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Architectural analysis was applied to study branch development of `Royal Gala' apple trees grafted with
dwar®ng and non-dwar®ng rootstock/interstock combinations, which had been chosen to produce trees with a
wide range of vigour. Using AMAPmod methodology, the structure of 3-year-old branches was described at four
levels of representation: branch; annual shoot; growth unit; and node. Three types of growth units were
distinguished: extension growth unit (vegetative unit with internode extension); vegetative spur with minimal
internode extension; and fruiting spur or bourse. The aim of the analysis was to describe exactly how the
rootstock/interstock combinations affected the structure building process. The number of extension growth units,
vegetative spurs and fruiting spurs per annual shoot changed over the years, but this was not affected by
rootstock/interstock combination. Compared with MM.106 rootstock, M.9 rootstock reduced the number of
nodes per extension growth unit. In most cases, rootstock/interstock combination had no effect on the linear
relationship between extension growth unit length and node number (R2 = 0´88). Average internode length
depended on unit node number, with internodes being shorter for units with fewer nodes. Thus the difference in
apple branch size induced by the rootstock/interstock combinations was mainly due to a reduction in the length
and number of neoformed nodes produced on extension growth units. As percentage budbreak of axillary buds
on extension growth units was not affected by rootstock/interstock combination, differences in numbers of
axillary annual shoots per branch were entirely due to differences in the total numbers of nodes extended during
the previous year. ã 2003 Annals of Botany Company

Key words: Malus domestica Borkh, plant architecture, modelling, growth unit, rootstock, dwar®ng, internode length,
node number, neoformation.

INTRODUCTION

Even though rootstocks are widely used to control apple tree
size, the mechanisms involved and the speci®c effects on
tree growth are still unclear (Atkinson and Else, 2001). The
main dif®culties in identifying the effects of rootstock are
associated with the fact that these effects are cumulative and
are superimposed over year-to-year trends and variations in
scion development (Barritt et al., 1995; Ferree et al., 1995).
Architectural analysis (BartheÂleÂmy, 1991; Godin et al.,
1997), being a dynamic approach to plant development,
appears well suited to investigate the rootstock effects on
apple tree growth. This approach is based on the hypothesis
that plant structures are `built' by addition of similar
constructional units, e.g. nodes, shoots and branches (White,
1979; Barlow, 1994). The primary aim of architectural
analysis is to reveal the genetically determined plan of the
plant construction. At any given time, plant structure is an
expression of equilibrium between realization of this plan

and constraints exerted by the environment. Architectural
analysis can also be used to investigate the extent of
architectural plasticity or, in other words, the extent to
which an expression of the architecture can be altered by the
external or internal environment. In this paper, architectural
analysis is used to investigate the effects of rootstock on
aerial architecture, which is induced via the internal
environment of the apple tree.

In temperate trees, annual shoots develop from buds by
emergence of successive metamers, each consisting of a
node, an internode, a leaf and an axillary bud (White, 1979;
Barlow, 1994). First metamers are initiated during the
previous season (known as `preformed') and are present in
the resting bud during winter dormancy. In some species
shoot growth ceases after elongation of the preformed
metamers, in others it may continue as a result of initiation
and elongation of new (`neoformed') metamers (HalleÂ et al.,
1978; Powell, 1991). Generally the extent of neoformation
decreases with plant age.

As with other species, annual shoots of apple display
¯ushes of growth interrupted by periods of rest. The
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morphologically distinct growth increments corresponding
to the ¯ushes of growth are referred to as growth units (GUs)
(HalleÂ et al., 1978; BartheÂleÂmy, 1991; deReffye et al.,
1991). Each growth unit may have a ring of bud scale scars
at the base or a zone of compressed internodes that
morphologically marks a period of rest (Caraglio and
BartheÂleÂmy, 1997).

In apple, annual shoots can be monopodial or
sympodial. Monopodial shoots develop from vegetative
buds containing about 12 preformed metamers (Rivals,
1965; Lauri and Terouanne, 1998). Depending on the tree
age, a number of neoformed metamers may be produced.
Sympodial shoots develop from mixed buds containing
¯ower primordia in terminal positions, leaf primordia
and two vegetative axillary structures (Pratt, 1988;
CrabbeÂ and Escobedo, 1991). Before winter the axillary
structures comprise two or three primordia; at the time of
budbreak in the following spring these axillary structures
have ®ve or six leaf primordia. Following budbreak
the ¯oral bud develops into a ¯oral spur (bourse) with
¯owers in terminal positions, and each axillary structure
can produce one or two ¯ushes of growth (forming a
`bourse shoot') (Abbott, 1960; Pratt, 1988; Lauri and
TeÂrouanne, 1995). In the early stages of development, the
vegetative structure of young apple trees is primarily
built from monopodial shoots, as most buds are vegetative.
As the apple tree matures, the proportion of ¯oral buds
increases, resulting in a higher proportion of sympodial
shoots.

Costes et al. (2001) applied architectural analysis to
examine annual shoot development and branching patterns
on the main axis of two apple cultivars grafted on two
different rootstocks. This study highlighted a decrease in the
successive growth over 6 years and a linear relationship
between the number of metamers per growth unit and
the number of axillary shoots that were unchanged in the
different treatments. The present study applied architectural
analysis to examine the structure of 3-year-old branches of
`Royal Gala' apple trees grafted onto dwar®ng and non-
dwar®ng rootstock/interstock combinations, with `inter-
stock' being a clonal rootstock graft inserted as a length of
stem tissue between the rootstock and the scion cultivar.
Interstocks are used to induce a speci®c plant development
response (e.g. dwar®ng, overcome graft incompatibility).
The model system used produced trees with a wide range of
vigour from a known restricted range of rootstock genetic
material by means of reciprocal application of dwar®ng
and non-dwar®ng rootstocks used as both rootstock and
interstock.

Since rootstock effects are cumulative in nature (Costes
et al., 2001), the main goal was to identify the primary
components and to answer the question: Where exactly was
the structure building process, that leads to the dramatic
differences in size and appearance of branches between
dwarfed and non-dwarfed apple trees, affected? (Fig. 1).
The variables and methods of empirical modelling were
chosen so as to gain an insight into quantitative aspects of
the expression of dwar®ng that would also form a base for
future simulation modelling.

MATERIALS AND METHODS

Plant material

In winter 1995, `Royal Gala' scions were grafted onto
six rootstock/interstock combinations: MM.106; MM.106/
MM.106; MM.106/M.9; M.9; M.9/M.9; and M.9/MM106,
where MM.106 is a non-dwar®ng rootstock and M.9 is a
dwar®ng rootstock (Table 1). The interstock length was
standardized at 30 cm. This was grafted onto the clonal
rootstock, cutting at a height of 20 cm. The rootstock was
planted to a depth of 15 cm, so that the above-ground
portion of the rootstock was standardized at 5 cm with the
30 cm of interstock above that. These were carefully
standardized because it is known that the length of dwar®ng
interstock and different methods of planting affect growth
modi®cation by rootstocks in apple. In the treatments with
no interstock, the clonal rootstock cutting at a height of
50 cm was planted to a depth of 15 cm, so that the above-
ground portion of the rootstock was standardized at 35 cm.

Grafted trees were grown in a ®eld nursery in a
completely randomized block design for rootstock treat-
ments until winter 1997, when they were planted into an

F I G . 1. Typical examples of three-year-old branches of `Royal Gala'
apple grafted on M.9 and MM.106 rootstocks.

TABLE 1. Rootstock/interstock model system

Treatment Symbol Rootstock Interstock No. of graft unions

1 j MM.106 ± 1
2 d MM.106 MM.106 2
3 m MM.106 M.9 2
4 h M.9 ± 1
5 s M.9 M.9 2
6 n M.9 MM.106 2
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orchard block at the HortResearch Hawkes Bay Research
Centre, New Zealand (39°40¢S, 176°53¢E). Trees were
planted in two rows at 4´5 3 2´5 m spacing, with a single
wire trellis as support, in a complete randomized block
design with six replicates per treatment. In the ®rst year after
grafting, young axillary shoots near the tip of the primary
growth axis were removed to promote development of the
central leader. Subsequently, trees received no pruning apart
from the occasional removal of physically damaged shoots.
No tree cropping was allowed in the ®rst year after planting
(third year from grafting), and standard commercial fruit
thinning practices were applied in the fourth and ®fth year.
In winter 2000, when the trees had completed in their ®fth
season of growth after grafting, one 3-year-old branch,
located directly on the main axis of each tree was collected
for analysis.

Branch structure representation

A dynamic interpretation of the architecture of the tree
can be made without long-term observation once the
correlation between growth and structure is established
(Tomlinson, 1984). General botanical (Caraglio and
BartheÂleÂmy, 1997; Lauri and Terouanne, 1998) rather than
horticultural terminology for branch structure representa-
tion was used because it allowed the establishment of
correlations between structural units comprising branches
and the time-frame of branch development.

The structure of 3-year-old branches (B) was described in
terms of annual shoots (A, denoted A1 to A3, with the index
representing the year of shoot development), consisting of
GUs, each representing a section developed during a single
growth ¯ush (HalleÂ and Martin, 1968; BartheÂleÂmy, 1991).
To identify GUs, the morphological marker of a ring of bud
scale scars or compressed internodes at the base was used.
Three types of GUs were distinguished: a vegetative spur
(S) with minimal internode extension and a total length
<2´5 cm (Boyes, 1922; Barlow, 1994); a vegetative growth
unit (U) with internode extension and a total length >2´5 cm;
and a fruiting spur or bourse (F) (Costes et al., 1997).
Possible compositions of monopodial and sympodial annual
shoots are illustrated in Fig. 2. AMAPmod methodology
(Godin et al., 1997) was used to represent the topological
structure of the branches using multi-scale tree graphs
(MTGs) with four levels of organization: B, A, GU and
internode (I). Apart from topological relationships within
the branch each MTG contained the basal diameter of the
branch, and length and number of nodes for each U.

Data analysis and modelling

The MTG database was explored using AMAPmod
software and modelling language (Godin and GueÂdon,
1999), and the following variables were extracted: (1) the
cross-sectional area at the base of each branch and total
number of annual shoots per branch; (2) the number of each
type of growth unit per annual shoot; and (3) the number of
nodes, (4) total length and (5) number of axillary shoots per
extension growth unit.

ANOVA was used to test differences in branch cross-
sectional area between rootstock/interstock treatments.
Treatment effects on variables 2±5 were analysed using
non-parametric Kruskal±Wallis ANOVA, since these vari-
ables were not normally distributed. In our experiments the
majority of A2 and A3 were sympodial and had only one
extension growth unit (U2 in Fig. 2B). In general the
number of nodes per growth unit decreases with plant age,
hence treatment comparisons had to be done on a per year
basis. Since there were more shoots in the third year, we
used (all) U2 from sympodial A3 to compare distributions of
number nodes per U2 (n) between treatments. The number
of `eligible' U2 per treatment (sample size) varied between
20 and 50 depending on rootstock treatment vigour.

The same U2 samples were used to analyse the effects of
rootstock treatments on total length (L) and average
internode length (l). A linear model with treatment as a
factor and n as a covariate was ®tted to L. Internode length
was highly variable; however, the data suggest that unit
average internode length depended on its number of nodes.
Sub-populations S(n) of U2 with a given number of nodes n
were considered and it was veri®ed that internode length for
each S(n) was normally distributed and the standard
deviation s was independent of n [the mean size of
subpopulation S(n) was 14]. Mean internode length lÅ(n) for
S(n) depended on n. Total length, number of nodes and
average internode length of individual growth units are by
de®nition related by an expression l = L/n, hence the
assumption that the same expression should hold for model
values of these variables, namely

lÃ(n) = LÃ (n)/n (1)

To verify this assumption we ®tted a model lÅ(n) = a + klÃ(n)
and tested the hypothesis {a = 0, k = 1} by ®tting more
parsimonious models and using the F-statistic. Acceptance

F I G . 2. Possible compositions of (A) monopodial and (B) sympodial
annual shoots. F, ¯oral spur (bourse); S, vegetative spur; U, vegetative
extension growth unit. Index indicates growth ¯ush number. =, limit of
annual growth; ±, limit of growth unit (¯ush); X, termination of apical

meristem.
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of the hypothesis {a = 0, k = 1} would mean that lÃ(n), given
by eqn (1), represented mean internode length lÅ(n) without
bias.

As one of the goals of this study was to distinguish
between primary and secondary effects of rootstock/inter-
stock combinations on branch growth, tests were carried out
on the hypothesis that apparent differences in treatment
medians for internode length of U2 were in fact induced by
the differences in the corresponding node number distribu-
tions. Using lÃ(n) and s, a relationship between internode
length distribution and the corresponding node number
distribution for different treatments was established; for a
detailed description of the method see Seleznyova et al.
(2002).

Finally, a linear relationship was established (PROC
GENMOD with Poisson distribution and identity link
function; SAS, 1990) between the total number of extended
metamers per branch in year 2 and the number of axillary
annual shoots developed from these metamers in year 3.
There was insuf®cient variation in the total number of
extended metamers per branch in year 1 to establish a
similar relationship between this variable and the number of
axillary annual shoots developed in year 2.

RESULTS

Branch composition and cross-sectional area

Rootstock/interstock combination affected the cross-sec-
tional area at the branch base, ranging from 6´3 cm2 for
MM.106/MM.106 to 2´2 cm2 for M.9/M.9 (Table 2). Branch
cross-sectional area at the end of the third growing season
was better correlated (R2 = 0´88, P = 0´006) with the number
of vegetative extension growth units than with the number
of annual shoots (R2 = 0´80, P = 0´016) developed during
this season.

The numbers of annual shoots per branch [NA(Y)] in
years 2 and 3 were affected by the rootstock/interstock
combination, in the following order: MM.106/MM.106 >
MM.106/M.9 > M.9/MM.106 > M.9/M.9 (Fig. 3A).
Differences in medians for NA(2) and NA(3) between
individual treatments were not always signi®cant. However,
the corresponding differences between extreme treatments
MM.106/MM.106 and M.9/M.9 were signi®cant (P < 0´05)
for both years. Rootstock effect on NA(2) and NA(3),
regardless of presence and type of interstock, was highly
signi®cant (P < 0´01 and P < 0´001, respectively).

Annual shoot composition

Annual shoot composition, measured in numbers of
fruiting spurs NF(Y), vegetative spurs NS(Y) and vegetative

extension growth units NU(Y) changed markedly over the
years (Fig. 3B±D). All A1 were monopodial [NF(1) = 0;
Fig. 3B], and most of them had two extension growth units
[non-zero values of NS(1) for treatments with MM.106
rootstock are due to the presence of some summer ¯ush
axillary shoots, each comprising a vegetative spur]. In year
2, the proportion of sympodial (¯oral) shoots increased
markedly, reaching an average of 0´95 by year 3 (Fig. 3B).
The number of vegetative spurs per annual shoot increased
over the years, while the number of vegetative extension
growth units decreased (Fig. 3C and D). Shoot composition
in years 2 and 3 did not differ between individual
treatments, the only exception was the higher (P < 0´05)
value in year 2 of NF(2) for treatment 4 than for treatment 1
(M.9 and MM.106, respectively). This indicates earlier
transition to ¯owering for scions on M.9 than for those on
MM.106 rootstock.

Composition of extension growth units

Rootstocks dramatically affected the shape of the node
number distribution for extension units U2 from sympodial
shoots A3 (Fig. 4A and B). Judging by the cumulative
distribution function (probability of U2 having number of
nodes <n), the presence of any interstock affected the shape
of the node number distribution only when MM.106 was
used as rootstock (Fig. 4C). The median value for number of
nodes per U2 was lower when M.9 was used as rootstock,
while the presence of any interstock affected the median
only with MM.106 as rootstock (Table 3). Note that because
the axillary structures giving rise to extension growth of
sympodial shoots contain only ®ve or six primordia just
before budbreak (CrabbeÂ and Escobedo, 1991), it can
therefore be concluded from our data that the differences in
the numbers of nodes per U2 between treatments were due
to the effect of rootstock/interstock combination on the
extent of neoformation.

Total length and internode length of extension growth units

Growth unit length was measured in millimetres, and all
coef®cients in the models correspond to this choice of unit.
It was not useful to compare treatment effects on the length
of extension growth units due to the wide range of values
found, irrespective of treatment (Fig. 5A). The linear
relationship (R2 = 0´88) between the total length of U2
and the number of nodes

LÃ (n) = ± 120 + tr + 26n n > 6 (2)

where tr = 22 for treatment 1 and tr = 0 for other treatments,
was consistent for all treatments, except for treatment 1

TABLE 2. Mean cross-sectional area at the base of 3-year-old branches for different rootstock/interstock combinations

Rootstock/interstock MM.106/± MM.106/MM.106 MM.106/M.9 M.9/MM.106 M.9/± M.9/M.9

Area (cm2) 5´0ab 6´3a 3´4bc 3´5bc 2´6c 2´2c

Superscript letters indicate signi®cant differences at P < 0´05.
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(Fig. 5A). Although the treatment effect on LÃ (n) was
signi®cant (P = 0´004), it was very small; hence it was
neglected in the following calculations. It was con®rmed
that the model for internode length lÃ(n) = LÃ (n)/n , calculated
from eqn (2) (Fig. 5B), represented lÅ(n) without bias (R2 =
0´93) and that the standard deviation of l(n) was independent
of n, s = 3´7.

Treatment median values for internode length mainly
followed a similar pattern to median values for node number
(Table 3). Model cumulative distribution functions for
internode length, calculated from corresponding node
number distributions using lÃ(n) and s, showed good
agreement with their measured counterparts (Fig. 6). Note
that when sub-populations of shoots with a given number of
nodes were compared, no effect of rootstock/interstock
combination on internode length was found. Differences in
(total) treatment medians for internode length of U2 were
therefore related to differences in the corresponding node
number distributions.

Proportion of budbreak for axillary buds

Across all treatments, the number of extended internodes
(metamers) per branch in year 2 was linearly related (R2 =
0´99, P < 0´001) to the number of axillary shoots that
developed from these metamers in year 3 (Fig. 7). Hence

rootstock/interstock treatments did not affect the proportion
of budbreak (i.e. the slope of the linear relationship between
these variables, 0´41). The range of data was not suf®cient to
obtain a similar relationship between the number of
metamers extended in year 1 and the number of axillary
shoots developed in year 2 (the numbers of extended
metamers per branch produced in year 1 were similar for all
treatments). The proportion of axillary budbreak in year 2
(0´34) was not signi®cantly different from that in year 3
(P = 0´1).

DISCUSSION

The subject of this paper is an old horticultural problem,
namely the effect of rootstock on fruit tree size. However,
the approach to the problem is relatively new as it used the
concepts of plant architecture and the recently developed
AMAPmod methodology for mathematical representation
and analysis of plant structures. The advantage of this
methodology is that it enables interpretation of plant
development based on analysis of its structure. Because
general botanical rather than horticultural terminology was
used, this approach is not restricted to apple trees and it can
be adapted to study environmental effects on plants in
general.

F I G . 3. Branch and shoot characteristics. Symbols represent treatment means and vertical bars represent standard errors. The key to symbols is given
in Table 1.
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Development of `Royal Gala' branches was followed,
using a model system comprising dwar®ng and non-
dwar®ng rootstock/interstock combinations. The focus of
this study was to describe exactly how the rootstock/
interstock combinations affected the structure building
process of the branches. For each annual growth cycle,
percentage of budbreak, proportion of ¯oral annual shoots,
and numbers of vegetative extension growth units and
vegetative spurs per annual shoot were considered. Because
extension growth units play an important role in the building
of the spatial structure of the tree, average internode length
and number of nodes per extension growth unit were also
considered.

In this study, percentage of budbreak was not affected
by rootstock/interstock combination. Hirst and Ferree
(1995) reported similar results with `Delicious' apple

F I G . 4. Effect of treatment on node number distribution for vegetative
extension units (U2, Fig. 2B) from sympodial annual shoots. Observed
node number distributions from scions grown on (A) M.9 and (B)
MM.106. (C) Observed cumulative distribution function (proportion of
U2 having number of nodes <n). The key to symbols is given in Table 1.

TABLE 3. Treatment mean and median values of number of
nodes and internode length of vegetative growth units (U2,

Fig. 2B) from sympodial shoots developed in year 3

Rootstock/interstock
Node number Internode length (mm)

combination Mean Median Mean Median

MM.106 15´6 16a 18´7 18a

MM.106/MM.106 12´7 11b 14´2 15b

MM.106/M.9 12´5 12b 14´9 15b

M.9/MM.106 9´8 9c 14´6 15bc

M.9 9´8 9c 11´7 11c

M.9/M.9 9´6 8c 11´1 9c

Superscript letters indicate signi®cant differences at P < 0´01,
according to a Kruskal±Wallis test.

F I G . 5. Effect of treatment on total length L and internode length l of
vegetative extension growth units U2 (Fig. 2B) from sympodial shoots.
(A) Relationship between unit length, L and number on nodes n; symbols
(key given in Table 1) represent data, and line graphs represent linear
model LÃ (n) ®tted to the data (R2 = 0´88); treatment effect was signi®cant
(P = 0´004) for treatment 1. (B) Symbols represent lÅ(n) mean internode
length for sub-populations of U2 with a given n, and line graphs

represent model for average per unit internode length lÃ(n).
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cultivar grown on a range of rootstocks, showing that the
number of growing points (both on a per parent shoot basis
and a per metre basis) was not affected by rootstocks. In
their study of the branching patterns on the main axis of
`Rome Beauty' and `Starkrimson' apple, grafted onto two
different rootstocks, Costes et al. (2001) found that the total
number of laterals per annual shoot was not affected by the
rootstock. However, comparison of these results should be
taken with caution because the measures of branching used
in these studies (percentage of budbreak, number of laterals
per annual shoot and number of laterals per unit length) are
not equivalent. Indeed, the number of laterals (growing
points) per shoot is a product of percentage of budbreak and
the number of axillary buds (equal to the number of nodes),
and the latter was found to be considerably affected by
rootstock in the present study. The number of growing
points per unit length equals percentage of budbreak divided
by internode length. Hence treatments producing shoots
with shorter internodes will have a higher growing point
density even when the percentage budbreak is not affected.

All branches in our experiment developed from vegeta-
tive shoots; the majority of shoots in the second year were
¯oral, with a signi®cantly higher proportion of ¯owering for
the treatment with M.9 rootstock. Costes et al. (2001) found
that ¯owering was not affected by the rootstock, but the
difference between these results could be due to use of
different scions and to the location of ¯owers. Costes et al.
(2001) considered terminal ¯owering along the main axes,
while the present data are related to ¯owering of axillary
buds forming higher order axes.

The balance between vegetative spurs and extension
growth units changed over the years but was not affected by
rootstock/interstock treatment. The number of nodes pro-
duced by the extension growth units was signi®cantly less
for treatments with M.9 rootstock. Note that, for this
comparison, vegetative extension growth units from sym-
podial annual shoots (only about 5 % of annual shoots were

monopodial in year 3) were used. According to CrabbeÂ and
Escobedo (1991), these units originate from vegetative
axillary structures within ¯oral buds and have only ®ve or
six leaf primordia at the time of budbreak of the parent buds.
Comparison of these values with node number distributions
obtained in this study suggests that neoformation (initiation
of new metamers) in treatments with M.9 rootstock stopped
very soon after budbreak (of the parent buds), while it
continued for much longer in treatments with MM.106
rootstock. This is consistent with a previous study on
`Starkrimson' and `Rome Beauty', which demonstrated a
reduction in neoformation when grafted on M9 (Costes
et al., 2001). In future, it is important to determine exactly
when this rootstock effect occurs to identify the actual
mechanism(s) involved in the dwar®ng response. In earlier
works, the capacity for shoot neoformation has been
interpreted as a plastic trait that enables plants to respond
to current growing conditions, including position in the
crown, site, water availability and pruning treatments
(Remphrey and Powell, 1984; Remphrey and Steeves,
1984; Davidson and Remphrey, 1994). The present ®ndings
support this interpretation, adding another aspect to the
understanding of architectural plasticity.

Final shoot length is determined by the number of nodes
and length of internodes. Either, or both, components may
contribute to expression of dwar®ng. According to Brown
et al. (1994), the most prominent morphological feature
associated with dwarfed mutants is a reduction in internode
length. In contrast, the dwar®ng apple rootstock (M.9)
affected the number of nodes per shoot but not internode
length. Poll (1973) pointed out that, in apple, internode
length varies considerably, even within the same cultivar,
depending on shoot length, and suggested that shoot length
be taken into account when comparing internode length
between cultivars. Poll argued that a comparison of the
mean internode of different cultivars, which disregards the
correlations between shoot length and internode length, may
give misleading results in plant breeding research and other

F I G . 7. Axillary bud outgrowth from extended metamers. Number of
axillary shoots from U as a function of number of metamers extended
during the previous year (on per branch basis). Symbols represent
measured values; the treatment number is given next to the
corresponding symbol. The line represents linear model ®tted to the data.
The slope of the line 0´41 gives the proportion of axillary bud break in

spring of year 3.

F I G . 6. Cumulative distribution function for internode length l. Symbols
(key given in Table 1) represent observed probabilities of internode
length being <l and line graphs represent models obtained from the
corresponding node number distributions (Fig. 4A and B) and

relationship lÃ(n) (for clarity only three treatments are represented).
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studies. This conclusion is in agreement with the ®ndings of
this study. Indeed, the mean internode length for popula-
tions of shoots with a given number of nodes was the same
for all treatments. On the other hand, the treatment mean
values of internode length were much lower for treatments
with M.9 rootstock, with differences being related to
differences in node number distribution.

Previous studies on the effects of dwar®ng rootstocks on
apple tree growth have usually recorded whole tree
parameters, such as tree height, trunk cross-sectional area
and annual total shoot growth, often to help quantify the
effects of rootstocks on tree photosynthesis and cropping
ef®ciency (e.g. Tustin et al., 2001). In the present studies,
cross-sectional area measured at the base of 3-year-old
branches best correlated with the number of extension
growth units developed in the third year. This re¯ects the
cumulative effect of rootstock over 3 years and agrees with
previous work by Costes et al. (2001).

Finally, the difference in overall branch size between
treatments was due mostly to the reduced number of
neoformed nodes, and hence the shorter internodes, on
vegetative extension growth units for treatments with M.9
rootstock. Reduction in the number of nodes resulted in
reduction in the number of axillary annual shoots in the
following year. The nature of cumulative effects over time
means that even a small shift in node number can have a
dramatic effect on branch development. This is in agree-
ment with previous conclusions that the relative proportions
of preformation and neoformation can signi®cantly affect
the overall architecture of the plant (Remphrey and Steeves,
1984; Davidson and Remphrey, 1994).
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