaf K than those on other rootstocks. Trees on M.26 EMLA always had greater leaf
Mg than those on other rootstocks. Leaves from the current terminal shoots (CTS) of trees on
M.9 had higher net photosynthesis and transpiration than those on M.7 EMLA rootstock
during 1998 growing season.

Tukey (1964) and Rom and Carlson (1987) reviewed the his-
torical background of dwarfing apples rootstocks. Apple cul-
ture using dwarfing trees can be traced back to 3 centuries

before Christ in Persia and Asia Minor. From Persia, Alexander the Great
sent a dwarf apple tree to the Lyceum, a center of learning created by
Aristotle. Theophrastus, who was a student of Aristotle and directed the
Lyceum, mentions that the dwarf apple trees had long been grown in
Persia and Asia Minor. The word pardis in the Persian language means
heaven, and the apple was believed to be a fruit from heaven. Pardis
(Sanskrit paradeca) also means orchard or garden in Persian.
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Pardis is a dwarfing, low-growing
and self-rooting apple. Use of dwarf
horses and dwarf trees were popular in
Persia, and this it reflected in the hiero-
glyphics of Persepolis, the palace of
Achaemenian and other documents
and monuments of Sassanians,
Parthians and Safavids dynasties. This
Persian word in English is paradise. By
the mid-15th century, use of dwarfing
apple rootstocks for training trees in
different shapes and forms in gardens
became more common. At that time,
two groups of rootstocks were re-
corded: one was ‘French Paradise’,
which was very dwarf, and the less
dwarfing rootstock called ‘Doucin’ or
‘English Paradise’. In 1912, research-
ers at the East Malling Research in
Kent, England began to gather
rootstocks named ‘Paradise’ and
‘Doucin’ from around the world. Be-
tween 1912 and 1918, clonal Malling
(M) rootstocks were classified and de-
scribed in East Malling. In 1920, East
Malling and Merton Stations collabo-
rated and hybridized the ‘Northern
Spy’ and Malling rootstocks and cre-
ated Malling-Merton (MM)
rootstocks.

Dwarfing rootstocks were im-
ported to the United States from Eu-
rope in the early 1800s. Interest in
using dwarfing rootstocks for apple
trees in the United States had several
cycles, and each cycle had a different
reason (Tukey, 1964). In early 1880s,
these rootstocks were used only for
ornamental or home gardening pur-
poses. Between 1835 and 1860, there
was an increased interest in dwarfing
fruit trees in America. This interest
declined between 1860 and 1890 be-
cause of heavy fruit production, result-
ing in low prices. In 1890, the interest
in the use of dwarfing trees increased
again because of the need to control
san jose scale (Aspidiotus perniciosus)
by fumigating with hydrogen cyanide
gas, and smaller trees were easier to
fumigate. After the introduction of
lime sulfur and oil spray to control the
San Jose scale between 1907 and 1910,
the interest in dwarf apple trees ceased
almost as quickly as it had begun. Hall
(1915) summarized the work of U.P.
Hedrick and concluded that dwarf
apple trees were not commercially vi-
able. By 1920, use of dwarfing root-
stock was virtually discredited. In 1920,
Malling rootstocks were tested in New
York, Pennsylvania and Massachusetts
for the first time in the U.S. In 1943,

the ‘Oregon Apple Rootstock’ (OAR
1) was introduced. In 1953, Cornell-
Geneva (CG) rootstocks were devel-
oped from the open pollination of
dwarfing M.8 rootstock with M.1 to
M.16 of the Malling series in Geneva,
N.Y. Other groups of rootstocks such
as the Polish series (P) in Poland in
1954, the Ottawa series (O) in Canada
in 1961, the Budagovsky series (B or
Bud.) in 1976, and the Michigan se-
ries (MAC) in the U.S. in 1980 were
developed later. The conclusion of
Hall (1915) was later refuted by many
other researchers (Kelsall, 1946; Re-
gional Rootstock Research Project
(NC-140), 1991; Norton, 1970).
Today, most of the existing apple or-
chards in the United States and other
apple-growing regions of the world
are planted on the clonal rootstocks.

Growth, yield, and fruit
quality of traditional apple
cultivars

Dwarfing rootstocks are widely
used in the apple industry in the U.S.
and other parts of the world. Interstems
have been tested to control tree size
and to avoid the need for tree support,
but have not gained wide acceptance.
In the recent years, tree growth and
productivity of ‘Delicious’ apple trees
on many dwarfing rootstocks have been
evaluated within the scope of national
program, NC-140 (1990, 1991, 1996)
in the United States. Autio and
Southwick (1986) studied tree growth,
yield, and anchorage of ‘Starkrimson
Delicious’ and ‘Gardiner Delicious’
apple trees on M.26, MM.111, M.7A
rootstocks and M.9/M.111 and M.9/
MM.106. They found that trees on
MM.111 were the largest, least pro-
ductive (per tree basis), least efficient,
and produced the lowest amount of
yield per area. Trees on this rootstock,
however, had better anchorage than
any other rootstock or rootstock–
interstem combination (Autio and
Southwick, 1986). Ferree (1992) com-
pared performance of ‘Smoothee
Golden Delicious’ apple on two
rootstocks and four dwarfing
interstems over 10 years. He reported
that trees on M.7 had the largest canopy
volume and truck cross-sectional area
and lowest cumulative yield per hect-
are. Trees on MM.111 with an
interstem of M.27 were smaller than
trees with an interstem of M.9 (Ferree,
1992). Autio and Southwick (1993)

evaluated the performance of ‘Rogers
Red McIntosh’ and ‘Macspur’ apples
on M.7A, M.26, M.9, and M.9/
MM.111 rootstocks. In their study,
trees on M.7A were the largest in size
after 10 years. Those on M.26 and
M.9/MM.111 were similar in size and
trees on M.9 were the smallest. Trees
on M.9 were the most precocious,
yield efficient, with greatest fruit set in
the third and fourth growing seasons.
Autio and Southwick (1993) also re-
ported that trees on M.7A had their
highest yield through the tenth sea-
son, followed by those on M.26.
Meheriuk et al. (1994) assessed the
effects of four rootstocks and reported
that tree canopies on M.9 EMLA and
‘Ottawa 3’ were smaller and were more
yield efficient than canopies on M.26
or M.4.

Drake et al. (1988) reported that
fruit maturity of ‘Goldspur Golden
Delicious’ apples on MM.111 was
delayed compared to fruit on M.26 or
seedling rootstocks. Fallahi et al.
(1985a, 1985b) observed a delay in
ripening of ‘Starkspur Golden Deli-
cious’ apple on OAR 1 compared to
fruit on seedling, MM.111, MM.106,
M.7, and M.26 rootstocks. Autio et al.
(1991) reported a tendency for M.27
to advance maturity in ‘Starkspur Su-
preme Delicious’ and for OAR 1 to
delay maturity in this cultivar. They
also found a slight advancement in
maturity of ‘McIntosh’ on ‘Ottawa 3’
compared to M.26, M.7 EMLA, or
M.7 A. Meheriuk et al. (1994) found
small or no difference among
rootstocks for the scion fruit internal
ethylene, soluble solids, skin color,
firmness, and average fruit weight.
Ferree (1992) reported that rootstock
and interstems had very little effect on
fruit size of ‘Smoothee Golden Deli-
cious’ apple.

Autio and Southwick (1993) ex-
perimenting with three rootstocks and
M9/MM.111, found that ‘McIntosh’
fruit from trees on M.9/MM.111 had
the most surface red color, while trees
on M.7 A had the least red color. In
that report, fruits from trees on M.9
and M.26 had similar skin color. Fruit
weight was greatest for trees on M.9
rootstock (Autio and Southwick,
1993).

Leaf mineral nutrition of
traditional apple cultivars

The effect of rootstocks on nutri-
ent requirement is related directly to
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the influence of rootstock on tree size,
specifically the amount of structural
wood in trunks, large limbs, and roots
(Stiles, 1994). Jones (1971) showed
that xylem sap collected from various
apple rootstocks contained different
concentrations of minerals suggesting
that major genetic variation may exist
in rootstocks with respect to their abil-
ity for uptake and translocation of
minerals from the soil. Tukey et al.
(1962) observed significant differences
in the scion leaf nutrient content de-
pending upon the rootstock, the scion
varieties and the orchard location.
However, these differences were not
always consistent. They observed that
leaves of ‘Jonathan’ on various East
Malling rootstocks (M.1, M.2, M.7,
M.13) showed significant differences
in N, P, and Mg but not in K or Ca,
while leaves of ‘Rome Beauty’ in com-
bination with the same rootstocks
showed significant differences in all
nutrients tested including K and Ca.
They also reported significantly higher
K in the leaves of ‘Rome Beauty’ on
M.1 than on seedlings. In addition to
the differences among rootstocks,
interstocks had significant influences
on scion leaf mineral composition.

Sistrunk and Campbell (1966)
found higher Ca concentrations in the
leaves of ‘Winesap’, ‘Rome’ and
‘Jonathan’ apple cultivars on hibernal
(Malus sp.) compared to those on
french crab apple (M. pumila x M.
baccata). They also noted that soil
applications of lime and foliar sprays of
calcium nitrate and calcium acetate
resulted in higher Ca accumulation in
the leaves of all tested cultivars on
hibernal rootstock but had no effect
on the leaves of these cultivars on
french crab apple.

Lockard (1976), in a greenhouse
experiment with ‘Red Delicious’ on
MM.111, MM.106, and M.9
rootstocks with and without ‘Red
Delicious’, MM.106, or M.9
interstems reported that rootstock
treatments differentially affected the
leaf levels of N and Ca over a 4-year
period. However, he did not observe
differential effects of rootstocks on
scion leaf Mg concentration as found
by Hoblyn (1940–41) and Awad and
Kenworthy (1963). However, M.7,
which was considered as the most sus-
ceptible to Mg deficiency in other
reports (Awad and Kenworthy, 1963;
Hoblyn, 1940–41), was not included
in Lockard’s experiment. Lockard

(1976) noted that leaf Ca of trees on
MM.111 was lower than those on
MM.106 or M.9 rootstocks. Lockard
(1976) also reported that the level of K
in the scion leaves was lower with M.9
than with MM.106 rootstocks or with
‘Red Delicious’ interstock.

Whitfield (1963) reported signifi-
cantly higher Ca but lower K and P in
the leaves of ‘Jonathan’ than those of
‘Cox’s Orange Pippin.’ Leaves of trees
on M.9 rootstock had higher Ca and
Mg than those on M.7, and trees on
M.2 showed higher P, Ca, and Mg
values than those on M.16. Whitefield
has also reported (1963) very low leaf
Mg concentration on M.7 rootstock.
On the other hand, Dzamic et al.
(1980) did not report any significant
differences in ‘Golden Delicious’ leaf
mineral content in relation to root-
stock [(M.4, M.7, seedling of european
apple (Malus sylvestris)] vigor.

Eaton and Robinson (1977) used
four cultivars of apples as scions with
16 combinations of interstocks. They
reported higher leaf accumulations of
P and Fe in ‘Delicious’ apples than
those in the leaves of ‘Golden Deli-
cious’, ‘McIntosh’, or ‘Spartan.’ How-
ever, they concluded that interstock
did not influence the scion leaf mineral
concentrations.

Bould and Campbell (1970) stud-
ied three apple rootstocks (MM.104,
MM.111, MM.106) infected with four
different viruses. They reported that
the viruses reduced scion leaf N more
on MM.111 than the other rootstocks.
In the presence of viruses, trees on
MM.106 had higher leaf Mg and Ca
than on other rootstocks.

Fallahi et al. (1984), experiment-
ing with ‘Starkspur Golden Delicious’
apple on M.1, M.7, MM.106, seed-
lings, M.26, and OAR 1 reported that
scion leaves on OAR 1 had lower Ca
than on M.7, MM.106, and M.1 and
lower Mg than on M.26. In that re-
port, scion leaves on M.26 had the
highest levels of Mg compared to the
scion leaves on other tested rootstocks
under climatic conditions of western
Oregon. Higher leaf Mg in some other
apple cultivars on M.26 rootstocks was
later confirmed in several additional
locations (Fallahi and Simons, 1993a;
Fallahi et al., 1998; Fallahi and Mohan,
2000; Rom et al., 1991).

In general, rootstock can influ-
ence leaf mineral concentrations and
fruit quality. Vigor of rootstock and
crop load of the scion cultivar also

plays a major role on uptake and trans-
location of minerals. We will discuss
the effects of crop load on mineral
uptake and year to year variations later
in this paper. In some minerals, includ-
ing Ca, concentrations of fruit rather
than leaf tissue, can have a major im-
pact on fruit quality.

Influence of rootstock on
traditional apple
photosynthesis

Several researchers have shown
that scion CTS leaves of trees on more
vigorous rootstocks have higher net
photosynthesis (Pn) than those on
dwarfing rootstocks. Ferree and Barden
(1971) found that CTS leaf Pn of
apple trees grown on seedling
rootstocks was higher than that on
MM.106. Schechter et al. (1991) re-
ported that trees grown on vigorous
rootstocks had higher CTS leaf Pn
rates than those on dwarfing rootstocks.
Baugher et al. (1994) indicated that
CTS leaf Pn of ‘Golden Delicious’
apple trees was higher on M.7 EMLA
or MM.111 EMLA than that on M.9
EMLA rootstock. However, Barden
and Ferree (1979) reported that the
Pn and dark respiration of container
grown ‘Delicious’ trees were unaffected
by rootstocks.

Previous research with
rootstocks for ‘Fuji’ apple

‘Fuji’ was first introduced in Ja-
pan in 1958 as a cross of ‘Ralls Janet’
and ‘Red Delicious’ apples. Conse-
quently, most of the early ‘Fuji’ re-
search was conducted in Japan.
Tsuchiya et al. (1974) reported that
‘Fuji’, ‘Golden Delicious’, and
‘Starking Delicious’ apple trees on M.9
had smaller TCA and canopy volume
than those on plum-leaved apple
(Malus prunifolia) ‘Ralls Seedling’ 12
years after planting. Trees on M.9 were
more precocious and had greater yield
efficiency than those on other root-
stocks. Average fruit weight from trees
on M.9 was less than those from ‘Ralls
Seedling’. ‘Fuji’ fruit were firmer when
grown on M.9 than on other root-
stocks. In a different study, Tsuchiya et
al. (1976) reported that ‘Fuji’ on M.26
had a greater cumulative yield than
those on M.4, MM.104, MM.106, or
MM.111. In their report, ‘Fuji’ trees
on M.26 had larger fruit than those on
MM.106.

Nagai and Ishii (1979) reported
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that ‘Fuji’ leaves had significantly
greater N, P, K, Ca, Mg, Fe, and Mn
than ‘Golden Delicious’ leaves and
that trees on M.9 had similar levels of
leaf N, K, Mg, and Mn, but less leaf P
and greater leaf Ca and Fe than trees
on M.7. Fallahi et al. (2001) reported
that leaves of ‘BC-2 Fuji’ trees on M.7
EMLA had significantly higher con-
centrations of K and Cu than those on
‘Ottawa 3’ and Bud.9. In that study,
leaves of trees on Bud.9 had higher Ca
than those on M.7 EMLA.

Effects of rootstock on ‘BC-2 Fuji’
apple photosynthesis were first reported
by Fallahi et al. (2001) and Chun et al.
(2001). In these studies, ‘Fuji’ on
Bud.9 had lower CTS leaf Pn, while
those on ‘Ottawa 3’ had higher CTS
leaf Pn over two growing seasons. In
that study, fruits from trees on ‘Ot-
tawa 3’ often had higher SSC and
authors suggested that higher SSC
could be related to the higher CTS leaf
Pn of trees on this rootstock.

Experiment with
rootstocks for ‘Fuji’ at the
University of Idaho

INTRODUCTION, MATERIALS, AND

METHODS. ‘Fuji’ is an important new
apple cultivar in the U.S., and was
introduced to the Pacific northwest-
ern U.S. in the 1980s. In spite of the
increasing popularity of ‘Fuji’ in the
marketplace, there is limited informa-
tion concerning the impact of
rootstocks on the nutrition and fruit
quality of this cultivar. Consequently,
in 1991, we started a long-term ex-
periment at the University of Idaho
Parma Research and Extension Center
to study the effects of rootstocks and
various nitrogen regimes on tree
growth, fruit quality and mineral nu-
trition of ‘BC-2 Fuji’ apple over sev-
eral growing seasons.

The experimental orchard was
located near Parma, Idaho. The or-
chard site was not cultivated previ-
ously and had a uniform soil profile.
The soil type was a sandy loam with a
pH of about 7.5. The ground was
plowed down to about 24 inches (61
cm) before planting. Soil samples indi-
cated that no harmful nematodes were
present. Uniform size [1.27cm (0.5
inches) trunk diameter] ‘BC-2 Red
Fuji’ apples on M.9, M.26 EMLA, or
M.7 EMLA were obtained from C &
O Nursery, Inc. (Wenatchee, Wash.)
and planted at 2.7 × 5.5 m (9 × 18 ft)

spacing on 4 Apr. 1991. A microjet
sprinkler system was installed with one
riser per tree, located midway between
two adjacent trees in a row. The or-
chard was irrigated based on monitor-
ing soil moisture with water sensors.

A trellis system was installed and
bamboo poles were used to support
trees. Trees were topped at 71 cm (28
inches) from the ground after planting.
The central leader was bent in June
every year in a zig-zag pattern. Any
branch competing with the main leader
was removed. Lateral branches were
bent with strings and fastened to the
main trunk at about 55° angle from
vertical to induce flower bud initiation.

Zinc-50 [a Zn—zinc-containing
compound with 50% Zn] was sprayed
in the late dormant season (late March)
every year at a concentration of about
3.1 g·L–1 (0.41 oz/gal) to runoff. Other
cultural practices in this experimental
orchard were similar to those used in
commercial apple orchards.

Since the soil was low in N, 48 g
(1.7 oz) of actual N per tree (as urea)
was applied to all trees in a 0.6 m (2 ft)
radius around the trunk on 10 July
1991 (about 3 months after planting).
Experimental N treatments started in
1992. Five quantities of N as urea
(46% actual N) were applied to the
ground at the base of each tree in a
circle with radius of about 0.76 m (2.5
ft) (in 1992–93) and 0.91 m (3.0 ft)
(in 1994–98) from the trunk of the
trees. The experiment was arranged
according to a randomized-complete-
block split-split plot design with
rootstocks as main plots and five levels
of ground applied N as subplots, and
two times of application (spring or fall)
as subsub plots with four two-tree
plots per replication (block) with four
replications (blocks). Therefore, a to-
tal of eight trees per treatment for the
smallest experimental unit were used.
For spring applications, each level of
the five quantities of N was split in half.
One half was applied at full bloom and
the second half was applied around 15
June. In 1992, 27.2, 77.1, 127.0,
176.9, or 226.8 g (0.96, 2.72, 4.48,
6.24, or 8 oz) actual N per tree in each
year was applied. In 1993 through
1998, 31.8, 99.8, 167.8, 235.9, or
303.9 g (1.12, 3.52, 5.92, 8.32, or
10.72 oz) of actual N per tree per year
was applied. For fall application, all N
was applied in early October of each
year. Trees were watered after spring
and fall applications.

Thirty-four fruit from each tree
were picked randomly at the commer-
cial harvest time (between 17 and 20
Oct.) in 1993 through 1998. Fruit
were weighed, placed in perforated
polyethylene bags and tested for vari-
ous quality attributes at harvest. Fruit
color was rated visually at harvest and
after storage on a scale of 1 = 20% of
fruit surface area pinkish-red progres-
sively to 5 = 100% of fruit surface area
pinkish-red. Fruit firmness was mea-
sured on three peeled sides of each
fruit by a penetrometer (Facchini,
Alfonsine, Italy). These fruits then were
cut equatorially. One wedge from the
calyx-end half of every fruit was juiced,
and the soluble solids concentration
(SSC) was measured by placing three
to four drops of juice on a hand held,
temperature-compensated refractome-
ter (Atago N1, Tokyo, Japan). The
stem-end half of the fruit at harvest was
dipped iodine solution and the starch
degradation pattern (SDP) for each
fruit was recorded by comparison with
the SDP standard chart developed for
apple by Bartram et al. (1993). Using
this procedure, we considered very
immature fruit to have SDP of 1.2 and
very mature fruit to have SDP of 6.0.

Thirty leaves per tree were sampled
randomly from the middle of the cur-
rent-season’s shoot in mid-August
1992 through 1998. Leaves were
washed in a mild Liqui-nox detergent
solution (Alconox Inc., New York),
rinsed with distilled water, and dried in
a forced-air oven at 65 oC (149 oF).
Leaves were weighed before and after
drying, and percent dry weight was
calculated. Dried leaf tissue was ground
to pass a 40-mesh screen, and analyzed
for N by the micro-Kjeldahl method
(Schuman et al., 1973) and for K, Ca,
Mg, Fe, Zn, Mn, and Cu by dry ashing
at 500 oC (932 oF), digestion, and
atomic absorption spectrophotometer
(Perkin-Elmer B1100, Norwalk,
Conn.) as described by Chaplin and
Dixon (1974) and Jones (1977).

Photosynthesis rates and transpi-
ration of current terminal shoot (CTS)
and spur leaves of the scion on M.9
and M.7 EMLA were measured in
mid-June, mid-July, and mid-August
1998, using a portable photosynthesis
system (LI-6200, LI-COR, Lincoln,
Nebr.).

Analyses of variance were con-
ducted by SAS (SAS Institute, Cary,
N.C.), and means were compared by
least significant difference (LSD) at 0.05.
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Only rootstock main effects are re-
ported in this paper.

RESULTS AND DISCUSSION. ‘Fuji’
trees on M.9 rootstock had the small-
est TCA, followed by those on M.26
EMLA and M.7 EMLA (Table 1).
Trees on M.9 were more precocious,
followed by those on M.26 EMLA and
M.7 EMLA. Trees on M.9 had a few
fruit in 1992 (data not shown). Trees
on both M.9 and M.26 EMLA had
small yields in 1993, while trees on
M.7 EMLA did not produce any fruit
(data not shown). Trees on M.9 or
M.26 EMLA had greater yield per tree
and yield efficiency in 1994 than those
on M.7 EMLA (Table 2). Precocity,
high yield efficiency, and smaller size
of trees on M.9 rootstock is in agree-
ment with previous reports on ‘Fuji’
(Tsuchiya et al., 1974) and on ‘Rogers
Red McIntosh’ and ‘Macspur’ (Autio
and Southwick, 1993). These desir-

able characteristics make M.9 a popu-
lar rootstock for high-density planting
systems. However, trees on this root-
stock are prone to rodent damage and
adverse environmental conditions.
Yield in trees on all rootstocks were
similar in 1995 (Table 2). From 1996
on, trees on M.7 EMLA had greater
yield per tree than those on M.9 and
M.26 EMLA (Table 2). Also, trees on
M.9 have less foliage, leading to sig-
nificantly more sunburn on fruit than
other rootstocks, particularly in 1994
when temperatures exceeded 38 oC
(100.4 oF) during several days in sum-
mer (data not shown).

Trees on M.7 EMLA often had
larger fruit with less color than those
on M.9 and M.26 EMLA, although
differences were not always statistically
significant (Table 2). Fruits from trees
on M.26 EMLA rootstock with 99.8 g
actual N per tree often had a color

rating of less than 3 in 1994 through
1996. This suggests that 99.8 g N per
tree is excessive for ‘Fuji’ on M.26
EMLA (data not shown). Fruit from
trees on M.7 EMLA always had lower
SDP at harvest than those on other
rootstocks (Table 2). Firmness of fruit
from trees on M.9 and M.7 EMLA was
similar during 1994, 1995 and 1996;
however, fruit from trees on M.7
EMLA had significantly lower firm-
ness than those on M.9 in 1997 and
1998. Fruit from trees on M.26 EMLA
had lower SSC than those on M.9
rootstock 3 out of 5 years (Table 2).

Leaf percent dry weight was not
affected by rootstock (data not shown).
No consistent trend was found in leaf
N between trees on different rootstocks
(Table 3). Trees on M.26 EMLA al-
ways had greater leaf Mg than those on
other rootstocks (Table 3), which is in
agreement with previous observations
(Fallahi et al., 1984, 1993b, 1998;
Fallahi and Mohan, 2000; Rom et al.,
1991). Trees on M.7 EMLA often had
lower leaf Mn than those on other
rootstocks (Table 3).

Trees on M.7 EMLA often had
greater leaf K than those on other
rootstocks between 1993 through
1996 (Table 3). Higher leaf K in trees
on M.7 EMLA could be due to the
lower production of these trees in the
early years of the experiment. When

Table 2. The effect of ‘Malling 9 NAKBAT337’ (M.9), ‘East Malling-Long Ashton 26’ (M.26 EMLA), and ‘East Malling-Long
Ashton 7’ (M.7 EMLA) rootstocks on yield efficiency, yield, and fruit quality at harvest time in ‘BC-2 Fuji’ apple over several years.z

Yield efficiency
(kg·cm–2)y Yield (kg/tree)y Fruit wt (g)y

Rootstock 1994 1994 1995 1996 1997 1998 1994 1995 1996 1997 1998

M.9 0.61 a 9.3 a 2.0 a 40.8 b 7.1 b 45.8 c 268.3 b 231.2 a 201.8 c 278.2 a 193.0 c
M.26 EMLA 0.56 a 11.4 a 1.3 a 51.2 a 8.7 b 59.8 b 281.4 b 232.1 a 211.3 b 300.3 a 199.8 b
M.7 EMLA 0.26 b 6.2 b 1.9 a 44.0 ab 25.3 a 70.3 a 304.2 a 242.0 a 235.2 a 290.2 a 212.2 a

Color (1–5)x Firmness (N)y

1994 1995 1996 1997 1998 1994 1995 1996 1997 1998

M.9 3.05 a 3.98 a 3.02 ab 3.67 a 2.87 a 78.8 a 88.7 a 76.2 a 77.7 a 73.8 a
M.26 EMLA 2.88 a 3.88 a 2.66 b 3.43 a 2.83 a 78.2 a 83.5 b 74.9 a 77.2 a 73.5 ab
M.7 EMLA 2.79 a 3.61 b 3.05 a 3.08 b 2.82 a 79.9 a 89.4 a 74.3 a 72.9 b 71.6 b

Soluble solids (%) Starch degradation pattern (SDP)w

1994 1995 1996 1997 1998 1994 1995 1996 1997 1998

M.9 15.1 a 16.3 a 14.3 b 16.1 a 14.3 b 4.26 a 3.70 a 5.57 a 4.38 a 5.66 a
M.26 EMLA 14.5 b 15.5 b 13.9 b 15.3 b 14.2 b 3.85 a 3.43 a 5.16 b 4.32 a 5.35 b
M.7 EMLA 15.4 a 15.9 ab 15.2 a 14.7 c 14.6 a 3.12 b 2.97 b 4.41 c 3.76 b 4.92 c
zMean separated with columns by LSD at 0.05.
y1.00 cm2 = 0.155 inch2

1.00 kg·cm–2 = 14.223 lb/inch 2 ; 1.0 kg = 2.2 lb; 100.0 g = 3.53 oz; 1.0 N = 0.225 lb force.
xColor rating: 1 = green progressively to 5 = uniformly red.
wSDP: least SDP = 1.2; highest SDP = 6.0.

Table 1. The effect of ‘Malling 9 NAKBAT337’ (M.9), ‘East Malling-Long Ashton
26’ (M.26 EMLA), and ‘East Malling-Long Ashton 7’ (M.7 EMLA) rootstocks on
tree growth in ‘BC-2 Fuji’ apple over several years.z

Trunk cross-sectional area (cm2)y

Rootstock 1992 1993 1994 Difference 1994–92

M.9 2.85 c 5.85 c 14.78 c 12.00 c
M.26 EMLA 3.20 b 6.92 b 19.69 b 16.79 b
M.7 EMLA 3.71 a 8.35 c 24.22 a 20.51 a
zMean separated with columns by LSD at 0.05.
y1.00 cm2 = 0.155 inch2.
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trees do not produce to their full ca-
pacity, less K is partitioned or translo-
cated into the fruits, resulting in greater
leaf K. This situation changed in 1997
when trees on M.7 EMLA rootstock
gradually reached their full produc-
tion (Tables 2 and 3). Lower crop
loads have also been shown to increase
leaf K due to a decreased demand by
fruit in ‘Delicious’ apple trees (Fallahi
and Simons, 1993a, 1993b).

We found considerable year-to-
year variations in ‘Fuji’ leaf minerals on
a given rootstock due to crop load
effects. The higher concentration of
leaf K in the trees on M.7 EMLA trees,
as discussed earlier, is a good example
for year-to-year variation of leaf min-
erals as a result of crop load changes.
Several researchers have found year-
to-year variation in the mineral com-
positions of apple leaves (Eaton and
Robinson, 1977; Kennedy et al.,
1980). Kennedy et al. (1980) noted
that year-to-year differences in leaf N
and P concentrations were greater than
the rootstock differences, whereas sig-
nificant influences of rootstocks were
seen for leaf K, Mg, and Ca. Whitfield

(1963) suggested that fertilizer re-
quirements vary due to season and
rootstock. Rom et al. (1991), studied
concentrations of leaf minerals of
‘Starkspur Supreme Delicious’ apple
as influenced by rootstock, location,
and year-to-year variations over sev-
eral growing seasons. They found that
effects of rootstock on scion leaf min-
erals were small. However, under low
soil pH conditions of Arkansas, trees
on M.27 EMLA and MAC.9 showed
high Mn and expressed Mn toxicity. In
that study, rootstock was a significant
source of variation for leaf K, Ca, and
Mg, but not N. Soil variability caused
significant differences in N, K, and Mg
and accounted for 63% and 43% of
variation in leaf N and Mg, respec-
tively. Rom et al. (1991) also reported
that year-to-year variation was an im-
portant source of variation for leaf N,
K, Ca, and Mg, and accounted for the
greatest variation of K (44%) and Ca
(51%).

Net photosynthesis of CTS leaves
between June and August in 1998
decreased as the growing season pro-
gressed (Table 4). Trees on M.9 al-

ways had higher carbon dioxide as-
similation (photosynthesis) and tran-
spiration during the 1998 growing
season. These differences could be due
to the smaller canopy size of trees on
M.9, therefore, allowing more light
penetration through the canopy.

The challenge for the future is to
define nutrient levels as they are influ-
enced by crop load. This process is
extremely important in interpretation
of leaf analyses for the commercial
apple grower.
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