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INTRODUCTION

The desire to regulate excessive vegetative
(shoot) growth and maintain asmaller decidu-
ous fruit tree is not new (Hugard, 1980;
Walker, 1980). Ancient gardeners and mod-
ern fruit growers have used scoring and gir-
dling, dwarfing rootstocks, pruning, and/or limb
positioning techniques to reduce or regulate
growth.

The need to regulate growth is based on sev-
eral factors. Of significance is the relation-
ship between growth and fruiting. Excessive
vegetative growth reduces flowering and ul-
timately fruiting (Forshey and Elfving, 1989;
Luckwill, 1970). While a certain amount of
growth is necessary to maintain vigor and a
healthy fruiting mantle (bearing canopy) with
an adequate leaf surface, the ultimate goa of
thefruit grower isto producefruit, not leaves
and wood. The moveto higher density, more
efficient orchard systems has also been an
important factor in the transition to smaller
trees and a need to regulate growth. The
desire by today’s orchardist to obtain early
cropping and to reduce labor inputs necessi-
tatessmaller trees planted in high-density sys-
tems.

In the early life of an orchard, growth is de-
sirablein order tofill thetree'sallotted space
and to providefor an adequate support frame-
work for later fruit production. Modern high-
density orchards, however, are designed to
move quickly from the juvenile vegetative
phase to a reproductive or fruiting phase
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(Luckwill, 1970). Thissituation often presents
a problem. How does the tree fruit grower
reduce vegetative growth without adversely
impacting the vigor and productivity of the
tree? In the bearing orchard, excessive
growth often leads to: overcrowding and re-
duced light penetration into the canopy, aneed
for additiona pruning, poorer fruit quality, and
increased pest problems. Theseproblemsare
accentuated in a high-density orchard where
treesare closely spaced. Inaddition, thereis
often a greater need for vegetative growth
control as trees age.

Thevolume of literature dealing with growth
control and the factors that regulate growth
in fruit trees is quite large and well beyond
the scope of this review. Recent reviews
havefocused on chemical methods of growth
control (Martin, 1979; Miller, 1988; Quinlan,
1982; Williams, 1984). The current review
will briefly examine each of the variousways
in which growth may be regulated thereby
providing the reader with a broader under-
standing of the techniquesfor growth regula-
tion in deciduous tree fruits. In this review,
thediscussion of chemical growth control will
emphasizework sincethelast comprehensive
reviews(Davisand Curry, 1991; Miller, 1988).
This is not an exhaustive discussion on the
physiology of growth regulation, but through
references, the intent isto provide the reader
with sufficient resourcesfor additional infor-
mation in this area of growth control.
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Vegetative growth may be regulated geneti-
cally, environmentally, or by variouscultural
techniques. Thisreview will emphasize cul-
tural techniques that can be used to control
vegetative growth with only a brief discus-
sion of the genetic and environmental factors
regulating growth. For the purposes of this
review growth is characterized as extension
shoot growth, trunk cross sectional area
[which is strongly correlated with tree size
(Barden and Marini, 2001; Layneet al., 1976;
Westwood and Roberts, 1970), or tree vol-
ume based on canopy height and width. Re-
search with apple[Malus sylvestris(L.) Mill.
Var. domestical (Burkh.) Mansf.], peach
[Prunus persica (L.) Batsch.], pear (Pyrus
communis L.), and cherry (Prunus avium L.
and P. cerasus L.) will be emphasized to il-
lustrate the methods by which growthisregu-
lated in deciduousfruit crops.

Genetic control of growth and tree size

Within a population of hybridized fruit trees
of the same species a broad range of growth
habits exists, resulting in trees of various
shapes and sizes (Schmidt and Gruppe, 1988).
Treesare characterized asdwarf, semi-dwarf,
or compact (also called spurred) depending
on their size relative to a standard wild type
or representative size tree. Natural or
planned hybridization hasresulted in trees of
reduced stature and growth in al the com-
mercially important deciduoustreefruit crops
(Frecon, 1981; Scorza, 1988; Tukey, 1964).
Genetic control of fruit tree growth may oc-
cur inthescion, therootstock, or theinterstock
of grafted trees. Faust (1989) identified four
genetic characters that determine tree size:
internode length, branch angle, thelocation of
branching (basitonic, acrotonic, etc.), and the
rate of shoot growth or vigor of the tree.
Shortened internodes are often the primary
characteristic associated with dwarfed trees
(Scorza, 1984; Westwood and Zielinski, 1966),

PGRSA Quarterly

but not al dwarfed trees exhibit shortened
internodes and most fruit tree species exhibit
some or al of the other charactersidentified
by Faust among their progeny (Faust and
Zagaja, 1984). Quinlanand Tobutt (1990) pro-
vided a brief review of the efforts to geneti-
cally develop smaller treeswithimprovedtree
structure.

Early efforts to genetically manipulate fruit
tree size focused more on rootstocks than
selecting scion cultivars with reduced vigor
(Trajkovski, 1986). In recent years plant
breeders have shown interest in scion vigor
and have selected trees with reduced shoot
growth and a more compact growth habit
(Frecon, 1981; Janick and Moore, 1996;
Scorza, 1984, 1987; Trajkovski, 1986). A natu-
ral mutation (bud sport) with spur character
wasfirst recognized in applein 1921 in Omak,
Washington, but the fruit was not exception-
aly attractive and the strain was not widely
planted (Fisher and Ketchie, 1981; Maas,
1970). A large number of apple spur mutants
were discovered beginning in the 1950's, the
most notablebeing the* Starkrimson Delicious
(Maas, 1970). These spur-type trees are
about two-thirds the size of the standard par-
ent tree, had a large number of spur shoots
and alimited number of lateral shoots or ex-
tension growth. Natural mutations have re-
sultedin anumber of commercially important
spur-type apple selections with reduced tree
size among severa apple cultivars since the
late 1950's, most commonly in ‘Delicious’,
‘Golden Délicious’, ‘Mcintosh’, and * Rome’
(Fisher, 1969; Oberle, 1965), but also in other
cultivars (Kilpatrick, 1964).

Natural mutations and efforts by plant breed-
ers with peach, pear, cherry, apricot (Prunus
armeniaca L.), and plum (Prunus
domestica) have resulted in a number of ge-
netic dwarfs (Fideghelli et al., 1984; Frecon,
1981), but these species have enjoyed less

9



commercial successthan apple, especially in
the U.S. The ‘Com-Pact Redhaven’ peach
isan exception asamutation that hasachieved
some commercial success (Van Well, 1974),
althoughit, likemany other dwarfed treefruits,
has found greater popularity in the home or
ornamental garden. Many of thesefirst gen-
eration dwarfed trees are now being used as
parents to produce dwarfed progeny with
improved attributes such asfruit quality, cold
hardiness, and pest resistance that were lack-
ing in the parents (Janick and Moore, 1996;
Trajkovski, 1986). Peach and cherry breed-
ershave made a special effort in recent years
to develop tree growth habits with reduced
stature adapted to high density planting sys-
tems (Bassi and Rizzo, 2000; Brown et al.,
1996; Fideghelli et al., 1984; Scorza, 1988;
Scorzaet al., 2000; Trajkovski, 1986). Scorza
(1988) identified six distinct peach growth
habits with reduced tree size. Among these
types, pillar (columnar) and upright (standard
x pillar) form trees appear to have the great-
est potential for adapting to high-density
plantings (Scorza et al., 2000). Spur-type
trees, asameans of growth control, continue
to command attention among breeders, espe-
cialy in peach (Scorza, 1987; Scorza et dl.,
2000).

Genetic manipulation to develop tree fruit
cultivars with reduced stature continues to
show great promise as a means toward effi-
cient high-density plantings. Thedevelopment
of high quality, pest resistant fruiting material
could lead to significant advancesin fruit pro-
duction that have not been achieved with
rootstocksfor many of the deciduousfruit tree
species. While rootstocks continue to pro-
vide the mgjor source of tree size control for
apple, additional effortsto develop scion cul-
tivarswith natural growth control could also
have significant impact in commercia fruit
production.
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Environmental control of growth
and tree size

Environmental factors (light, temperature,
moisture, etc.) regulate plant metabolic pro-
cesses and thus impact virtually all aspects
of plant growth and development. In gen-
eral, manipulating these factorsis not practi-
cal asamethod for controlling growth in fruit
trees. Theuseof deficitirrigationinarid cli-
mates is an exception that will be discussed
in moredetail later in thisreview.

Light quantity and quality has a significant
effect on the growth of fruit trees. Under
natural conditions, light intensity intherange
1500to0 2100 pmol -sec*- m2isgenerally con-
sidered adeguate for good shoot growth and
tree vigor. High light intensity, such as that
which occursin apineregions, reduces shoot
growth (Tukey, 1964; Warringtonet a., 1976).
Studies with apple or peach have generally
shown either no effect (Baraldi et a., 1998;
Barden, 1974; Kappel and Flore, 1983) or a
reduction in shoot length (Barden, 1977; Jack-
son and Palmer, 1977; Maggs, 1960) when
trees were shaded. But some studies with
apple have reported an increase in extension
growth when subjected to continuous shade
(Auchter et al., 1926; Miller, 2001; Moran,
1991). A combination of blue + far red light,
using colored filters, reduced shoot growth
(Baraldi et al., 1998; Erez and Kadman-
Zahavi, 1972) in peach.

The effect of temperature on shoot growth is
more complex than that of light (Rom, 1996),
primarily because of itsinteraction with other
environmental factorsand itsrolein regulat-
ing the metabolic processes (Flore, 1994;
Lakso, 1994). Fruittrees, likeal plants, have
an optimum temperature range for shoot
growth. When temperatures are above or
bel ow the optimum range, growthisrestricted
(Lakso, 1994). A tree growing in acool cli-
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matewill generally haveless extension shoot
growth than the sametree grown in awarmer
climate, al elsebeing equal (Unrath, 1999).

Horticultural practices that reduce
shoot growth and tree size

Cultural techniques (such asrootstocks, prun-
ing, scoring, etc.) havelong been used to regu-
late growth and tree size. Pruning, whichis
universally adopted, isused to rapidly reduce
tree size. Management of edaphic resource
inputs with irrigation and/or fertilization or
resource removal (such as deficit irrigation)
with regulated competition are techniquesto
control tree size. In many instances these
techniques are the most expedient, economi-
cal, and practical means availableto the fruit
grower to regulate growth. Most techniques
alter the tre€’s physiology and hormone pro-
ductionresulting in growth suppression or in-
hibition and possibly changes in tree archi-
tecture. Horticulturally imposed growth con-
trol techniques and genetic dwarfing are usu-
aly additive effects (Faust, 1989).

Site Selection: Although site selection may
be beyond the control of the grower, site can
have a significant effect on tree growth and
site should be chosen with care (Autio et .,
2001; Konishi and Barritt, 1999; Parry, 1977).
Site factors that affect growth and tree size
areclimate and soil. Treesgrowing on asite
subject to spring frost may have greater vigor
because of frequent crop losses (Barden,
1999) since resources are focused on shoot
growth rather than fruit growth. Siteswitha
limited shallow or shaley, gravelly soil (A-ho-
rizon) with poor water-holding capacity have
restricted root growth and thuslesstop growth
(Autio et al., 1990; Rogers, 1946). In the
eastern U.S. the effect of site is often quite
evident in large orchards where tree rows
crossridgesor through areaswith significant
rock formationsthat limit soil depth and wa-
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ter holding capacity. On such sites, tree size
and extension shoot growth can vary signifi-
cantly withinarow of treesof the same' stion’
(arootstock-scion combination). Treesgrown
in the fruit growing districts of Australiaand
South Africahave shallow and/or heavy clay
soilsresultinginless shoot growth and smaller
treescompared to treesplanted in regionswith
deep, well-drained loam sails.

Rootstocks and interstems. The knowledge

that certain rootstocks when grafted to a de-
sirablecultivar produce atree of reduced size
and vigor is centuries old. However, it has
only been in the last 50 to 75 years that the
commercial fruit industry has taken wide-
spread advantage of this characteristic. While
clonal rootstocks provide many benefits not
found in seedling roots, one of their primary
attributesisthe ability to control tree size al-
lowing for high density planting schemes.
Faust (1989) concluded that rootstocks con-
trol tree sizethrough adirect effect on growth
and indirectly through enhanced crop load.
The effect of crop load on shoot growth will
be discussed | ater.

Theliterature onfruit treerootstocks and their
effect on tree performance is extensive and
beyond the scope of this review. Readers
are referred to the NC-140 (1991, 19963, b)
regional project publications, Autio et al.
(2001), Perry et al. (1996), Reighard (1997),
Rom and Carlson (1987), Tukey (1964),
Webster et a. (2000a), and Zeiger and Tukey
(1960) for more background and general in-
formation regarding the use and performance
of rootstocks for deciduous tree fruits.

Size-controlling rootstocks are more common
in apple culturethan any other deciduoustree
fruit production. Clonal applerootstocks pro-
duce a range of tree sizes from larger than
seedling [e.g., ‘Malling 25' (M.25)] to 15to
20% the size of trees on seedling root [e.g.,
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M.27 or Polish 22 (P22)] (Barritt et al., 1997,
Ferree and Carlson, 1987; NC-140, 1996b).
Therdativesizerelationship for agiven apple
cultivar over arange of rootstocks is gener-
aly consistent from one growing region to
another. Thus, ‘Mclntosh’ on M.26 can be
expected to produce a smaller tree than
‘Mcintosh’ on M.7A over a wide range of
planting sites (Autio et al., 1990; NC-140,
1991). The rootstock effect on tree size is
generally discernible in the early life of the
tree, but not aways (Falahi and Mohan, 2000).
However, the dwarfing effect on shoot ex-
tension growth may be less evident, particu-
larly inthefirst two or three growing seasons
(Tukey and Brase, 1941). Asthe tree ages,
the effect of the more dwarfing rootstock can
be seen as reduced shoot (Hirst and Ferree,
1996; NC-140, 1996a) or trunk (Fallahi and
Mohan, 2000) growth compared to the same
cutivar on a more vigorous rootstock. It is
suggested that cropping may be associated
with the onset of reduced growth (Avery,
1970; Barlow, 1966; Layneet a., 1976).

Whilearange of size controlling rootstocksis
available for pear and stone fruits (peach,
cherry, plum, etc.), dwarfing rootstocks for
these species have proven less successful
commercially than for apple (Rom and
Carlson, 1987). Pear treesmay rangein size
from 5to 130% of astandard treewhere size-
controlling rootstocks are used. The most
common dwarfing rootstocks for pear in the
U.S. arethe‘Old Home' x ‘ Farmingdale’ and
guince (Cydonia oblonga L.) selections that
result in trees about 50 to 70% of a standard
size pear tree (Lombard and Westwood,
1987).

Rootstocks, as a means of growth and size
reduction in peach, have been inconsistent
and, for themost part, unsuccessful (Reighard,
1997). Inherent scion vigor may be as much
or more responsible for the dwarfing effect
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as the rootstock (Layne et a., 1976). Size
control up to 50% has been noted (Layne,
1987) with stocks such as P. tomentosa and
P. besseyi (Rom, 1983). Layneet a. (1976)
reported significant reduction in trunk cross
sectional areaamong three peach cultivarsin
the 6", 7™, and 8" season with ‘Siberian C’
rootstock. In contrast, later studies with the
‘Redhaven’ scion showed little or no differ-
ence in trunk size induced by ‘Siberian C'
compared with morevigorous rootstocks such
as ‘Halford’, Lovell’, or ‘Bailey’ (Layne,
1994). In thisstudy, ‘ Citation’ and ‘* St. Julien
GF 655.2" induced morethan a50% decrease
in trunk area compared to the more vigorous
stocks.

Clonal rootstocks have recently been devel-
oped for cherries that show considerable
promise for controlling tree sizein commer-
cial orchard plantings (Choi and Andersen,
2001; Perry et a., 1996). Rootstocksderived
from interspecific hybrids of Prunus in
Gembloux, Belgium (the GM series) and
Giessen, Germany (the Gl series) have pro-
duced cherry trees 20% or less than the size
of trees on the standard ‘Mahaleb’ or
‘Mazzard' rootstocks(Perry et d., 1996). The
most promising dwarfing cherry rootstocks
produce trees between 20 and 50% of a stan-
dard size tree.

Rootstocks can impose a dwarfing effect by
grafting the stock and scion together, but other
methods are also effective. One approach is
to graft a piece of bark (phloem) tissue from
adwarfing stock onto the scion (Lockard and
Schneider, 1981). Grafting apiece of dwarf-
ing stock (an interstem or interstock) between
the scion cultivar and a more vigorous root-
stock will also reduce scion vigor in several
fruit tree species (Ferree, 1992a; Perry, 1987,
Reighard, 1998) and has been used commer-
cially in apple (Ferree and Carlson, 1987) to
produce “interstem” trees (e.g., an MM.111/
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M.9tree). Thelength of theinterstem influ-
ences the degree of vigor control; the longer
the stem piece the more the scion isdwarfed.
An appletree using an M.9 interstem will be
dightly larger than the sametree growing di-
rectly onan M.9rootstock (Ferree and Bishop,
1988). In addition, if the full length of the
interstem is exposed above the ground when
planted, the resulting tree will be dlightly
smaller than if the union between the
interstem and the rootstock is buried below
ground level. Bridge grafting severa apple
cultivars on vigorous rootstocks (MM. 106,
M793, or ‘Northern Spy’) using M.9 shoots
has also been shown to reduce shoot growth
up to 20% (Samad et al., 1999). The height
of budding can also affect scion vigor with
higher budding on the rootstock resulting in
more dwarfing (Perry, 1987; Van Oosten,
1978).

Pruning and root restriction: It iswell es-
tablished that, when aportion of thefruit tree
is removed by pruning, the resulting tree is
smaller. Pruning is a dwarfing process, but
growthisstimulated inthevicinity of the prun-
ing cut (Forshey et al., 1992; Geisler and
Ferree, 1984; Mika, 1986; Myers, 1990;
Talbert, 1940; Westwood, 1978). Pruning can
be used as dormant, summer, or root pruning.

Dormant pruning: Dormant pruning re-
duces trunk size (Alderman and Auchter,
1916; Elfving, 1990; Maggs, 1965) and canopy
volume (Alderman and Auchter, 1916; Ta bert,
1940; Mikaet d., 1983) comparedtothe same
tree that is not pruned. Generally speaking,
the more severe the pruning the greater isthe
dwarfing effect on trunk, branch and/or
canopy size (Barden et al., 1989; Miller and
Byers, 2000; Savage and Cowart, 1942).
Miller and Byers (2000) reported a 21% re-
duction in canopy volume when peach trees
were severely pruned compared to unpruned
trees or lightly pruned trees. The effect on
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canopy volume from asingle severe dormant
pruning lasted through the four years of their
study. Elfving (1990) also found asingle se-
vere pruning to affect tree size and yield for
morethan oneseasonin apple. Dormant hedg-
ing or shearing, whichisanon-selective head-
ing-back type pruning, has shown some suc-
cessin controlling tree size, but this practice
often resultsin a proliferation of shoots over
the periphery of the tree resulting in a very
dense canopy (Ferree and Lakso, 1979;
Forshey et al., 1992).

The response to dormant pruning cannot be
simply characterized in terms of reduced tree
size, however, since the total response de-
pends on a number of factors (Mika, 1986)
including thetype of pruning cut used. When
aheading cut isused to remove ashoot, the 2
or 3 budsimmediately below the pruning cut
areinvigorated. The growth of the new shoots
that are produced will generally be greater
than the growth of shoots on a similar
nonpruned branch (Elfving and Forshey, 1976),
but there are exceptions (Lord and Damon,
1983). Mean shoot length also increaseswith
the severity of pruning (Barden et al., 1989;
Elfving and Forshey, 1976; Jonkers, 1982).
Thus, to the casual observer the effect of
dormant pruning may seem to be stimulated
growth, but the total dry matter produced by
the pruned treeislessthan the nonpruned tree
(Myersand Saville, 1996). To avoid thislo-
calized, invigorating effect it isrecommended
that pruning consist primarily of thinning cuts
and that few heading cuts be used (Forshey
eta., 1992; Marini et al., 1993; Myers, 1990).
Thinning cuts that remove an entire shoot or
branch back to the point of origin accomplish
much of the same dwarfing effect without
stimulating adjacent budsinto vigorousgrowth.

Summer pruning: It has been suggested
(Hayden and Emerson, 1976; Mika, 1986;
Utermark, 1977) that summer pruningismore
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dwarfing than dormant pruning; however,
recent reviews (Marini and Barden, 1987,
Saure, 1987) indicate that much of the evi-
dence to support this claim is inconclusive.
Many factors influence the growth response
to summer pruning (Forshey et al., 1992;
Mika, 1986; Saure, 1987; Stembridge, 1979)
principally the type of cut used, the timing,
and severity (Miller, 1982; Walsh et d ., 1989).
Studies with apple (Alderman and Auchter,
1916; Ferree and Rhodus, 1993; Maggs 1965;
Myers and Ferree, 1983; Taylor and Ferree,
1984), peach (Leuty and Pree, 1980), cherry
(Flore, 1992; Kappel et al., 1997; Mika and
Piatkowski, 1989), and plum (Mika and
Piatkowski, 1989) report that summer pruned
trees are smaller than dormant pruned trees.
Marini (1985) reported that the effect on tree
szeinpeachvaried with cultivar. Miller (1982)
found that regrowth following summer prun-
ing of vigorous' Topred Delicious appletrees
depended on time of pruning after full bloom
(FB) and whether heading cutswere madein
current season wood or 1-year-old wood.
When pruning was delayed until 16-weeks
after FB, regrowth was significantly reduced
compared to 8-weeks after FB. Several stud-
ies have reported reduced shoot growth fol-
lowing summer pruning (Elfving and Cline,
1990; Mika, et al., 1983; Rom and Ferree,
1984; Taylor and Ferree, 1984), while others
have reported no effect (Ferree and Rhodus,
1993; Goldschmidt-Reischel, 1997) or in-
creased shoot growth (Greeneand Lord, 1983;
Taylor and Ferree, 1984). Marini and Barden
(1982) summer pruned one- and two-year old
‘Delicious’ apple trees and found trunk
growth, shoot growth, and root growth were
reduced. However, intheyear following treat-
ment, growth of summer-pruned trees was
similar to comparably dormant-pruned trees.
Later, Barden et al. (1989) reported the
growth response to summer pruning in Au-
gust was very similar to dormant pruning in
February. Elfving and Cline (1990) reported
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summer pruning reduced shoot length on vig-
orous ‘Northern Spy’ applesin 4 of 5 years
applied and reduced dormant pruning timein
all fiveyears, but summer pruning did not re-
place the need for dormant pruning. Because
there were no benefits on yield, they con-
cluded that summer pruning was ineffective
for controlling vegetative growth. The gen-
eral conclusion drawn by those who havere-
viewed summer pruning (Gardner et a., 1952;
Marini and Barden, 1987; Saure, 1987) isthat
summer pruning isno more dwarfing or devi-
talizing than dormant pruning. Recent stud-
ies (Elfving and Cline, 1990; Goldschmidt-
Reischel, 1997; Guimond et al., 1998; K appel
and Bouthillier, 1995; Kikuchi et al., 1989)
provide no compelling evidence to alter this
conclusion.

Root pruning and root restriction: Limiting
the uptake of resources has been achieved
by manipulating root systems of fruit trees.
Two approachesinclude pruning and restrict-
ing soil volume of root systems. Thesetech-
niques can significantly disrupt a peach tree
root system in which 50 to 60% of the roots
areinthetop 30 cm of soil and 90% areinthe
upper 60 cm of soil (Havis, 1938). Inapple,
79% of all roots have been found in the upper
30 cm of soil (Susa, 1938). Physical reduc-
tion of root growth should decrease resource
uptake or create a plant growth substance
(PGS) (plant hormone) imbal ance which can
adversely affect shoot growth. A simpleallo-
metric change could reduce shoot growth until
amore favorable root-to-shoot ratio is estab-
lished and shoot growth isno longer inhibited.
Pruning and restriction of fruit tree root sys-
tems has been successful with someresearch-
ers but less efficacious with others.

Pruning rootsof young and mature appletrees
reduced shoot growth and thus controlled tree
size (Ferree, 1989, Schupp and Ferree, 1988).
Root pruning at 80 cm from the trunk each
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year for nine years, reduced the number of
appletreeroots, particularly inthetop 30 cm
of soil (Ferree, 1994b). In 15-year-old apple
trees, this method of root pruning reduced
trunk cross-sectional area (TCSA) and shoot
length without reducing fruit yield (Schupp and
Ferree, 1988). A later study indicated that
yield, aswell as TCSA, was reduced by root
pruningin‘ Golden Ddlicious appletreesthat
were grown on different rootstocks and
interstems (Ferree and Knee, 1997). Root
pruning reduced shoot growth and fruit load
in ‘Empire’ and ‘Mclntosh’ apple trees
(Elfving et a., 1996). Timing wasimportant
and root pruning in the dormant season or at
full bloom was more effective in reducing
shoot elongation than at June drop (Schupp
and Ferree, 1987). Similar results were ob-
tained with peach whereroot pruning in April
was more effective for reducing shoot €l on-
gation than root pruning in June (Santos et
al., 1991).

In apple trees, root pruning was more effec-
tivein reducing shoot growth when treeswere
cropping (Schupp et a., 1992). Fruit pres-
ence was critical as it appeared to reduce
carbon allocation to roots and extended the
timein which the root-shoot balance was up-
set. However, root pruning has not proven
consistent for shoot growth control (Miller,
1995) when most needed under low cropping,
high vigor trees. 1t may well be that the size
and depth of fruit tree root systems are so
widely distributed and soil resources are het-
erogeneously dispersed that removing a por-
tion of aroot system cannot provide predict-
able, reliable effects on shoot growth. Re-
duced fruit size and yield associated with root
pruning may limit its use as aremedy where
shoot growth requires extreme corrective
control (Ferree and Knee, 1997).

Despite the growth inhibition effects, root
pruning may not be economical to manage
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tree size for high density plantings as an al-
ternative to simply planting apple trees at an
appropriate spacing (Ferree and Rhodus,
1993). Oneproblem isthat abundant rainfall
can negate the potentially inhibitory effects
of root pruning (Ferree, 1992b). Root prun-
ing had no effect on vegetative growth of
peach trees, as measured by pruning weights
(Glennand Miller, 1995).

Interactive effects of root pruning and other
proceduresto inhibit growth have been stud-
ied. Miller (1995) found that effects of root
pruning and trunk scoring were inconsistent
on fertile soilsthat received trickleirrigation.
Neither technique was recommended to man-
age growth of apple trees. Baugher et al.
(1995) found that the combination of root
pruning and grass competition reduced
growth of apple trees, but results were in-
consistent between years.

Physical restriction of roots has been used to
regulate shoot growth of fruit trees.
Williamson and Coston (1990) dwarfed peach
trees by planting them at high density in fab-
ric-lined trenches. The root restriction in-
creased yield efficiency, but size of individual
peaches was smaller. The physical barrier
of a fabric-lined trench was later shown to
reduce peach shoot growth more than grass
competition with narrow herbicide-treated
strips (Williamson et al., 1992). Root restric-
tion may have caused a nutrient deficiency
or disrupted PGS production in young peach
tree cuttings, which reduced stem elongation
(Rieger and Marra, 1994). Myers (1992) re-
duced canopy growth of peach and apple
treesby restricting root volumein three-year-
old trees. Redtricting root volume of young
peach trees reduced production of second-
ary lateral branches without inducing water
stress(Boland et al., 1994). Ran et al. (1994)
suggested that physical restriction of rootsin
peach trees may reduce N uptake and the
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subsequent synthesis of root-produced PGSs.
These experiments were conducted with
young trees that were root restricted from
the time of planting. Little (or no) informa-
tionisavailable regarding long-term effects
of root restriction on fruit tree growth and
yield, however, some observations suggest
these techniques impose a substantial bar-
rier to any roots beyond the fabric.

Indirect root restriction (i.e. without physical
barriers) has been obtained by irrigation or
fertigation to parts of afruit treeroot system
(Bravdo et al., 1992). In this experiment,
roots proliferated in the wet but not the dry
soil so that portions of the root system were
“restricted” toalimited volumesimilar tolim-
iting roots with a physical barrier. Shoot
growth of peach trees can be managed by
regul ating the mineral and water availability
to roots but the precision necessary for this
approach can be problematic and restricting
root systemswith aphysical barrier was pro-
posed as a viable aternative (Richards and
Rowe, 19773, b). Leaf stomatal conduc-
tance and leaf water potentials could not ex-
plain reduced shoot growth in root-restricted
apple trees (Webster et a., 2000b). It was
suggested by these authors (Richards and
Rowe, 19773, b; Webster et al., 2000b) that
limitation of root systemscould interferewith
production of PGSs and thusinfluence shoot
growth. Analternativeispartial root restric-
tion using fabric barrierswith larger holesizes
that limitsroot penetrationto small rootsand
girdling larger roots (Ross Byers, personal
communication).

The variability in fruit tree response to root
pruning and root restriction is likely due to
the imprecision of these techniques and to
heterogeneity of environment. Pruning depth
and distance from the tree trunk and the
length of the pruning cut will influence the
amount of root cut and, consequently, the
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impact on vegetative shoot growth. Edaphic
heterogeneity, such as patchy nutrient distri-
bution or uneven water availability will also
affect the distribution of roots prior to pruning
and the response of the tree following prun-
ing. Onemay concludethat root pruning and
root restriction can be used to modify fruit
tree vegetative growth but ssmple generaliza-
tions do not seem possible at thistime.

Branch orientation: Apical dominance, grav-
ity, and plant hormones play mgjor rolesinthe
growth response of shoots. Vertically oriented
branches on fruit trees are usually more vig-
orous (Elfving and Forshey, 1976; Myersand
Ferree, 1983) and less productive than
branches oriented in a more horizontal posi-
tion (Tromp, 1970). Bending or spreading
branches to a more horizontal position is an
old practice (Tukey, 1964) that has several
benefits including reduced terminal growth,
enhanced lateral growth and spur formation,
and increased flowering and fruiting (Forshey
etal., 1992). Whilebranch bending waslong
practiced by European fruit growers, its com-
mercial usein North Americawaslimited, and
even discouraged (Gardner, 1917), until the
early 1970swhen methodswere proposed and
promoted for training central leader (Heinicke,
1975) and related tree formsfor high-density
planting systems (Forshey et a., 1992).

Wareing and Nasr (1961) provided one of the
first detailed investigations on branch orien-
tation using apple, cherry, and plum. Their
studiesclearly demonstrated the effect on the
growth of the apical and lateral buds along
the shoot when vertical shoots are re-orient-
ing to the horizontal. In these studies, termi-
nal shoot growth wasreduced significantly and
growth of lateral buds was increased. Buds
on the upper side of horizontal shoots gener-
ally produced vigorous shoots while buds on
thelower side remained dormant or produced
short spurs. The authors suggested the ef-
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fectsresulted from the gravitational distribu-
tion of growth hormones. Later studies by
Mullins(1965) and Mullinsand Rogers (1971)
provided additional evidence and support to
the theory proposed by Wareing and Nasr
(1961) while studies by Kato and Ito (1962)
provided evidence for the role of auxins and
gibberellins. Ethylene, generated as a stress
response to bending, is aso involved in the
growth responseto limb bending (Rom, 1989).
Earlier studies on branch orientation gener-
ally compared only vertical and horizontal
shoots. When lateral branches on young
field-grown, central |eader apple trees were
bent to ahorizontal position, shoot growthwas
reduced, but growth of the leader was in-
creased and total growth was not different
from control trees where laterals were per-
mitted to grow at anatural angle (Mika, 1969);
inthisstudy, fruit budswere not increased by
bending. Elfving and Forshey (1976) reported
that bending shoots on vigorous ‘ Delicious
apple trees to a horizontal position reduced
shoot growth by about 80% compared to ver-
tical shoots. When the horizontal shootswere
headed by removing 2/3 of the previous
season’sgrowth, shoot length was significantly
less than both pruned and non-pruned verti-
cal shoots. Total shoot growth for horizontal
shoots was significantly less than upright
shoots regardless of pruning treatment.
Elfving and Forshey (1976) did not report the
effect of bending on flowering or fruiting.

Hamzakhey! et a. (1976) oriented shoots on
newly planted ‘ Oregon Spur Delicious' trees
at 30°, 60°, or 90° and found that shoot growth
was reduced proportional to the degree of
bending toward the horizontal. Total growth
of control trees (not spread or pruned and
average branch angle of 42° was 40% more
inthefirst season and 300% morein the sec-
ond season compared to all spreading treat-
ments. Trees with shoots trained to 90° had
the fewest number of spurs and the greatest
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number of vigorous watersprouts. Produc-
tion of vigorous shoots near the base of limbs
bent near or to 90° from vertical was observed
by Wareing and Nasr (1961) and has been
reported by others (Dann et al., 1990; Kaini
et al., 1984). Shoots trained at an angle of
30° the first season and 60° the second sea-
son had the greatest reduction in shoot growth
in the second season and the highest number
of flower clusters among all treatments.
Myersand Ferree (1983) tagged limbs grow-
ing between vertical and horizontal on vigor-
ous 5-year-old ‘Red Prince Delicious’ trees.
They found total length and number of shoots
was greater on vertical than horizontal limbs.
Myersand Ferree (1983) a so found that sum-
mer pruned (July) vertical limbs produced
more regrowth than horizontal limbs, whichis
similar to thefindings of Elfving and Forshey
(1976) with dormant pruning. Inthestudy by
Myers and Ferree (1983), vertical limbs had
more flowers than horizontal limbs, but fruit
set did not differ based on limb orientation.
Greeneand Lord (1978) spread limbson vig-
orous non-spur ‘ Delicious’ treesintwo years
resulting in reduced termina shoot growth and
increased blossom clusters, but fruit numbers
were not affected. They did not indicate the
angle to which limbs were spread. Ferree
(1994) reported that limb bending on young
* Smoothee Golden Delicious and ‘ Lawspur
Rome Beauty’ apple trees reduced shoot
growth dightly in the second season of bend-
ing but had no significant effect on tree size
(height, spread, and canopy volume) or yield
over four seasons.

Like many cultura practices, the responseto
branch spreading depends on a number of
factors including cultivar and growth habit,
timing, tree age, rootstock, and degree of
spreading (Myers and Savelle, 1996; Rom,
1989). Suggested training methodsfor many
of the current high-density apple systemsis
to reposition strong upright shoots bel ow the
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leader to near horizontal or even below the
horizontal to reducevigor and encouragefruit-
ing (Barritt, 1992; Forshey et al., 1992;
Oberhofer, 1990). Systems such as the Hy-
brid Tree Cone suggest bending the leader of
vigorous cultivars at a45° angle to the verti-
cal each year, in addition to spreading lateral
branches to 30° or less above horizontal, to
dow growth and encourage flowering (Barritt,
1992). Spur-type apple cultivars with a
basitonic (e.g., ‘Starkrimson Delicious’)
growth habit produce the best balance be-
tween growth and fruiting if limbs are spread
to 45°while natural spreading cultivars (e.g.,
‘Golden Delicious’) respond best to spread-
ing 60° or more from vertical (Forshey et al.,
1992). Stebbins(1980) recommends spread-
ing‘ Comice and ‘' Bosc’ pear, but not ‘ Bartlett’
and‘Anjou’. Spreadingisnow recommended
for high-density sweet cherry systemsto re-
ducegrowth (Long, 1999). Spreading or bend-
ing in peach has focused on inclined canopy
systems (Dann et al., 1990; DeJong et a.,
1992) rather than spreading of individual
branches to achieve growth control.

A radical form of branch orientation isloop-
ing (Byers and Carbaugh, 1987). Shoots or
the trunk of ayoung tree are bent to form a
looseloop or knot to restrict growth. McLean
(1940) inhibited terminal growthin 2-year-old
sweet cherry by looping thetrunk. Byersand
Carbaugh (1987) used various sized |loopson
‘Starking Fullred Delicious’ appletreesgrafted
to seedling roots and found reduced terminal
shoot length in each of five years of the study
compared to unlooped trees. A large loop
(17.0 cm diameter) suppressed terminal
growth more than asmall loop (8.5 cm diam-
eter) inthe second and third year of the study.
When they compared one largeloop (15 cm)
with one or two small loops (7.5 cm) on five
applecultivars, dl looping treatments reduced
terminal shoot growth measured annually over
four years. Dwarfing was most enhanced by
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two 7.5-cm loops > one 15-cm loop > one
7.5-cm loop > no loop for most cultivars.
Termina shoot growth of sweet cherry was
not affected by one 7.5-cm loop.

Scoring, girdling, and bark inversion:
Scoring is an ancient technique used prima-
rily to enhance fruiting, that can also reduce
shoot growth (Greeneand L ord, 1986; Tukey,
1964). A single knife cut through the bark
reaching to the xylem tissue (wood) that en-
circlesthetrunk or stemisthe process of scor-
ing atree. A severeform of scoringiscalled
girdling or ringing. With girdling, a piece or
“ring” of bark, usually about 2to 6 mmwide,
is removed around the trunk or stem. Most
studieson scoring or girdling havefocused on
apple, since appleisgeneraly responsive and
healing of the wound is more rapid than in
other tree fruits, thus avoiding disease prob-
lems. Scoring was correlated with winter in-
jury on ‘Gravenstein'apple in Nova Scotia
when cuts healed poorly (Embree and Crowe,
1985) and caution is urged in girdling peach
or plumwhen used toincreasefruit size (Day
and DeJong, 1999) because of potential dis-
easeand winter injury problems. Several tools
are availableto make girdling cuts of aspeci-
fied and uniform size; chainsaws have also
been employed to girdle large apple trees
(Hoying and Robinson, 1992). Scoring and
girdling, much like branch orientation or crop-
ping, affect assimilate partitioning and theflow
of nutrients and growth hormones that leads
to growth and fruiting responses (Cutting and
Lyne, 1993; Forshey and Elfving, 1989; Kato
and Ito, 1962). Scoring or girdling may pro-
duce responses in the year following treat-
ment, but Hennerty and Forshey (1971) indi-
cate the effects are not related to carbohy-
drate reserves (assimilate partitioning).

A number of studies have reported reduced
shoot (Batjer and Westwood, 1963; Cutting
and Lyne, 1993; Greeneand Lord, 1978, 1983;
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Miller, 1995; Veinbrants, 1972; Wilton, 1999)
and/or trunk (Autio and Greene, 1994; Batjer
and Westwood, 1963; Greeneand Lord, 1983;
Miller, 1995) growth when fruit trees are
scored or girdled. Thetechniqueisgenerally
considered most effectivefor controlling shoot
growth intheyear the procedureis performed
(Batjer and Westwood, 1963; Greene and
Lord, 1978), but it may also affect growth for
one or moreyearsafter thetreatment (Greene
and Lord, 1978, 1983; Hoying and Robinson,
1992). Veinbrants (1972) reduced final shoot
length by 25% when he scored * Granny Smith’
apple trees soon after bloom. If scoring was
delayed by 2 weeks, shoot growth was re-
duced by only 12% compared to control trees.
Wilton (1999) recently demonstrated a pro-
gressive lossin shoot growth control on ‘ Pa-
cific Rose' appletrees as scoring timing pro-
gressed from petal fal (PF) to 6.5 weeks af -
ter PF.

Greene and Lord (1978) trunk scored a dif-
ferent group of young ‘Richared Delicious
apple trees about 2 weeks after FB in each
of the three years from 1973 to 1975 and re-
duced terminal shoot growth by 51, 26, and
31% respectively. Trees scored in 1975 had
about 35% less shoot growth in 1976 com-
pared to controls. In a later study, Greene
and Lord (1983) scored 5-year-old * Cortland’
apple trees 19 days after FB one year and
reduced TCSA increase for the next 3 years
and terminal growth for two years. Girdling
mature‘ Macspur Mclntosh’ treeswithachain
saw reduced average shoot length by 18%
and shoot numbers by 20%. When reestab-
lishing the girdles for 2 more years, growth
control was similar to that achieved with a
single season’sgirdle (Hoying and Robinson,
1992). Ringing or scoring vigorous 15-year-
old ‘Gardiner Delicious and 16-year-old
‘Rogers Red Mclntosh’ apple trees resulted
in significantly smaller increases in TCSA
compared to control trees, but shoot length
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was not affected. Miller (1995) found no ef-
fect onterminal shoot growth when he scored
3-year-old ‘Gaa, ‘Empire’, and ‘ Jonagold’

apple trees on M.7A rootstock planted at a
1.8min-row spacing. Miller (1995) suggested
that trees growing on deep fertile soils sup-
plied with irrigation may be too vigorous to
respond to scoring. Veinbrants (1972) also
reported no effect when he scored 8-year-
old ‘Gravenstein’ apple trees growing under
clean cultivation and withirrigation. Because
flowering was increased, Veinbrants (1972)
suggested that extension growth and flower
initiation wereindependent.

Stang et a. (1976) reduced shoot growth 14
to 25% when they scored young ‘ Red Prince’
or ‘Melrose’ apple trees; shoot growth con-
trol from scoring was similar to that obtained
with sprays of the plant growth regulator
daminozide. In New Zealand, Wilton (1999)
noted that the effect of scoring or girdlingwas
guite similar to the response obtained from
root restriction techniques.

A procedure similar to girdling, but less se-
vere is bark inversion (Sax, 1957; Tukey,
1964). A ring of bark is removed asin gir-
dling and replaced in aninverted position. The
inverted polarity of the phloem temporarily
slows vegetative growth and promotes flow-
ering (Sax, 1957). Sax (1957) indicated the
procedure should be done during the normal
period for fruit bud differentiation and the ef -
fect onyoung treesmay last for several years.

Fertilization: Adequate soil fertility is cru-
cial for successful cropping but over abun-
dant nutrients can cause excessive and unde-
sirable vegetative shoot growth. It can be
difficult to fertilize so that only shoot growth
iscontrolled without adversely affecting root
growth or yield. Fertilization can dispropor-
tionately increase root and shoot growth so
that the root-to-shoot ratio decreased in apple
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trees (Robinson et a., 1992). Tree growth
control with selective application of fertilizer
is further made difficult by the potential res-
ervoir of minerals stored in the perenniating
portionsof thetree. Niederholzer etal. (2001)
found that peach tree growth in spring drew
strongly from stored N, independent of N sup-
plied in the fall. Root uptake of N by apple
trees was negligible in early spring because
trees used more of the stored N (Neilsen and
Neilsen, 2002). Greater N use efficiency re-
sulted when N was applied to the soil after
reserve N was remobilized from storage tis-
suein applein early spring.

Fertilizers are often targeted for application
below afruit tree canopy dripline. Inyoung
apple trees grown in herbicide-treated strips
with grassalleys between the strips, most root
growth and nutrient uptake occursin the her-
bicide strip (Atkinson, 1977). Effectsof fer-
tilizer on growth of young treesis linked to
fertility in the herbicide strips. However, as
trees age, their root systems extend into grass
aleys, particularly at depths below the grass
roots. Therefore, thedistribution of amature
apple root system may not necessarily be re-
lated to the zones of active ion uptake
(Atkinson, 1974). Withholding fertilizer to
maintain adesired tree sizeisobvioudly diffi-
cult because of spatial and temporal variation
innutrient availability and uptakein young and
mature trees but carefully managed fertiliza-
tion should help reduce undesirable vegeta-
tivegrowth.

Deficitirrigation: Likesoil fertility, soil mois-
ture can be modified to regulate fruit tree
growth. Soil water has been managed to regu-
late tree growth, particularly in peach. This
approach issuccessful when soil water islim-
iting and irrigation can stimulate growth and
yield. Irrigation at selected times during the
growing season has been shown to reduce
vegetative growth without adversely affect-
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ing yield in peach and pear (Chalmerset al.,
1981; Mitchell et ., 1989). Thisform of irri-
gation, whichisrestrictiveto shoot growth, is
termed deficit irrigation.

Dormant pruning of peach can be reduced
by one-thirdif post-harvest irrigation iswith-
held in areas of California with little or no
summer rainfall (Larson et al., 1988). With-
holding irrigation during thedry summer thus
can help reduce vegetative growth of peach
(Ghrab et a., 1998; Johnson et a., 1992).
Deficit irrigation may lead to tree adaptation
to dry conditions. When reduced irrigation
was extended over 4 years, peach trees ex-
tracted more of their water from deeper soil
(Johnson et al., 1992).

Apple trees also respond to deficit irrigation
but responses are not identical to peach. In
regions with abundant rainfall, such as the
eastern U.S,, reducing soil water with under-
canopy covers did not affect terminal shoot
growthin apple (Erf and Proctor, 1989). How-
ever, coversin defruited trees reduced trunk
growth. Growth response of apple to soil
water availability will vary with rootstock. By
regulating irrigation, Fernandez et al. (1997)
demonstrated that apple trees on dwarfing
rootstock (M.9 EMLA) were reduced less
by drought than the appl e trees on more vig-
orousrootstock (MARK). Theseresultssug-
gest that cultural management of fruit tree
size, e.g. by deficitirrigation, will also be af -
fected by the rootstock/scion being used.

Combinations of deficit irrigation and man-
aged competition or reduced tree root volume
have been used to control tree growth. Shoot
growth of peach trees was reduced when
annual ryegrass (Lolium multiflorum Lam.)
was seeded beneath peach trees to deplete
excess moisture and ryegrasswas later killed
asfruit enlarged (Husliget a., 1993). Inthat
study, pan evaporation had been used to
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schedule irrigation by replacing 60% of
evaporation. Rooting volumes can interact
with available soil water to affect vegetative
growth of peach trees. Reduced root vol-
ume had little effect on shoot growth when
deficit irrigation was applied with 30% re-
placement of water that had been used
(Proebsting et a., 1989). However, in full-
irrigated soil, shoot growth was proportional
tosoil volume. Inthat study, water wasfully
available and only root volume restricted
growth under the latter condition.

Regulated deficit irrigation may be most ef-
fectiveto control shoot growthwhenusedin
conditions, such as dry regions of Australia,
where stress can be applied early and quickly,
particularly in shallow soils (Johnson and
Handley, 2000).

Competition: Controlled fertilizationand ir-
rigation provide fruit tree growth regulation
by managing resourceinputsbut nutrientsand
water can aso be removed from fruit trees
with managed competition. Thiscompetition
can be intraspecific and vary with tree den-
sity or interspecific and vary with density and
competitiveness of selected ground covers.
Researchers have long known that changing
thesize of vegetation-free stripsinwhich fruit
treeswere planted provided ameans of man-
aging competition and thereby regulate fruit
treegrowth (Glenn et. al., 1996; Merwin and
Stiles, 1994; Shribbsand Skroch, 1986; Yocum
1937). The efficacy of managed competi-
tion appearsto be dependent on edaphic con-
ditions and on tree size when managed com-
petitionisimplemented.

Permanent grass strips or driveways be-
tween tree rows can remove water and re-
duce vegetative growth of peach trees dur-
ing the first five years after planting at high
density (633 trees / ha) (Layne and Tan,
1988). Thisgrowth inhibition wasovercome
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with trickleirrigation, suggesting that combi-
nations of ground cover competitionand irri-
gation can manage tree growth. Similar re-
sults were obtained with trees four through
nineyears after planting (Glenn et a ., 1996).
The vegetative growth of peach trees was
related to the size of the herbicide-treated row,
i.e. the amount of competition (Glenn et al.,
1996).

In addition to soil moisture, ground covers
were shown to reduce N and probably other
nutrients such as B. In the field, peach tree
root density decreased when tree roots en-
countered grass roots (Glenn and Welker,
1989; Parker et a., 1993). Roots of young
peach trees did not grow in the soil where
grass roots were dense which reduced root
system size and, consequently, reduced shoot
size since peach appeared to maintain an al-
lometric equilibrium between root and shoot
(Tworkaoski, 2000). Often leaf nutrients, such
as N, of fruit trees are reduced when trees
are grown with grass competition and this
reduction is usually assumed to be dueto the
superior ability of the grass to remove nutri-
ents (Tworkoski et al., 1997). Managed com-
petition thus reduces tree root growth and
nutrient uptake of trees that, separately or
together, can reduce shoot growth.

Apple tree growth has also been reduced by
weed competition (Schupp and McCue, 1996).
Thetiming of competition may also beimpor-
tant. Merwin and Ray (1997) determined
early-season weed competition was particu-
larly important when interfering with growth
of newly planted appletrees. Together, these
experiments indicate that young fruit tree
growth can be reduced by competition but
managed inputs, such asirrigation are prob-
ably necessary to prevent loss of yield. Ona
practical level, the economic gains of grass
competition (smaller trees easier to manage
and harvest) must be weighed against the cost
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(need forirrigation, higher initial capital out-
lay for moretreestofill spacein the orchard)
but managed competition can be used to dwarf
fruit trees.

In maturetrees, grass competition can reduce
peach tree root growth and growth of fruit-
bearing shoots as well as water sprouts
(Tworkoski and Glenn, 2001). However, the
reduction in shoot growth did not trand ate to
economic savings such as reduced time for
winter pruning. The conclusion was that in-
stalling grass beneath mature peach treeswas
not beneficial for managing peach tree veg-
etative growth following pruning but there
may be other benefits for soil improvement
and control of broadleaved weeds.

Treesize hasbeen modified with planting den-
sity and intraspecific competition. Weights
of 4-year-old apple tree shoots and roots de-
creased as planting density increased and the
root/shoot weight ratio remained constant
(Atkinson et a., 1976). The combination of
higher tree density and regulation of soil re-
sources has also been successful. Intraspe-
cific competition among peach trees did not
reduce vegetative growth but growth stimu-
lation with irrigation was reduced by compe-
tition in high-density plantings (Chalmers et
al., 1981). Insimilar studieswith pear planted
at threein-row spacings, TCSA was reduced
at the closest spacing and lowest irrigation
level, but as irrigation levels increased, the
effect was reversed (Mitchell et a., 1989).
These studies demonstrate that orchard floor
competition with fruit treescan limit mineral
and water availability but that competition can
alsolimit root growth, leading to an allometric
reduction in shoot growth and tree size. In
contrast, Clayton-Greene (1993) found a
highly significant effect of planting density on
TCSA in*Granny Smith’ and * Starking Deli-
cious applewhen grown at densitiesranging
from 687 to 3175 trees per hectare among
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several training systems; asdensity increased
TCSA decreased. Treesinthisstudy received
afully recommended level of irrigation. Simi-
lar reductionsin TCSA and/ or shoot growth
have been reported in other areas on apple
(Mika and Piskor, 1997), peach (Marini and
Sowers, 2000), and nectarine (Loreti et al.,
1993) as planting density increases.

Cropping: Horticulturists have long recog-
nized the interrelationship between vegeta-
tive and reproductive development in fruit
trees. Cultural practices that affect growth
will generally affect fruiting and vice versa.
Bukovac (1981) presented adiscussion onthe
subject and Forshey and Elfving (1989) pro-
vided an in-depth review on the close rela
tionship between vegetative growth and fruit-
ingin appletrees.

Numerous studies have shown that fruiting
reduces growth (shoot, trunk, and/or root
growth or dry weight of tree parts) (Avery,
1970; Barlow, 1966; Forshey, 1982, 1989;
Glenn and Welker, 1993; Grossman and
DelJong, 1998; Kato and Ito, 1962; Maggs,
1963; Proebsting, 1958; Taylor and Ferree,
1984; Volzetal., 1993; Weinbaumet a., 1994).
Fruitingin‘Golden Delicious’ appletreesre-
duced shoot growth by about 34%, reduced
TCSA increase about 54%, and reduced spe-
cific leaf weight 8% compared to trees
defruited shortly after bloom (Erf and Proc-
tor, 1987). Volzet al. (1993) compared heavy
and lightly cropped 10-year-old * Cox Orange
Pippin’ appletreesand found TCSA increased
by 62% more in the lightly cropped trees.
Similar effectson TCSA werereported when
pruned trees were defruited (Weinbaum et
a., 1994). However, not all studies have
shown a reduction in vegetative growth as-
sociated with increased fruiting (Curry and
Looney, 1986; Taylor and Ferree, 1984).
‘ Goldspur Golden Delicious' appletreesinthe
“on” year consistently had more extension
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shoot growth than trees in the “off” year
(Curry and Looney, 1986). Several other stud-
ies demonstrate that the effect of fruiting on
growthisnot manifested inthe“on” year, but
rather in the following “ off” year (Forshey,
1982; Rogersand Booth, 1964). Forshey and
Marmo (1985) reported that increased shoot
growth following deblossoming was dueto an
increase in shoot numbers and not to longer
shoots, afinding that supported earlier work
by Forshey (1982). Barlow (1966) had sug-
gested that fruiting reduced the number of
growing pointsthat develop into long shoots.
While shoot growth can be reduced signifi-
cantly by fruiting, root growthisprobably more
sensitiveto cropping (Maggs, 1963) and may
beamost totally stopped by the effect of crop-
ping (Avery, 1970; Jackson, 1984; Palmer,
1992).

Cropping has been associated with reduced
total tree leaf area and leaf dry weight com-
pared to non-cropped trees (Hansen, 1971).
Forshey and Elfving (1989) reported that to-
tal shoot leaf areais closely related to total
shoot growth and the percent shoot leavesis
positively related to shoot growth and nega-
tively relatedtoyield. Cropping reduced |eaf
growth and stem growth on various peach
training systems (Grossman and DeJong,
1998) in California. Studiesin New Zealand
on young ‘Braeburn’/M.26 apple trees with
crop loads ranging from O to 57 kg per tree
showed a significant decreasing linear trend
in leaf area from no crop to high-cropped
trees (Winsche et al., 2000); low cropped
trees had higher shoot numbers and greater
shoot length than high cropped trees. In con-
trast Palmer (1992) found no significant re-
ductioninleaf areawith increasing fruit load
over 2 seasonsin ‘ Crispin’/M.27 appletrees.
The cropping —shoot growth relationshipisa
complex interaction likely associated with as-
similate partitioning and the source-sink
strength of various plant parts within crop-
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ping and non-cropping trees (Forshey and
Elfving, 1989). Recent studieshave provided
additional information toward an explanation
of this interaction (Palmer et al., 1997;
Schechter et al., 1994; Wiinscheet a ., 2000).
Plant growth regulators: The development
and use of exogenous plant growth regula-
tors (PGRs) as growth retardants can be at-
tributed to the knowledge that endogenous
plant hormones play asignificant rolein shoot
growth. Growth retardants, as defined by
Davis and Curry (1991), are compounds
“which reduce plant sizewithout obvious phy-
totoxicity.” Whilegrowth regulatorsother than
retardants (such as herbicides) at low con-
centrations may reduce shoot growth without
phytotoxicity (Davisand Curry, 1991), adverse
effects on productivity are common
(Rademacher, 2000) and for thisreason their
practical useislimited.

All themajor PGSsarelikely involvedin shoot
growth, but among them gibberellins (GAS)
have received the most attention because of
their key rolein cell elongation (Faust, 1989;
Luckwill, 1970; Rademacher, 2000). Sincethe
early 1960s synthetic GA biosynthesisinhibi-
tors have been extensively researched as
practical toolsto control vegetativegrowthin
tree fruits. In addition, ethylene releasing
compounds, and synthetic auxins have also
been studied and proven effectivein control-
ling shoot growth (Miller, 1988). The subject
of PGRs as vegetative growth retardants in
variousfruit crops has been reviewed (Davis
and Curry, 1991; Looney, 1983; Miller, 1988;
Williams, 1984).

Daminozide [butanedioic acid mono (2,2-
dimethylhyrazide)], aGA biosynthesisinhibi-
tor (Rademacher, 2000), was the first syn-
thetic PGR to exhibit strong vegetative growth
retarding properties in fruit trees (Batjer et
a., 1963). The ability of daminozide to re-
duce growth in apple and pear at rates be-
tween 1000 and 10,000 mg-L* iswell docu-
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mented (Miller, 1988). Daminozide is also
effective in reducing shoot growth in cherry
(Proebsting and Mills, 1976; Unrath et al.,
1969), but has shown only minimal effect on
peach shoot growth (Byers and Emerson,
1969). The use of daminozide on tree fruit
crops was discontinued in 1989 due to sus-
pected toxicological risksand cancellation of
thelabel registration by the U.S. Environmen-
tal Protection Agency. Chlormequat (2-
chloro-N,N,N-trimethylethanaminium chlo-
ride) isanother of the earlier GA biosynthesis
inhibitorsto exhibit growth retarding effects
in fruit trees (Davis and Curry, 1991).
Chlormequat has limited activity in apple
(Miller, 1988) but isan effective shoot growth
retardant in pear where its activity is similar
to daminozide (Embree et al., 1987).
Chlormequat was not registered for use on
fruit treesin the United States, but islabeled
for use in many European countries for pear.
Edgerton and Blanpied (1968) first recognized
the growth controlling properties of ethephon
(2-chloroethyl phosphonic acid) on apple.

Ethephon at 2000 mg-L-* applied to actively
growing apple shoots was as effective as
equal rates of daminozide in reducing shoot
growth. A combined spray of ethephon and
daminozide was more effective for growth
suppression than either materia applied alone
(Byersand Barden, 1976). However, because
early postbloom sprays, which affect maxi-
mum growth control, reduce fruit set, ethep-
hon has not received widespread use as a
growth retardant (Davis and Curry, 1991;
Miller, 1988). Byers(1993) demonstrated that
multiple low-dose (100 to 200 mg-L %) sprays
applied at weekly intervalsduring thefirst 45
days after FB reduced shoot growth without
excessvefruit abscissionin‘ Starkrimson De-
licious' apple trees. Byers (1993) reported
that flowering and fruit set wereincreased in
the year after application and the subsequent
cropping contributed to reduced growth.
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Single low-dose (50 to 250 mg-L ™) applice-
tions have not proven effectivein controlling
shoot growthin‘Empire’ appletrees(Elfving
and Cline, 1993).

Vigorous shoots produced from latent buds
on the trunk (watersprouts) or from adventi-
tious buds below the soil line (rootsuckers) on
apple and pear can be suppressed effectively
with various formulations of 1-
naphthal eneacetic acid (NAA). This subject
hasbeen thoroughly reviewed by Miller (1988)
and no additional review iswarranted at this
time.

Success with daminozide, ethephon, and
chlormequat sparked interest in the search for
new PGRs with growth controlling activity.
In the late 1970s and early 1980s research
was begun on several triazole compounds, the
most promising of which was paclobutrazol
{&-{ (4-chlorophenyl)methyl]-4&-(1,1-
dimethylethyl)-1H-1,2,4-triazole-1-ethanol }
(Williamsand Edgerton, 1983). The primary
mode of action for thetriazolesisviaGA bio-
synthesisinhibition (Rademacher, 2000), how-
ever, evidence existsthat other activitieswith
specific enzymes or plant hormones may be
involved (Davis and Curry, 1991).
Paclobutrazol and the related triazoles have
severa unique propertiesthat distinguishthem
from other GA biosynthesisinhibiting growth
retardants (Miller, 1988) most notably astrong
residual effect, a systemic activity, and good
activity on both pomeand stonefruits (Avidan
and Erez, 1995; Blanco, 1988; Edgerton, 1986;
Facteau and Chestnut, 1991; Tukey, 1983;
Williamsand Edgerton, 1983; Williamset al .,
1986). Unlike most other PGRs, foliar ab-
sorption and trand ocation of thetriazole PGRs
isgeneraly minimal (Williamset a., 1986),
although it does occur (Craighton et al., 1990)
and will result in growth suppression when
properly timed (El-Khoreiby et al., 1990) and
directed (Lehman et al., 1990). The triazoles
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are absorbed primarily through stem, bark,
and root tissue (Davisand Curry, 1991; Tukey,
1983). Early studieswith foliar spraysof 3000
to 8000 mg-L* paclobutrazol resulted in
growth suppression on apple lasting 2 to 4
years after treatment (Greene, 1986; Tukey,
1983). Soil applied paclobutrazol, at rates
below that used for foliar sprays, aso pro-
duced residual activity, but generally of less
duration than foliar sprays (Williams and
Edgerton, 1983). Responseto soil applications
on peach and cherry occurred in the year of
treatment, but on apple response was not evi-
dent until theyear following treatment (Curry
and Williams, 1986; Edgerton, 1986; Tukey,
1983). In studies with peach (Blanco, 1988;
Ogata et al., 1989) and pear (Embree et al.,
1987), when the growth retarding effect was
lost, growth of trees previously treated with
paclobutrazol was greater than the untreated
trees. Thisresponseissimilar to that reported
for daminozide (Miller, 1988).

Thestrong residual and systemic effectspro-
vided a degree of unpredictability in the use
of triazoles and were of concern during the
label registration processfor these materials.
L ater studies demonstrated that multiplelow-
rate foliar sprays were sufficiently effective
and more consistent in suppressing vegeta
tivegrowth (Estabrooks, 1993; Greene, 1991)
compared to soil applicationsor high-ratefo-
liar sprays. Less persistent triazole derivatives
have been investigated as possible growth
retardantsthat would avoid theresidual prob-
lems associated with materials like
paclobutrazol (Curry and Reed, 1989). Miller
(1988) reviewed the work on paclobutrazol
in appleand pear, and Davisand Curry (1991)
later provided an additional review of the
triazoles on pome and stone fruit. At the
present time, paclobutrazol islabeled in sev-
eral countriesfor growth control in appleand
stonefruits, but thetriazoleshave not received
registration for use in the U.S.

PGRSA Quarterly

In 1990 the deciduous tree fruit industry was
without aregistered PGR material for usein
suppressing excess vegetative growth, with
the exception of ethephon; this despite the
strong growth retarding effect achieved by
thevarious GA biosynthesisinhibitorsand the
commercial success of some of these mate-
rials. In 1990, a new growth retardant with
anti-GA activity was reported on rice
(Nakayama et al., 1990). The material was
from a class of growth retardants, the
acylcyclohexanediones, with the common
name prohexadione-calcium (3-oxido-4-
propionyl-5-oxo-3-cyclohexene-carboxyl ate).
The mode of action of prohexadione-Caisto
block the conversion of gibberellinA,, (inac-
tive) to gibberellinA  (active), thereby reduc-
ing shoot elongation (Evans et al., 1999;
Rademacher, 1993). Prohexadione-Caisab-
sorbed by the foliage with maximum uptake
in about 8 hours, and moves acropetally to
thegrowing pointsof individual shoots(Evans
et al., 1999). Shoot growth responds to
prohexadione-Ca about 2 weeks after appli-
cation (Greene, 1999) with activity lasting for
3 to 4 weeks (Schupp et a., 2001; Unrath,
1999). The half life of prohexadione-Cain
the plant isabout 14 days before degrading to
the naturally occurring propane-1,2,3-tricar-
boxylicacid (Evanset a., 1999). Infieldtests,
prohexadione-Ca has shown no carry over
effectson apple (Miller, 2002). The half-life
of prohexadione-Cain soil islessthan 7 days
with decomposition mostly to CO, (Evans et
a., 1999). In greenhouse tests on apple,
GA,,, sprays reversed the growth suppress-
ing effect of prohexadione-Ca (Guak et al.,
2001).

The growth controlling effect of
prohexadione-Ca on apple trees wasfirst re-
ported in 1996 (Greene, 1996 a, b). These
studies showed that a foliar spray of
prohexadione-Ca was an effective growth
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inhibitor over arange of concentrationsfrom
125 to 375 mg-L* when applied to severa
applecultivars. Greene (1996, 1999) observed
alinear increase in fruit set with increasing
concentration and at the highest rate (375
mg-L 1) fruit set wasnearly doubled on“Mcln-
tosh’ trees. Unrath (1999) confirmed the
growth retarding effect of prohexadione-Ca
on‘Delicious appletreesover asimilar con-
centration range and found equal response
when applied between PF and 20 days after
petal fal (DAPF). Unrath (1999) aso ob-
served anincreasein fruit set by treatment at
0, 7, and 14 DAPF, but not at 21 DAPF. Miller
(2002) reported four successive sprays at 50
mg-L* applied at weekly interval s beginning
at PF provided growth control equal to that of
a single spray at rates ranging from 125 to
375 mg-L* on‘Delicious’ appletrees. Addi-
tional reports have suggested that multiple
applications provide better growth control
than a single application (Byers and Yoder,
1999; Unrath, 1999). Byers (2000) reported
an additive effect on growth suppression when
prohexadione-Ca was combined with ethep-
hon in the same spray.

In many apple growing regions, about 70%to
85% of thetotal seasonal growthiscompleted
within the first 32 DAPF (Byers and Yoder,
1999; Unrath, 1999). Under these conditions,
maximum growth suppression depends on
controlling the first flush of growth. Miller
(2002) reported that sprays applied 2 to 3-
weeks after PF were less effective than
sprays applied at PF or within 10 days of PF.
Timing of theinitia spray is more important
than rate in achieving early growth suppres-
sion, but rate is also important for maximum
season-long growth control (Miller, 2002).
Recommendations are to apply the initial
prohexadione-Ca spray when shoot growth
is between 2.5 and 7.6 cm, which coincides
with PFto about 10 DAPF (Greeneand Autio,
2002; Schupp et al., 2001). An effective cu-
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mulative dose of 250 mg-L* activeingredient
prohexadione-Caapplied asasingle spray or
in several low-rate sprays has generaly pro-
duced season-long control of vigorous shoot
growthin bearing trees (Greene, 1999; Miller,
2002; Schupp et al., 2001; Unrath, 1999) ex-
cept when sprays were delayed beyond the
effective period after PF (Byers and Yoder,
1999; Unrath, 1999). Miller (2002) found that
under some very high vigor conditions, an ef-
fective cumulative dose of 500 mg-L* was
necessary to achieve an acceptable level of
growth suppression. When growing condi-
tions (temperature and moisture) encourage
renewed growth, single applications of
prohexadione-Canear PFmay not provide sat-
isfactory season-long growth control because
of the transitory nature of prohexadione-Ca.
Under these conditions, multiple spray appli-
cations have provided effective growth sup-
pression (Byers and Yoder, 1999; Unrath,
1999). When shootsresumed growthin mid-
season (July), a single spray at 125 mg-L*
provided effective growth suppression. A simi-
lar response has been reported in pear (Elfving,
1999) and sweet cherry (S. Guak, persona
communication). Experts agree that specific
recommendations for the application of
prohexadione-Cato apple are difficult given
the various growing conditions encountered,
the effect of crop load on growth, and the
non-persistent nature of the material (Greene
and Autio, 2002; Ross Byers, personal com-
munication).

Prohexadione-Ca has shown good growth
control activity in pear (Costa et al., 2001;
Elfving, 1999) and sweet cherry (Elfving and
Visser, 2001), but the material is not regis-
tered for these crops at this time.
Prohexadione-Cawas registered for the con-
trol of shoot growth in apple in 2000 in the
U.S. under the trade name Apogee® and in
several European countries under the name
Regais®.
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Altering tree root physiology
to affect vegetative growth

Thesizeand form of tree shoots must be con-
trolled, at least in part, by size, structure, and
metabolic activity of the root system. Nu-
merous studies have demonstrated that aroot/
shoot balance is maintained and that the bal-
ance will be restored if there is a departure
from that balance, e.g. by pruning or herbivory.
The mechanismsresponsiblefor thisbalance
include direct effects of water and minera
availability, asdiscussed previously, but al'so
probably include synthesis, transport, and de-
tection of PGSs. Plant growth substances
produced in roots, particularly ethylene pre-
cursors and abscisic acid, have been impli-
cated in mitigation of many plant responses
to stress such as water deficiency, hypoxia,
and high salinity (Jackson, 1993). Theroleof
other PGSsfromroots, such ascytokininsand
gibberrdlins, intree shoot development isless
clear and little is known about the impact of
root management practiceson PGS-mediated
effects.

Root devel opment and signal sfrom roots can
vary among fruit tree genotypes and environ-
ments to profoundly affect orchard produc-
tivity. Differencesin hydraulic conductance
have been observed between appl e scion bud-
ded on different rootstocks with lower con-
ductance and fewer, smaller xylem vessels
on dwarfing rootstocks (Higgs and Jones,
1990). Soumelidou et a. (1994) found smaller
vessel diameters in dwarfing than in semi-
dwarfing applerootstocks, possibly dueto el-
evated auxin at the bud union of dwarfing
rootstock. Subsequently poor supply of wa-
ter and minerals to scion could then dwarf
the scion. Sap flow was decreased by water
stress more in ‘Granny Smith’ apple trees
grafted onfull dwarf rootstock (MARK) than
on standard seedling rootstock (Hussein and
McFarland, 1994).
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Incomplete vascular connectionsthat can af-
fect shoot morphology have also been impli-
catedin graftincompatibility between fruit tree
scion and rootstock. Establishment of new
phloem and xylem derivatives were delayed
in pear/quince graftswhich likely contributed
toincompatibility (Ermel etal., 1997). In apri-
cot (Prunus armeniaca L.) grafted on
Prunuscerasifera Ehrh., incompatible grafts
resulted from delayed and incomplete differ-
entiation of vascular tissue (Erreaet al., 1994).
In other studies, diseaseshave beenimplicated
in dwarfing processes of fruit trees. Grape-
fruit trees were dwarfed by citrus exocortis
viroids that reduced the tree's ability to ab-
sorb or transport water (Moreshet et al.,
1998). Nutrient absorption and processing
also have been implicated in size control ef-
fects of apple rootstocks (Rogers and Booth,
1960).

Research has suggested that PGS signals
from the roots can be responsible for control
of shoot growth. Cytokinin in sap, produced
by apple rootstocks may interact with other
phytohormones produced by the shoot (e.g.
auxin) so that the phytohormone balance in-
fluenced tree size and fruiting (Skene, 1975).
In peach, cytokinin and auxin levels were
greater in xylem sap of dwarf genotypes
(Glenn and Scorza, 1992). Results from that
study imply that hormone receptorsrather than
hormone concentrationswere responsiblefor
dwarfing. A clearer understanding of the
physiological causesfor root-induced dwarf-
ing is needed to assist geneticists to develop
germplasm of desired shoot growth patterns.
Cultural practices such as restricting rooting
volumewith physical barriers or with compe-
tition have been used to control fruit tree size.
Peach trees grown in the field with rooting
volume restricted by fabric-lined trenches
modified shoot development by reducing the
length of primary shoots (Williamson et al.
1992). Aswithdwarfing rootstocks, the pro-
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cess of shoot control by restricted rooting
volume is not well understood. Peach trees
grown in smaller root volumes absorbed less
nitrate over the growing season, even though
asolution consisting of excess nutrients was
availabletotheroots(Ran et al., 1994). They
hypothesized that aroot-produced signal (cy-
tokinin) was associated with the root percep-
tion of container size, and the signal reduced
tree growth to maintain nitrogen concentra-
tioninplant parts. Cytokininshavebeenfound
to be produced in root tips and to subsequently
exert control over shoot growth in peach
(Richards and Rowe, 19773, b). Cytokinins
produced by root tips also may be reduced by
drying soil and may have acted asaroot-pro-
duced signal to restrict stomatal opening and
water use (Davies et a., 1987). An dterna
tive to PGS contral of shoot growth may be
that physical effects of altered water poten-
tial, and reduced substrate (nutrient and wa-
ter) reduced rates of enzyme reactions and
growth (Boote, 1977).

Summary and Future Needs in Vegeta-
tive Growth Control

The need to manage excess vigor in decidu-
ous fruit trees is associated with improved
production efficiency and fruit quality. But
excess vigor has a price (Elfving, 1988) and
ultimately it is the need to reduce the eco-
nomic impact that excess vegetative growth
has on the tree and the orchard that must drive
our pursuit to regul ate growth.

As discussed in this review, there are many
approaches to regulating growth, but to date
none have proven to be universally success-
ful or complete. Great benefit would result
fromimproved knowledge of the PGS-rel ated
processesinvolved inrootstock/scion fruit tree
interactions with different climatic and
edaphic conditions. Advances in molecular
biology and genetic engineering offer the po-
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tential for improving our understanding of
plants and the ability to manipulate plant
growth. It is not unrealistic to consider a
“dwarfing” gene that could be inserted into
the DNA of adesired peach cutivar produc-
ing atree that would match a specific plant-
ing density. Recent advances by fruit tree
breedersin devel oping growth habits adapted
to high-density planting systems illustrate a
promising approach. While rootstocks have
provided apple growerswith trees of reduced
stature suited to awide range of planting den-
sities, they have been only partially success-
ful in controlling excessgrowth. Poor anchor-
age and disease susceptibility are magjor dis-
advantages with most of the avail able dwarf-
ing applerootstocks. Thereisstill apressing
need for dwarfing rootstocks compatiblewith
peach, pear, plum, apricot, and even cherry,
although the recent introductions for sweet
cherry represent a significant advancement.

Pruning will continue to be used as a “ stop-
gap” or “quick-fix” method of growth control
because it can be easily applied, but pruning
alone cannot berelied upon to effectively con-
tain growth while maintaining annua produc-
tion. Judicious pruning coupled with branch
orientation offers a much better approach to
growth control in many deciduoustreefruits.
The benefits of summer pruning are associ-
ated morewith fruit quality than growth con-
trol. In practice, summer pruning may pro-
duce economic losses rather than gains
(Elfving, 1988). Root pruningistoo variable,
somewhat difficult to apply under many soil
conditions, and often has adverse effects on
fruit size. Root restriction, however, has
shown good response and additional work is
needed to better understand the effect on
growth and tree physiology. A practical and
economical solution to applying root restric-
tion techniquesto field grown trees should be
developed. More research is needed to pro-
vide fundamental information on the quanti-
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tative removal or restriction of roots relative
to the entire root and shoot. With edaphic
traits, phenological stage of seasonal devel-
opment of the fruit tree should aso be con-
sidered as cultural guidelines are devel oped
for physical reduction of fruit tree roots.

It is possible that significant control of fruit
tree growth could be obtained by improved
management of fertilizersin orchards, includ-
ing timing of fertilizer application.

Better understanding is needed about the
plant-to-plant interaction between grass and
tree or between trees that can account for
reduced tree root growth. Experiments have
demonstrated that hormones, including ethyl-
eneand cytokinins, may beinvolvedin signal
transduction from a P- or N-enriched soil to
stimulate root growth. Improved knowledge
of hormonal relationships could well assist
efforts to manage tree shoot size by manag-
ing roots and even improve fertilization and
irrigation management.

Cropping has effects on growth, but the full
impact of cropping on carbon partitioning,
growth, fruit abscission, and fruit quality isnot
well understood. A better understanding of
these areas could allow researchers to de-
velop practical modelsfor predicting growth.
Models could offer greater opportunities for
applying growth controlling cultural practices
in amoretimely and efficient manner.

Besiderootstocks, PGRs continueto offer the
most efficient and effective, as well as cost-
effective (Elfving, 1988) technique for regu-
lating shoot growth and controlling tree size.
The recent development and registration of
prohexadione-Ca, anon-persistent growthin-
hibitor, representsamajor advancement inthe
search for effective growth controlling mate-
rials. Thereisstill agreat need for an effec-
tive PGR growth retardant for stone fruits,
particularly peach. Unfortunately the devel-
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opment of new PGRs faces many risks and
challenges (Rademacher and Bucci, 2002).
Many of the needsand concernsidentifiedin
1991 by Davis and Curry (1991) are appli-
cabletoday. In many European fruit growing
regions, PGRs are aready not acceptable if
growers wish to meet certain produce stan-
dards. A fundamental knowledge of the fac-
tors that regulate growth may lead to the de-
velopment of natural plant hormonesasPGRs
for growth suppression. In addition, morein-
formation isneeded on the economics of PGR
use for growth control compared to other
methods.

Because deciduous fruit trees will continue
to be planted at higher densitiesin awideva-
riety of edaphic and climatic environments,
there will be a continuing need for shoot
growth control and means to achieve that
control.

LITERATURE CITED

Alderman, W.H. and E.C. Auchter. 1916. The
apple as affected by varying degrees of
dormant and seasonal pruning. W. Va. Agr.
Expt. Sta. Bul. 158.

Atkinson, D. 1974. Some observations on
thedigtribution of root activity in gppletrees.
Plant and Soil 40:333-342.

Atkinson, D. 1977. Some observations on
the root growth of young apple trees and
their uptake of nutrients when grown in
herbicide-treated strips in grassed or-
chards. Plant and Soil 49:459-471.

Atkinson, D., D. Naylor,and GA. Coldrick.
1976. Theeffect of tree spacing onthe
apple root system. Hort. Res. 16:89-105.

Auchter, E.C.,A. L. Schrader, F.S. Lagasse,
and W.W. Aldrich. 1926. Theeffect of

29



shade on the growth, fruit bud formation
and chemical composition of apple trees.
Proc. Amer. Soc. Hort. Sci. 23:368-382.

Autio, W.R. and D.W. Greene. 1994. Ef-
fects of growth retarding treatments on
appletreegrowth, fruit maturation and fruit
abscission. J. Hort. Sci. 69:653-664.

Autio, W.R., JL. Anderson, JA. Barden, GR.
Brown, R.M. Crassweller, PA. Domoto,
A. Erb, D.C. Ferree, A. Gaus, PM. Hirst,
C.A. Mullins, and J.R. Schupp. 2001.
Location affects performance of ‘Golden
Delicious, ‘ Jonagold’, ‘Empire’, and ‘Rome
Beauty’ appletreeson fiverootstocksover
ten yearsinthe 1990 NC-140 cultivar/root-
stock trial. J. Amer. Pomol. Soc. 55:138-
145.

Autio, W.R.,W.J. Lord, and PL.M. Veneman.
1990. Rootstock and siteinfluence perfor-
mance of ‘Mclntosh’ apple trees.
HortScience 25:1219-1221.

Avery, D.J. 1970. Effects of fruiting on the
growth of appletreeson four rootstock va-
rieties. New Phytol. 69:19-30.

Avidan, B. andA. Erez. 1995. Studiesof the
response of peach and nectarine plants to
gibberellin biosynthesisinhibitorsin a hy-
droponic system. Plant Growth Regul.
17:73-80.

Baraldi, R., F. Rapparini, A. Rotondi, and G.
Bertazza. 1998. Effectsof simulated light
environments on growth and leaf morphol-
ogy of peach plants. J. Hort Sci. &
BioTech. 73:251-258.

Barden, JA. 1974. Net photosynthesis, dark
respiration, specific leaf weight, and growth
of young appletreesasinfluenced by light
regime. J. Amer. Soc. Hort. Sci. 99:547-

30

551.

Barden, JA. 1977. Apple tree growth, net
photosynthesis, dark respiration, and spe-
cific leaf weight as affected by continuous
and intermittent shade. J. Amer. Soc. Hort.
Sci. 102:391-394.

Barden, JA. 1999. The regulation of vigor
in high density orchards. Pennsylvania
Fruit News 79(4):23-25.

Barden, JA. and R.P. Marini. 2001. Com-
parison of methodsto expressgrowth, size,
and productivity of apple trees. J. Amer.
Pomol. Soc. 55:251-256.

Barden, JA., T.B.G. DelValle, and S.C.
Myers. 1989. Growth and fruiting of ‘De-
licious' appletreesasaffected by severity
and season of pruning. J. Amer. Soc. Hort.
Sci. 114:184-186.

Barlow, HW.B. 1966. The effect of crop-
ping on the number and kind of shoots on
four applevarieties. Rep. E. Malling Res.
Sta. for 1965, pp.120-124.

Barritt, B.H. 1992. Intensive orchard man-
agement — A practical guide to the plan-
ning, establishment and management of
high density apple orchards. Good Fruit
Grower, Yakima, Wash.

Barritt, B.H., B.S. Konishi and M.A. Dilley.
1997. Treesize, yield and biennial bearing
relationships with 40 apple rootstocks and
three scion cultivars. ActaHort. 451:105-
112,

Bassi, D. and M. Rizzo. 2000. Peach breed-
ing for growth habit. ActaHortic. 538:411-
414.

Batjer, L.P. and M.N. Westwood. 1963. Ef-

Vol. 31, No. 1, 2003



fects of pruning, nitrogen, and scoring on
growth and bearing characteristics of young
Delicious apple trees. Proc. Amer. Soc.
Hort. Sci. 82:5-10.

Batjer, L.P,, M.W. Williamsand G.C. Martin.
1963. Chemicasto control treesize. Proc.
Wash. State Hort. Soc. 59:107.

Baugher, T.A., K.C. Elliott, and D.M. Glenn.
1995. Effect of sod competition and root
pruning on‘ Stayman’ appletreegrowth and
fruit cracking. HortScience 30:222-226.

Blanco, A. 1988. Control of shoot growth of
peach and nectarine trees with
paclobutrazol. J. Hort. Sci. 63:201-207.

Boland, A.M., PD. Mitchdll, J. Goodwin, and
PH. Jerie. 1994. The effect of soil vol-
ume on young peach tree growth and wa-
ter use. J. Amer. Soc. Hort. Sci. 119:1157-
1162.

Boote, K.J. 1977. Root:shoot relationships.
Proc. Soil and Crop Sci. Soc. of Florida.
36:15-23.

Bravdo, B.A., |. Levin, and R. Assaf. 1992.
Control of root size and root environment
of fruit trees for optimal fruit production.
J. Plant Nutrition 15:699-712.

Brown, SK., A.F. lezzoni, and H.W. Fogle.
1996. Cherries, p.213-255. In: J. Janick
and JN. Moore (eds.). Fruit breeding Vol.
I. Tree and tropical fruits. Wiley, New
York, NY.

Bukovac, M.J. 1981. Interrelationship be-
tween vegetative and reproductive devel-
opment of fruit trees, p. 78-89. In: R.B.
Tukey and M.W. Williams (eds.). Proc.
1981 Tree Fruit Growth Regulators and
Chemical Thinning Shortcourse. Wash.

PGRSA Quarterly

State Coop. Ext. Ser., Pullman, WA.

Byers, R.E. 1993. Controlling growth of bear-
ing appletreeswith ethephon. HortScience
28:1103-1105.

Byers, R.E. 2000. The influence of Apogee
and combi nationswith ethephon, chemical
thinners, cations, and adjuvants for apple
treegrowth control and return bloom. Proc.
27" Plant Growth Regul. Soc. Amer. pp.
187-195.

Byers, R.E. and JA. Barden. 1976. Chemi-
cal control of vegetative growth and flow-
ering of non-bearing ‘ Delicious appletrees.
HortScience 11:506-507.

Byers, R.E. and D.H. Carbaugh. 1987.
Growth and fruiting of apple and cherry
treesas affected by trunk looping. J. Amer.
Soc. Hort. Sci. 112:223-230.

Byers, R.E. and F.H. Emerson. 1969. Ef-
fectsof succinamic acids 2,2-dimethyl hy-
drazide (Alar) on peach fruit maturation
and tree growth. J. Amer. Soc. Hort. Sci.
94:641-645.

Byers, R.E. and K.S. Yoder. 1999.
Prohexadione-calciuminhibitsapple, but not
peach, tree growth, but haslittleinfluence
on apple fruit thinning or quality.
HortScience 34:1205-1209.

Chamers, D.J,, PD. Mitchell,and L. van
Heek. 1981. Control of peach tree
growth and productivity by regulated wa-
ter supply, tree density, and summer prun-
ing. J. Amer. Soc. Hort. Sci. 106:307-312.

Choi, C. and R.L. Andersen. 2001.
‘Hedelfingen’ sweet cherry fruit andtree
growth responses to thinning and five

31



rootstocks. J. Amer. Pomol. Soc. 55:114-
119.

Clayton-Greene, K.A. 1993. Influence of
orchard management systemonyield, qual-
ity and vegetative characteristics of apple
trees. J. Hort. Sci. 68:365-376.

Costa, G, C. Andrectti, F. Bucchi, E. Sabatini,
C. Bazzi, and S. Malaguti. 2001.
Prohexadione-Ca (Apogee®): growth
regulation and reduced fire blight incidence
in pear. HortScience 36:931-933.

Craighton, S. M., C.R. Unrath, S.M.
Blankenship and L.J. Lehman. 1990. In-
fluence of method of application of
paclobutrazol on soil residues and growth
retardationin aStarkrimson-Deliciousapple
orchard. Plant Growth Regul. 9:27-35.

Curry, E.A. and N.E. Looney. 1986. Effect
of cropping on shoot growth of spur-type
‘Golden Delicious' trees. HortScience
21:1015-1017.

Curry, EAA. and A.N. Reed. 1989. Transi-
tory growth control of apple seedlingswith
lesspersistent triazole derivatives. J. Plant
Growth Regul. 8:167-174.

Curry, E.A. and M.W. Williams. 1986. Ef-
fect of paclobutrazol onfruit quality: apple,
pear and cherry. ActaHort. 179:743-753.

Cutting, JGM. and M.C. Lyne. 1993. Gir-
dling and the reduction in shoot xylem sap
concentration of cytokinins and gibberel-
linsin peach. J. Hort. Sci. 68:619-626.

Dann, |.R., PD. Mitchell and PH. Jerie.
1990. The influence of branch angle on
gradients of growth and cropping within
peach. ScientiaHort. 43:37-45.

32

Davies, W.J., PG Blackman, T.R. Lodge, A.R.
da Costa, and J. Metcalfe. 1987. Root to
shoot communication of the effects of soil
drying, flooding or increase salinity. A case
for the involvement of plant growth regu-
latorsinamultiple chemical signal. p.201-
221. In: Plant Response to Stress. (J.D.
Tenhunen, EM. Catarino, O.L. Lange, and
W.C. Oechel, eds.) Springer-Verlag, Ber-
lin.

Davis, T.D. and E.A. Curry. 1991. Chemical
regulation of vegetative growth. Critical
Rev. Plant Sciences 10(2):151-188.

Day, K.R. and T.M. DeJong. 1999. Improv-
ing fruit size: Thinning and girdling nectar-
ines, peaches, and plums. Compact Fruit
Tree 32(2):49-51.

DelJong, T.M., K.R. Day, and J.F. Doyle.
1992. Evauation of training/pruning sys-
tems for peach, plum and nectarine trees
inCalifornia. ActaHort. 322:99-106.

Edgerton, L.J. 1986. Some effects of
paclobutrazol on growth and fruiting of
apple, peach and cherry. Acta Hort.
179:467-472.

Edgerton, L.J. and G.D. Blanpied. 1968.
Regulation of growth and fruit maturation
with 2-chloroethanephosphonic acid. Na-
ture 219:1064-1065.

Elfving, D.C. 1988. Economic effects of
excessive vegetative growth in deciduous
fruit trees. HortScience 23:461-463.

Elfving, D.C. 1990. Growth and productivity
of ‘Empire’ appletreesfollowing asingle
heading-back pruning treatment.
HortScience 25:908-910.

Vol. 31, No. 1, 2003



Elfving, D.C. 1999. Apogee™: New
bioregulatorsfor pears? Proc. Wash. State
Hort. Soc. 95:139-143.

Elfving, D.C. and R.A. Cline. 1990. Growth
and productivity of vigorous‘ Northern Spy’/
MM .106 apple trees in response to annu-
aly applied growth control techniques. J.
Amer. Soc. Hort. Sci. 115:212-218.

Elfving, D.C. and R.A. Cline. 1993. Cytoki-
nin and ethephon affect crop load, shoot
growth, and nutrient concentration of ‘ Em-
pire’ apple trees. HortScience 28:1011-
1014.

Elfving, D.C. and C.G. Forshey. 1976.
Growth and fruiting responses of vigorous
apple branches to pruning and branch ori-
entation treatments. J. Amer. Soc. Hort.
Sci. 101:290-293.

Elfving, D.C. and D.B. Visser. 2001.
Bioregulators to control vigor and stimu-
late precocity in sweet cherry. Proc. Wash.
State Hort. Soc. 97:102-106.

Elfving, D.C., I. Schechter, and M. Bom.
1996. Effects of root pruning and
benzyladenine application on tree growth
and fruit sizein ‘Empire’ and ‘ Mclntosh’
apple. J. Tree Fruit Prod. 1:1-13.

El-Khoreiby, A.M., C.R. Unrath, and L.J.
Lehman. 1990. Paclobutrazol spray tim-
ing influences apple tree growth.
HortScience 25:310-312.

Embree, C.G and A.D. Crowe. 1985. Win-
ter injury to Gravenstein apple strains as
influenced by trunk scoring. Can. J. Plant
Sci. 65:981-984.

Embree, C.G, W.E. Craig, and F.R. Forsyth.
1987. Effect of daminozide, chlormequat,

PGRSA Quarterly

and paclobutrazol on growth and fruiting
of ‘Clapp’s Favorite’ pears. HortScience
22:55-56.

Erez, A. and A. Kadman-Zahavi. 1972.
Growth of peach plantsunder different fil-
tered sunlight conditions. Physiol. Plant.
26:210-214.

Erf, JA. and JT.A. Proctor. 1989. Growth,
leaf mineral nutrition , and leaf water sta-
tus of mature appl e trees subjected to vari-
ous crop loads and soil water conditions.
J. Amer. Soc. Hort. Sci. 114:191-196.

Ermel, FF, J.L. Poessel, M. Faurobert, and
A.M. Catesson. 1997. Early scion/stock
junction in compatible and incompatible
pear/pear and pear/quince grafts: a histo-
cytological study. Ann. Bot. 79:505-515.

Errea, P, A. Felipe, and M. Herrero. 1994.
Graft establishment between compatible
and incompatible Prunus spp. J. Expt. Bot.
45(272):393-401.

Estabrooks, E.N. 1993. Paclobutrazol
spraysreduce vegetativegrowth and in-
creasefruit productioninyoung Mclntosh
apple trees. Can. J. Plant Sci. 73:1127-
1135.

Evans, JR., R.R. Evans, C.L. Regusci and
W. Rademacher. 1999. Mode of action,
metabolism, and uptake of BAS 125W,
prohexadione-calcium. HortScience
34:1200-1201.

Facteau, T.J. and N.E. Chestnut. 1991.
Growth, fruiting, flowering, and fruit qual-
ity of sweet cherries treated with
pacl obutrazol. HortScience 26:276-278.

Falahi, E. and S. k. Mohan. 2000. Influ-

33



ence of nitrogen and rootstock on tree
growth, precocity, fruit quality, leaf min-
erd nutrients, andfireblight in‘ Scarlet gald
apple. HortTechnology 10:589-592.

Faust, M. 1989. Physiology of temperate
zone fruit trees. Wiley, New York, NY.

Faust, M. and SW. Zagaja. 1984. Prospects
for developinglow vigor fruit treecultivars.
ActaHort. 146:21-27.

Fernandez, R..T., R.L. Perry, and JA. Flore.
1997. Drought response of young apple
trees on three rootstocks: growth and de-
velopment. J. Amer. Soc. Hort. Sci.
122:14-19.

Ferreg, D.C. 1989. Growth and carbohydrate
distribution of young appletreesinresponse
to root pruning and tree density.
HortScience 24:62-65.

Ferree, D.C. 1992a. Performanceof ‘ Golden
Delicious’ on two rootstocks and four
dwarfing interstems over 10 years. Fruit
Var. J. 46:93-97.

Ferree, D.C. 1992b. Time of root pruning
influences vegetative growth, fruit size, bi-
ennial bearing, and yield of ‘Jonathan’
apple. J. Amer. Soc. Hort. Sci. 117:198-
202.

Ferree, D.C. 1994a. Early performance of
two apple cultivars in three training sys-
tems. HortScience 29:1004-1007.

Ferree, D.C. 1994b. Root distribution fol-
lowing 9 years of root-pruning ‘Melrose’/
M.26 apple trees. HortScience 29:76-78.

Ferree, D.C. and B.L. Bishop. 1988. per-
formance of ‘Empire’ on dwarfing
rootstocks and interstems. Ohio Agr. Res.

34

Devel. Ctr. Res. Circ. 295:7-10.

Ferree, D.C. and R.F. Carlson. 1987. Apple
rootstocks, p. 107-143. In: R.C. Rom and
R.F. Carlson (eds.). Rootstocks for fruit
crops. Wiley, New York, NY.

Ferree, D.C. and M. Knee. 1997. Influence
of root pruning and rootstock on growth
and performance of ‘Golden Delicious
apple. HortScience 32:645-648.

Ferree, D.C. and A.N. Lakso. 1979. Effect
of selected dormant pruning techniquesin
a hedgerow apple orchard. J. Amer. Soc.
Hort. Sci. 104:736-739.

Ferree, D.C. and W. T. Rhodus. 1993. Apple
tree performance with mechanical hedg-
ing or root pruning in intensive orchards.
J. Amer. Soc. Hort. Sci. 118:707-713.

Fideghelli, C., GD. Strada, and R. Quarta.
1984. Breeding program by | SF of Rome
to develop genetic dwarf trees. ActaHort.
146:47-57.

Fisher, D.V. 1969. Spur strains of McIntosh
discovered in British Columbia. Fruit Var.
and Hort. Dig. 24:27-32.

Fisher, D.V. and D.O. Ketchie. 1981. Sur-
vey of literature on red strains of ‘Déeli-
cious. Wash. State Agr. Expt Stat. Bul.
0898.

Flore, JA. 1992. The influence of summer
pruning onthe physiology and morphology
of stone fruit trees. Acta Hort. 322:257-
264.

Flore, JA. 1994. Stonefruit, p. 233-270. In:
B. Schaffer and P.C. Andersen (eds.)
Handbook of environmental physiology of
fruit crops. Volume |: Temperate crops.

Vol. 31, No. 1, 2003



CRC Press, Boca Raton, FL.

Forshey, C.G. 1982. Effectsof fruiting, prun-
ing, and nitrogen fertilization on shoot
growth of ‘Empire’ apple trees. J. Amer.
Soc. Hort. Sci. 107:1092-1097.

Forshey, C.G. 1989. Measuring the effects
of growth regulators on the vegetative
growth-fruiting relationshipin appletrees.
ActaHort. 239:211-219.

Forshey, C.G. and D.C. Elfving. 1989. The
relationship between vegetative growth and
fruiting in appletrees. Hort. Rev. 11:229-
287.

Forshey, C.G. and C.A. Marmo. 1985. Prun-
ing and deblossoming effects on shoot
growth and leaf area of ‘Mclntosh’ apple
trees. J. Amer. Soc. Hort. Sci. 110:128-132.

Forshey, C.G., D.C. Elfving, and R.L.
Sebbins. 1992. Training and pruning apple
and pear trees. American Society Horti-
cultural Science, Alexandria, VA.

Frecon, J. 1981. Genetic dwarfs—what are
their future use and fruiting capabilities?
Compact Fruit Tree 14:13-18.

Gardner, V.R. 1917. Theinfluence of bend-
ing dormant shoots upon their subsequent
behavior. Ore. Agr. Expt. Sta. Bul. 146:49-
56.

Gardner, V.R., F.C. Bradford, and H.D.
Hooker, J. 1952. The fundamentals of
fruit production. Pruning—the season, pp.
590-624, McGraw Hill, New York, NY.

Geider, D.and D.C. Ferree. 1984. Response

of plantstoroot pruning. Hort. Rev. 6:155-
188.

PGRSA Quarterly

Ghrab, M., A. Sahli, and N. BenMechli. 1998.
Reduction in vegetative growth and fruit
quality improvement in the peach variety
“Carnival” through moderate watering re-
strictions. ActaHort. 465:601-608.

Glenn,D.M. and S.S. Miller. 1995. Growth,
yield, and water use responses of peach to
repeated root pruning in a sub-humid cli-
mate. HortScience 30:543-546.

Glenn, D.M. and R. Scorza. 1992. Recipro-
cal grafts of standard and dwarf peach al-
ter dry-matter partitioning and root physi-
ology. HortScience 27:241-243.

Glenn, D.M. and W.V. Welker. 1989. Peach
root devel opment and tree hydraulicresis-
tance under tall fescue sod. HortScience
24:117-119.

Glenn, D.M. and W.V. Welker. 1993. Root
development patternsin field grown peach
trees. J. Amer. Soc. Hort. Sci. 118:362-365.

Glenn, D.M., W.V. Welker, and GM. Greene.
1996. Sod competition in peach produc-
tion: 1. Managing sod proximity. J. Amer.
Soc. Hort. Sci. 121:666-669.

Goldschmidt-Reischel, E. 1997. Regulating
trees of apple and pear by pruning and bend-
ing. Swedish JAgric. Res. 27:45-52.

Greene, D.W. 1986. Effect of paclobutrazol
and analogson growth, yield, fruit quality, and
storage potential of ‘Delicious’ apples. J.
Amer. Soc. Hort. Sci. 111:328-332.

Greene, D.W. 1991. Reduced rates and
multiple spraysof paclobutrazol control growth
andimprovefruit quality of ‘ Delicious’ apples.
J. Amer. Soc. Hort. Sci. 116:807-812.

35



Greene, D.W. 1996a. BAS 125 10W con-
trolsgrowth and influencesfruit quality of
Mclntosh apples. Proc. 23 Mtg. Plant
Growth Reg. Soc. Amer. pp.283-285.

Greene, D. W. 1999. Tree growth manage-
ment and fruit quality of appletreestreated
with prohexadione-calcium (BAS 125).
HortScience 34:1209-1212.

Greene, D.W. and W. R. Autio. 2002. Apo-
gee® - anew growth retardant for apples.
Univ. Mass. Ext. Factsheet F-127R.

Greene, D. W. and W.J. Lord. 1978. Evalu-
ation of scoring, limb spreading and growth
regulatorsfor increasing flower bud initia-
tion and fruit set onyoung ‘ Ddlicious’ apple
trees. J. Amer. Soc. Hort. Sci. 103:208-
210.

Greene, D. W. and W.J. Lord. 1983. Ef-
fectsof dormant pruning, summer pruning,
scoring, and growth regulators on growth,
yield, and fruit quality of ‘Delicious and
‘Cortland’ appletrees. J. Amer. Soc. Hort.
Sci. 108:590-595.

Greene, D.W. and W.J. Lord. 1986. Scor-
ing: anold but useful technique. Fruit Notes
51(2):1-5.

Greene, GM. 11, 1996b. Effectivevegetative
growth control of appleswith BAS 125W.
HortScience 31:598 (Abstr.).

Grossman, Y.L. and T.M. DeJong. 1998.
Training and pruning system effectson veg-
etative growth potential, light interception,
and cropping efficiency in peach. J. Amer.
Soc. Hort. Sci. 123:1058-1064.

Guak, S., D. Neilsenand N.E. Looney. 2001.
Growth, alocation of N and carbohydrates,
and stomatal conductance of greenhouse

36

grown appl etreated with prohexadione-Ca
and gibberellins. J. Hort. Sci. Biotech.
76:746-752.

Guimond, C.M., GA. Lang, and PK.
Andrews. 1998. Timing and severity of
summer pruning affects flower initiation
and shoot regrowth in sweet cherry.
HortScience 33:647-649.

Hamzakheyl, N., D.C. Ferree, and F.O.
Hartman. 1976. Effect of lateral shoot
orientation on growth and flowering of
young appletrees. HortScience 11:393-395.

Hansen, P. 1971. Then effect of cropping on
the distribution of growth in apple trees.
Tidsskr. For. Planteavl. 75:119-127.

Havis, L. 1938. Peach treeroot distribution.
Ecology 19:454-462.

Hayden R.A. and FH. Emerson. 1976. It
pays to hedge. Amer. Fruit Grower
96(11):11-12.

Heinicke, D.R. 1975. High-density apple
orchards— Planning, training, and pruning.
USDA Agr. Hdbk 458:1-34.

Hennerty, M.J. and C.G. Forshey. 1971. Ef-
fectsof defruiting, scoring, defoliation and
shading on the carbohdrate content of
‘Golden Deliciousappletrees. J. Hort. Sci.
46:153-161.

Higgs, K.H. and H.G. Jones. 1990. Response
of apple rootstocks to irrigation in south-
east England. J. Hort. Sci. 65:129-141.

Hirst, PM. and D.C. Ferree. 1996. Effects
of rootstocks on bud development and
flower formation of ‘Starkspur Supreme
Delicious apple. Fruit Var. J. 50:25-34.

Vol. 31, No. 1, 2003



Hoying, SA.and T.L. Robinson. 1992. Ef-
fects of chain saw girdling and root prun-
ing of appletrees. ActaHort. 322:167-172.

Hugard, J. 1980. High density planting in
French orchards: devel opment and current
achievements. ActaHortic. 114;300-308.

Huslig, S.M., M.W. Smith, and G.H.
Brusewitz. 1993. Irrigation schedulesand
annual ryegrass as a ground cover to con-
servewater and control peach tree growth.
HortScience 28:908-913.

Hussein, I.A. and M.J. McFarland. 1994.
Rootstock-induced differencesin sap flow
of ‘Granny Smith’ apple. HortScience
29:1120-1123.

Jackson, JE. 1984. Effects of cropping on
tree vigour. Acta Hort. 146:83-88.

Jackson, J.E. and JW. Pamer. 1977. Ef-
fects of shade on the growth and cropping
of appletrees. |. Experimental detailsand
effects on vegetative growth. J. Hort. Sci.
52:245-252.

Jackson, M.B. 1993. Are plant hormones
involved in root to shoot communication?
Adv. Bot. Res. 19:103-187.

Janick, J. and J.N. Moore. 1996. Fruit breed-
ing Vol. |. Tree and tropical fruits. Wiley,
New York, NY.

Johnson, R.S., D.F. Handley, and T.M.
Delong. 1992. Long-term response of
early maturing peach trees to postharvest
water deficits. J. Amer. Soc. Hort. Sci.
117:881-886.

Johnson, R.S. and D.F. Handley. 2000. Us-
ing water stress to control vegetative
growth and productivity of temperatefruit

PGRSA Quarterly

trees. HortScience 35:1048-1050.

Jonkers, H. 1982. Testing Koopmann'srules
of apple tree pruning. Scientia Hort.
16:209-215.

Kaini, B.R., D.l. Jackson and R.N. Rowe.
1984. Studieson shoot growth patternsin
Lincoln Canopy apples. J. Hort. Sci.
59:141-149.

Kappel, F. and M. Bouthillier. 1995. Root-
stock, severity of dormant pruning, and sum-
mer pruning influenceson peach tree size,
yield, and fruit quality. Can. J. Plant Sci.
75:491-496.

Kappel, F. and JA. Flore. 1983. Effect of
shade on photosynthesis, specific leaf
weight, leaf chlorophyll content, and mor-
phology of young peach trees. J. Amer.
Soc. Hort. Sci. 108:541-544.

Kappel, F., M. Bouthillier, and R. Brownlee.
1997. Summer pruning young ‘ Sweetheart’
sweet cherry trees affects yield and tree
size. HortScience 32:1034-1036.

Kato, T.and H. Ito. 1962. Physiological fac-
tors associated with the shoot growth of
apple trees. Tohoku J. Agr. Res. 13:1-21.

Kikuchi, T., T. Asada, Y. Shiozaki, T. Saito
and S. Kamata. 1989. Effect of summer
pruning on the next season’s shoot growth
of young apple trees. J. Japan. Soc. Hort.
Sci. 58:491-497.

Kilpatrick, D.T. 1964. New semi-dwarf “spur
type” Granny Smith. J. Agr. S. Austral.
68:57-61.

Konishi, B.S. and B.H. Barritt. 1999. Dwarf-
ing apple rootstocks. Good Fruit Grower
50(16):55-58.

37



Lakso, A.N. 1994. Apple, p. 3-42. In: B.
Schaffer and P.C. Andersen (eds.) Hand-
book of environmental physiology of fruit
crops. Volume |: Temperate crops. CRC
Press, Baco Raton, FL.

Larson, K.D., T.M. DeJong, and R.S.
Johnson. 1988. Physiological and growth
responses of mature peach trees to
postharvest water stress. J. Amer. Soc.
Hort. Sci. 113:296-300.

Layne, R.E.C. 1987. Peach rootstocks, p.
185-216. In: R.C. Rom and R.F. Carlson
(eds.). Rootstocks for fruit crops. Wiley,
New York, NY.

Layne, R.E.C. 1994. Prunus rootstocks af-
fect long-term orchard performance of
‘Redhaven’ peach on Brookston clay loam.
HortScience 29:167-171.

Layne, RE.C. and C.S. Tan. 1988. Influ-
enceof cultivars, ground covers, andtrickle
irrigation on early growth, yield, and cold
hardiness of peachesonfox sand. J. Amer.
Soc. Hort. Sci. 113:518-525.

Layne, R.E.C., GM. Weaver, H.O. Jackson,
and F.D. Stroud. 1976. Influence of peach
seedling rootstocks on growth, yield and
survival of peach scion cultivars. J. Amer.
Soc. Hort. Sci. 101:568-572.

Lehman, L.J,, C.R. Unrath, and E. Young.
1990. mature ‘ Starkrimson Delicious
appletreeresponseto paclobutrazol appli-
cation method. HortScience 25:429-430.

Leuty, S.J. and D.J. Pree. 1980. The influ-
ence of tree population and summer prun-
ing on productivity, growth, and quality of
peaches. J. Amer. Soc. Hort. Sci. 105:702-
705.

38

Lockard, R.G. and GW. Schneider. 1981.
Stock and scion growth relationships and
the dwarfing mechanism in apple. Hort.
Rev. 3:315-375.

Lombard, PB. and M.N. Westwood. 1987.
Pear rootstocks, pp. 145-183. In: R.C. Rom
and R.F. Carlson (eds.). Rootstocksfor fruit
crops. Wiley, New York, NY.

Long, L.E. 1999. New high-density sweet
cherry training systems show promise. N.Y
Fruit Quart 6(4):10-13.

Looney, N.E. 1983. Growth regulator usein
the production of Prunus species fruits.
pp.27-40. In: L.G. Nickell (ed.). Plant
growth regulating chemicals, Vol. |, CRC
Press, Boca Raton, FL.

Lord, W.J. and R.A. Damon, Jr. 1983.
Growth and fruiting responses of ‘ Redspur
Delicious' apple trees to pruning treat-
ments. J. Amer. Soc. Hort. Sci. 108:867-
871.

Loreti, F, R. Massai, and S. Morini. 1993.
Growth and yield of nectarinetrees at dif-
ferent planting densities and training sys-
tems. Acta Hort. 349:39-42.

Luckwill, L.C. 1970. The control of growth
and fruitfulness of appletrees. pp. 237-254.
In: L.C. Luckwill and C.V. Cutting (eds.).
Physiology of tree fruit crops, Academic
Press, London.

Maas, V. 1970. Delicious, p. 45-68. In: W.H.
Upshall (ed.) North American apples: va-
rieties, rootstocks, outlook. Mich. State
Univ. Press, East Lansing, MI.

Maggs, D.H. 1960. Thestability of thegrowth
pattern of young apple-treesunder four lev-
elsof illumination. Ann. Bot. 24:434-450.

Vol. 31, No. 1, 2003



Maggs, D.H. 1963. Thereductioningrowth
of appletreesbrought about by fruiting. J.
Hort. Sci. 38:119-128.

Maggs, D.H. 1965. Dormant and summer
pruning compared by pruning young apple
trees once on a succession of dates. J.
Hort. Sci. 40:249-265.

Marini, R.P. 1985. Vegetative growth, yield,
and fruit quality of peach asinfluenced by
dormant pruning, summer pruning, and
summer topping. J. Amer. Soc. Hort. Sci.
110:133-139.

Marini, R.P.and J.A. Barden. 1982. Growth
and flowering of vigorous apple trees as
affected by summer or dormant pruning.
J. Amer. Soc. Hort. Sci. 107:34-39.

Marini, R.P. and JA. Barden. 1987. Sum-
mer pruning of apple and peach trees. Hort.
Rev. 9:351-375.

Marini, R.P. and D.S. Sowers. 2000. Peach
tree growth, yield, and profitability asin-
fluenced by tree form and tree density.
HortScience 35:837-842.

Marini, R.P, JA. Barden, and D. Sowers.
1993. Growth and fruiting responses of
‘Redchief Delicious’ apple treesto head-
ing cutsand scaffold limb removal. J. Amer.
Soc. Hort. Sci. 118:446-449.

Martin, G.C. 1979. Growthregulatorsin po-
mology: the end of the beginning.
HortScience 14:326-328.

McLean, F.T. 1940. A loop method of dwarf-
ing plants and inducing flowering. Contr.
Boyce Thompson Inst. 11:123-125.

Merwin, I.A. and JA. Ray. 1997. Spatial
and temporal factorsin weed interference

PGRSA Quarterly

with newly planted apple trees.
HortScience 32:633-637.

Merwin, I.A. and W.C. Stiles. 1994. Or-
chard groundcover management impacts
on apple tree growth and yield, and nutri-
ent availability and uptake. J. Amer. Soc.
Hort. Sci. 119:209-215.

Mika, A.L. 1969. Effects of shoot-bending
and pruning on growth and fruit bud for-
mation in young apple trees. Hort. Res.
9:93-102.

Mika, A. 1986. Physiologica responses of
fruit trees to pruning. Hort. Rev. 8:337-
378.

Mika, A. and M. Piatkowski. 1989. Control-
ling tree size in dense plantings by winter
and summer pruning. ActaHort. 243:95-
102.

Mika, A. and E. Piskor. 1997. Growth and
cropping of dwarf ‘Jonagold’ (‘Jonica’)
apple trees planted at the density ranged
from 2,000 to 10,000 per haand trained as
slender spindle, super spindle, and V sys-
tem. ActaHort. 451:473-477.

Mika, A., M .J. Grochowska, A. Karaszewska,
and M.W. Williams. 1983. Effects of
domant and summer pruning, disbudding,
and growth retardants on growth, flower
bud formation, and fruiting of young apple
trees. J. Amer. Soc. Hort. Sci. 108:655-
660.

Miller, S.S. 1982. Regrowth, flowering, and
fruit quality of ‘Delicious apple trees as
influenced by summer pruning. J. Amer.
Soc. Hort. Sci. 107:975-978.

Miller, S.S. 1988. Pant bioregulatorsin apple
and pear culture. Hort Rev. 10:309-401.

39



Miller, S.S. 1995. Root pruning and trunk
scoring have limited effect on young bear-
ing appl e trees. HortScience 30:981-984.

Miller, S.S. 2001. The effect of continuous
and periodic whole-tree shade on the per-
formanceof * Ginger Gold'/M.9 appletrees.
Proc. 77"" Cumb.-Shen. Fruit Workers
Conf., Winchester, VA pp.397-404.

Miller, S. S. 2002. Prohexadione-calcium
controls vegetative shoot growth in apple.
J. Tree Fruit Production 3(1):11-28.

Miller, S.S. and R.E. Byers. 2000. Response
of winter-injured peach trees to pruning.
HortTechnology 10:757-765.

Mitchell, PD., B. van den Ende, PH. Jerie,
and D.J. Chalmers. 1989. Responses of
‘Bartlett’ pear to withholding irrigation,
regulated deficit irrigation, and tree spac-
ing. J. Amer. Soc. Hort. Sci. 114:15-19.

Moran, R.E. 1991. Growth, fruiting and pho-
tosynthesis of apple as affected by the di-
urnal course of light. M.S. Thesis, Dept.
of Horticulture, Univ. of Arkansas,
Fayetteville.

Moreshet, S,, S. Cohen, Z. Assor, and M. Bar-
Joseph. 1998. Water relations of citrus
exocortisviroid-infected grapefruit treesin
thefield. J. Expt. Bot. 49(325):1421-1430.

Mullins, M.G. 1965. Latera shoot growthin
horizontal apple stems. Ann. Bot., N.S.
29:73-78.

Mullins, M.G. and W.S. Rogers. 1971.
Growthin horizontal apple shoots: Effects
of stem orientation and bud position. J.
Hort. Sci. 46:313-321.

Myers, S.C. 1990. Basics of training and
40

pruning. Compact Fruit Tree 23:93-100.

Myers, S.C. 1992. Root restriction of apple
and peach with in-ground fabric contain-
ers. ActaHort. 322:215-219.

Myers, S.C. and D.C. Ferree. 1983. Influ-
ence of time of summer pruning and limb
orientationon growth and flowering of ‘ De-
licious appletrees. J. Amer. Soc. Hort. Sci.
108:634-638.

Myers, S. C. and A. T. Savelle. 1996. Coor-
dination of vegetative and reproductive
growth: root restriction, branch manipula-
tion, and pruning. pp. 69-87. In: K. M. Maib
(ed.) Treefruit physiology: growth and de-
velopment. Good Fruit Grower, Yakima,
WA.

Nakayama, I., T. Miyazawa, M. Kobayashi,
Y. Kamiya, H.Abe and A. Sakurai. 1990.
Effects of a new plant growth regulator,
prohexadione calcium (BX-112), on shoot
elongation caused by exogenously applied
gibberellinsinrice (Oryza sativa L .) seed-
lings. Plant Cdll Physiol. 31:195-200.

NC-140. 1991. Performance of ‘ Starkspur
Supreme Delicious' apple on 9 rootstocks
over 10 years in the NC-140 cooperative
planting. Fruit Var. J. 45:192-199.

NC-140. 1996a. Horticultural characteris-
ticsof * Starkspur Supreme Delicious' apple
on 15 rootstocks at 24 sites. Fruit Var. J.
50:18-24.

NC-140. 1996b. Performance of the NC-
140 cooperative apple rootstock planting:
I. survival, tree size, yield and fruit size.
Fruit Var. J. 50:6-11.

Neilsen, D. and GH. Neilsen. 2002. Effi-
cient use of nitrogen and water in high-den-

Vol. 31, No. 1, 2003



Sty appleorchards. HortTechnology 12:19-
25.

Niederholzer, F.J.A., T.M. DeJong, J.-L.
Saenz, T.T. Muraoka, and S.A. Weinbaum.
2001. Effectiveness of fall versus spring
soil fertilization of field-grown peach trees.
J. Amer. Soc. Hort. Sci. 125:644-648.

Oberhofer, H. 1987. Schnitt der schlanken
spindel. Sudtiroler Beratungsring fir Obst-
undWeinbau. Lana, Italy. In 1990 published
as “Pruning the dlender spindle” by B.C.
Ministry of Agriculture and Fisheries,
Vctoria, Canada.

Oberle, GD. 1965. The occurrence of spur
type trees in seedling apple populations.
Fruit Var. Hort. Digest 19:43-46.

Ogata, R., T. Saito, J. Araya, |. Nakagawara,
and T. Kubo. 1989. Effect of paclobutrazol
on vegetative growth and cropping of peach
and cherry. Acta Hort. 239:297-300.

Palmer, JW. 1992. Effects of varying crop
load on photosynthesis, dry matter produc-
tion and partitioning of Crispin/M.27 apple
trees. Tree Physiol 11:19-33.

Palmer, JW., R. Giuliani and H.M. Adams.
1997. Effect of crop load on fruiting and
leaf photosynthesis of ‘Braeburn’/M.26
appletrees. Tree Physiol. 17:741-746.

Parker, M.L., J. Hull, and R.L. Perry. 1993.
Orchard floor management affects peach
rooting. J. Amer. Soc. Hort. Sci. 118:714-
718.

Parry, M.S. 1977. Field comparison of M.26
and other dwarfing apple rootsocks on a
diversity of sites. J. Hort. Sci. 52:59-73.

Perry, R.L. 1987. Cherry rootstocks, p. 217-

PGRSA Quarterly

264. In: R.C. Romand R.F. Carlson (eds.).
Rootstocks for fruit crops. Wiley, New
York, NY.

Perry, R., G Lang, R. Andersen, L. Ander-
son, A.Azarenko, T. Facteau, D. Ferree,
A. Gaus, F. Kappel, F. Morrison, C.
Rom, T. Roper, S. Southwick, G Tehrani,
C. Walsh. 1996. Performance of the
NC-140 cherry rootstock trials in North
America. Compact Fruit Tree 29:37-56.

Proebsting, E.L. Jr. 1958. A quantitative
evaluation of the effect of fruiting on
growth of Elbertapeach trees. Proc. Amer.
Soc. Hort. Sci. 71:103-1009.

Proebsting, E.L. Jr.and H.H. Mills. 1976.
Effect of daminozide on growth, maturity,

quality and yield of sweet cherries. J.
Amer. Soc. Hort. Sci. 101:175-179.

Proebsting, E.L., PH. Jerie, and J. Irvine.
1989. Water deficits and rooting volume
modify peach tree growth and water rela-
tions. J. Amer. Soc. Hort. Sci. 114:368-
372.

Quinlan, J.D. 1982. Recent developments
and future prospectsfor the chemical con-
trol of tree growth. Compact Fruit Tree
15:33-39.

Quinlan, JD. and K.R.Tobutt. 1990. Ma
nipulating fruit tree structure chemically
and genetically for improved performance.
HortScience 25:60-64.

Rademacher, W. 1993. On the mode of ac-
tion of acylcylohexanediones—anew type
of plant growth retardant with possiblere-
lationships to daminozide. Acta Hort.
329:31-34.

41



Rademacher, W. 2000. Growth retardants:
Effects on gibberellin biosynthesis and
other metabolic pathways. Ann. Rev. Plant
Physiol. Plant Mol. Biol. 51:501-531.

Rademacher, W. and T. Bucci. 2002. New
plant growth regulators: high risk invest-
ment. HortTechnology 12:64-67.

Ran, Y., R. Habib, B. Bar-Yosef, and A. Erez.
1994. Root volume effects on nitrogen
uptake and partitioning in peach trees.
Agron. J. 86:530-534.

Reighard, GL. 1997. Peach rootstocks on
the horizon for North American growers.
Compact Fruit Tree 30:85-88.

Reighard, GL. 1998. Manipulation of peach
phenology, growth, and fruit maturity using
interstems. ActaHort. 465:567-572.

Richards, D. and R.N. Rowe. 1977a. Ef-
fects of root restriction, root pruning and
6-benxylaminopurine on the growth of
peach seedlings. Ann. Bot. 41:729-740.

Richards, D. and R.N. Rowe. 1977b. Root-
shoot interactions in peach: the function
of theroot. Ann. Bot. 41:1211-1216.

Rieger, M. and F. Marra. 1994. Responses
of young peach treesto root confinement.
J. Amer. Soc. Hort. Sci. 119:223-228.

Robinson, T.L., W.C. Stiles, and A.N. Lakso.
1992. Fertigation effects on apple tree
growth, cropping, and dry weight partition-
ing. HortScience 27:132. (Abstr.).

Rogers, W.S. 1946. Growth and cropping of

apple trees on Malling rootstocks on five
soil series. J. Pomol. 22:209-226.

42

Rogers, W.S. and GA. Booth. 1960. Theroots
of fruit trees. Sci. Hortic. 14:27-34.

Rogers, W.S. and GA. Booth. 1964. Rela
tionship of crop and shoot growthin apple.
J. Hort. Sci. 39:61-65.

Rom, C. R. 1989. Physiological aspects of
pruning and training. p. 13-40. In: A. B.
Peterson (ed.) Intensive orcharding. Good
Fruit Grower, Yakima, WA.

Rom, C.R. 1996. Environmental factors
regulating growth: light, temperature, wa-
ter, nutrition. p. 11-30. In: K. M. Maib (ed.)
Treefruit physiology: growth and develop-
ment. Good Fruit Grower, Yakima, WA.

Rom, R.C. 1983. The peach rootstock situ-
ation: An international perspective. Fruit
Var. J. 37(1):3-14.

Rom, R.C. and R.F. Carlson. 1987.
Rootstocks for fruit crops. Wiley, New
York, NY.

Rom, C.R. and D.C. Ferree. 1984. Thein-
fluence of summer pruning current —sea-
son shoots on growth, floral bud develop-
ment, and winter injury of mature peach
trees. HortScience 19:543-545.

Samad, A., D.L. McNeil, and Z.U. Khan.
1999. Effect of interstock bridge grafting
(M9 dwarfing rootstock and same cultivar
cutting) on vegetative growth, reproductive
growth and carbohydrate composition of
mature apple trees. Scientia Hort. 79:23-
38.

Santos, R., B.H. Taylor, and R. Kjelgren.
1991. Effect of root pruning on water re-
lations and shoot growth of ‘Bellaire’
peach. HortScience 26:748(Abstr.).

Vol. 31, No. 1, 2003



Saure, M.C. 1987. Summer pruning effects
in apple—areview. ScientiaHort. 30:253-
282.

Savage, E.F. and FF. Cowart. 1942. The
effect of pruning upon theroot distribution
of peach trees. Proc. Amer. Soc. Hort. Sci.
41:67-70.

Sax, K. 1957. The control of vegetative
growth and the induction of early fruiting
of appletrees. Proc. Amer. Soc. Hort. Sci.
69:68-74.

Schechter, I., JT.A. Proctor, and D.C. Elfving.
1994. Apple fruit removal and limb gir-
dling affect fruit and leaf characteristics.
J. Amer. Soc. Hort. Sci. 119:157-162.

Schmidt, H. and W.Gruppe. 1988. Breeding
dwarf rootstocks for sweet cherries.
HortScience 23:112-114.

Schupp, JR. and D.C. Ferree. 1987. Effect
of root pruning at different growth stages
on growth and fruiting of apple trees.
HortScience 22:387-390.

Schupp, JR. and D.C. Ferree. 1988. Effect
of root pruning at four levelsof severity on
growth andyield of ‘Melrose' /M .26 apple
trees. J. Amer. Soc. Hort. Sci. 113:194-
198.

Schupp, J.R. and J.J. McCue. 1996. Effect
of five weed control methods on growth
and fruiting of ‘Mclntosn’/M.7 appletrees.
Journal of Tree Fruit Production 1:1-14.

Schupp, J.R., D.C. Ferree, and I.J.
Warrington. 1992. Interactions of root
pruning and debl ossoming on growth, de-
velopment and yield of * Golden Delicious
apple. J. Hort. Sci. 67:465-480.

PGRSA Quarterly

Schupp, J., T. Robinson, J. Norelli, D.
Rosenberger and H. Aldwinckle. 2001.
Apogee: anew plant growth regulator for
apples. NY. Fruit Quart. 9(2):19-21.

Scorza, R. 1984. Characterization of four
distinct peach tree growth types. J. Amer.
Soc. Hort. Sci. 109:455-457.

Scorza, R. 1987. Identification and analysis
of spur growth in peach (Prunus persica
L. Batsch). J. Hort. Sci. 62:449-455.

Scorza, R. 1988. Progress in the develop-
ment of new peach tree growth habits.
Compact Fruit Tree 21:92-98.

Scorza, R., D. Bassi, A. Dima, and M. Rizzo.
2000. Developing new peach tree growth
habitsfor higher density plantings. Com-
pact Fruit Tree 33(1):19-21.

Shribbs, J.M. and W.A. Skroch. 1986. Influ-
enceof 12 ground cover systems on young
‘ Smoothee Golden Delicious appletrees:
I. Growth. J. Amer. Soc. Hort. Sci.
111:525-528.

Skene, K.GM. 1975. Cytokinin production
by roots as a factor in the control of plant
growth. p. 365-396. In: (J.G. Torrey and
D.T. Clarkson, eds.) The Development and
Function of Roots. Academic Press, New
York, N.Y.

Soumelidou, K., N.H. Battey, P. John, and JR.
Barnett. 1994. The anatomy of the devel-
oping bud union and its relationship to
dwarfing apple. Ann. Bot. 72(6):605-611.

Stang, E.J., D.C. Ferree, and F.R. Hall.
1976. Effectsof scoringand growth regu-
latorson flower initiation, fruit set, and
aphid populationsin young appletrees.

43



Ohio Agr. Res. Devel. Ctr. Res. Circ.
220:9-13.

Stebbins, R.L. 1980. Training and pruning
apple and pear trees. Pacific Northwest
Ext. Publ. 156, p. 1-18.

Sembridge, G 1979. Summer pruning of
apple trees — timing, need, desirability.
Compact Fruit Tree 12:97-99.

Susa, T. 1938. Apple root systems under
different cultural systems. Proc. Amer.
Soc. Hort. Sci. 36:150-152.

Talbert, T.J. 1940. Results of some young
appletree pruning experiments. Missouri
Agr. Expt. Sta. Res. Bul. 313.

Taylor, B.H. and D.C. Ferree. 1984. The
influence of summer pruning and cropping
on growth and fruiting of apple. J. Amer.
Soc. Hort. Sci. 109:19-24.

Trajkovski, V. 1986. Breeding work with
apple, cherry and plum with aims for
dwarfing and productivity. Compact Fruit
Tree19:138-143.

Tromp, J. 1970. Shoot orientation effectson
growth and flower-bud formationin apple.
ActaBot. Neerl. 19(4):535-538.

Tukey, H.B. 1964. Dwarfed fruit trees.
Macmillan, New York

Tukey, L.D. 1983. Vegetative control and
fruiting on mature appl e trees treated with
PP333. ActaHort. 137:103-109.

Tukey, H.B. and K.D. Brase. 1941. Three-
year performance of sixteen varieties of
apples on Malling IX rootstocks. Proc.
Amer. Soc. Hort. Sci. 38:321-327.

44

Tworkoski, T. 2000. Response of potted
peach trees to pruning and grass competi-
tion. HortScience 35:1209-1212.

Tworkoski, T.J. and D.M. Glenn. 2001. Yield,
shoot and root growth, and physiological
responses of mature peach trees to grass
competition. HortScience 36:1214-1218.

Tworkoski, T.J., D.M. Glenn, and W.V.
Welker. 1997. Carbohydrate and nitrogen
partitioning within one-year shoots of young
peach trees grown with grass competition.
HortScience 32:1174-1177.

Unrath, C.R. 1999. Prohexadione-Ca: a
promising chemical for controlling vegeta-
tive growth of apples. HortScience
34:1197-1999.

Unrath, C.R., A.L. Kenworthy and C.L.
Bedford. 1969. The effect of Alar, suc-
cinic acid 2,2-dimethyl hydrazide, on fruit
maturation, quality and vegetative growth
of sour cherries, Prunus ceraus L., cv.
‘Montmorency’. J. Amer. Soc. Hort. Sci.
94:387-391.

Utermark, H. 1977. Summer pruningto con-
trol growth and maintain fruiting in mature
appletrees. Compact Fruit Tree 10:86-90.

Van Oosten, H.T. 1978. Highworking for
control of vigor of appletrees. ActaHort.
65:157-166.

Van Well, R.G. 1974. Com-Pact redhaven.
Fruit Var. J. 28:37.

Veinbrants, N. 1972. Effectsof succinic acid-
2,2-dimethylhydrazide (Alar) or scoring on
growth and flowering initiation of young
apple trees. Aust. J. Expt. Agr. Animal
Husb. 12:89-95.

Vol. 31, No. 1, 2003



Volz, RK., |.B. Ferguson, JH. Bowen and
C.B. Watkins. 1993. Crop load effects
on fruit mineral nutrition, maturity, fruiting
and tree growth of * Cox’s Orange Pippin’
apple. J. Hort. Sci. 68:127-137.

Walsh, C.S,, FJ. Allnutt, A.N. Miller,and A.H.
Thompson. 1989. Nitrogenlevel andtime
of mechanized summer shearinginfluence
long-term performance of a high-density
‘Redskin’ peach orchard. J. Amer. Soc.
Hort. Sci. 114:373-377.

Walker, C.D. 1980. The development of in-
tensive orchards in England a historical
note. ActaHortic. 114;309-317.

Wareing, P.F. and T.A.A. Nasr. 1961.
Gravimorphismintrees. 1. Effectsof grav-
ity on growth and apical dominanceinfruit
trees. Ann. Bot., N.S. 25:321-340.

Warrington, 1.J., K.J. Mitchell, and G.
Halligan. 1976. Comparison of plant
growth under four different lamp combi-
nations and various temperature and irra-
diance levels. Agric. Meteorol. 16:231-
245.

Webster, T., K. Tobutt and K. Evans. 2000.
Breeding and eval uation of new rootstocks
for apple, pear and sweet cherry. Com-
pact Fruit Tree 33(4):100-104.

Webster, A.D., C.J. Atkinson, A.S. Lucas, S.P
Vaughan, and L. Taylor. 2000. Interac-
tions between root restriction, irrigation and
rootstock treatments on the growth and
cropping of ‘Queen Cox’ appletrees. Ef-
fects on orchard growth and cropping. J.
Hort. Sci. & Biotech. 75:181-189.

Weinbaum, S.A., F.J.A. Niederholzer, S.
Ponchner, R.C. Rosecrance, R.M. Carlson,
A.C. Whittlesey, and T.T. Muraoka. 1994.

PGRSA Quarterly

Nutrient uptake by cropping and defruited
field-grown * Prench’ prunetrees. J. Amer.
Soc. Hort. Sci. 119:925-930.

Westwood, M. N. 1978. Temperate-zone
pomology. W. H. Freeman, San Francisco,
CA.

Westwood, M.N. and A.N. Roberts. 1970.
The relationship between trunk cross-sec-
tional area and weight of apple trees. J.
Amer. Soc. Hort. Sci. 95:28-30.

Westwood, M.N. and Q.B. Zielinski. 1966.
Comparative growth habit and leaf com-
position of acompact mutant and standard
delicious apple. Proc. Amer. Soc. Hort.
Sci. 88:9-13.

Williams, M.W. 1984. Use of bioregulators
to control vegetative growth of fruit trees
and improve fruiting efficiency. pp.93-99.
In: R.L. Ory and F.R. Rittig (eds.).
Bioregulators: chemistry and uses. Ameri-
can Chemical Society, Washington, D.C.

Williams, M.W. and L.J. Edgerton. 1983.
Vegetative growth control of appleand pear
trees with ICI PP333 (paclobutrazol) a
chemical analog of Bayleton. Acta Hort.
137:111-116.

Williams, M.W., E.A. Curry, and G.M.
Greene. 1986. Chemical control of veg-
etative growth of pome and stone fruit
treeswith GA biosynthesisinhibitors. Acta
Hort. 179:453-458.

Williamson, J.G. and D.C. Coston. 1990.
Planting method and irrigation rate influ-
ence vegetative and reproductive growth
of peach planted at high density. J. Amer.
Soc. Hort. Sci. 115:207-212.

Williamson, J.G,, D.C. Coston, and J.A.

45



Cornell. 1992. Root restriction affects
shoot devel opment of peachin ahigh-den-
sity orchard. J. Amer. Soc. Hort. Sci.
117:362-367.

Wilton, J. 1999. Vigour control hints. The
Orchardist 72(7):14-18.

Winsche, J.N., JW. Pamer and D.H. Greer.
2000. Effectsof crop load on fruiting and
gas-exchange characteristics of
‘Braeburn’/M.26 appletreesat full canopy.
J. Amer. Soc. Hort. Sci. 125:93-99.

Yocum, W.W. 1937. Root development of
young Delicious appletrees as affected by
soil and cultural treatments. Nebraska
Agric. Expt. Sta. Res. Bul. 95.

Zeiger, D. and H.B. Tukey. 1960. An his-
torical review of the Malling apple
roostocks in America. Mich. State Expt.
Sta. Circ. Bul. 226.

46

Vol. 31, No. 1, 2003



