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How different pruning severities alter shoot structure:
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Abstract. Axillary meristem fate patterns along shoots, also referred to as shoot structure, appear to be fairly consistent
among trees within a genotype growing under similar conditions. Less is known about shoot structural plasticity following
external manipulations, such as pruning. The aim of this study on almond (Prunus dulcis (Mill.)) shoots was to investigate
how pruning severity affects the structure of 1-year-old shoots that grew after pruning (regrowth shoots), the 2-year-old
portion of shoots that remained from the previous year’s growth after pruning (pruned shoots), and whether regrowth shoots
reiterate the structure of the original 1-year-old shoots before pruning. Three pruning severities were imposed and the
structures along the different shoots were assessed by building hidden semi-Markov models of axillary meristem fates. The
structures of regrowth and pruned shoots depended on pruning severity, but maintained some of the original shoot
characteristics. Regrowth shoots developed more complex structures with severe pruning, but had simpler structures than
original shoots indicating progressive simplification with tree age. Pruned shoot structures were affected by the severity of
pruning, by the structure when the shoots were 1 year old, and probably by local competition among buds. Changes in
structure due to pruning can be modelled and be predictable.
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Introduction

The apical growth and axillary meristem fates of shoots are
important because they largely determine final tree form, fruit
bearing habit and cropping potential (Bernad and Socias 1998;
Costes and Guédon 2002). They also determine the effectiveness
of some horticultural operations such as pruning (Bernad and
Socias 1998). Apical growth and axillary meristem fates are
determined by the genetic background of trees, internal
competition for resources and external limitations imposed by
the environment. In the case of apical growth, which results from
the initiation of new organs produced by the apical meristem
(Barthélémy and Caraglio 2007), differences have been found
among cultivars and the same cultivars growing on different
rootstocks (Weibel ef al. 2003), as well as among horticultural
practices applied to different species (Millard and Neilsen
1989; Berman and DeJong 1997; Fumey ef al. 2011). Axillary
meristems (embryonic cells formed in the axils of the initiated
leaf) may develop different fates (i.e. blind node, vegetative or
flower buds, sylleptic shoots) as a shoot develops. Dormant
axillary meristems that remain protected in vegetative buds
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can develop proleptic shoots during the following growing
season (Kervella e al. 1995; Barthélémy and Caraglio 2007).
Axillary meristem fate during the first growing season has been
linked to apical growth rate (Kervella et al. 1995) and is controlled
by a complex set of biochemical signals from the shoot apex
(apical dominance), other shoots and/or roots (Cline 1994; Cook
et al. 2001; Dun et al. 2009). Outgrowth of lateral proleptic
shoots during the second growing season is controlled by the
terminal shoots and the lateral branches above the axillary
meristem forming the shoot and has been called apical control
(Wilson 2000). Differences in axillary meristem fate patterns
along the shoots have been observed between cultivars of apple
and almond (Costes and Guédon 2002; Gradziel et al. 2002),
peach shoots of different lengths (Fournier et al. 1998), and
apple shoots developed at different times during tree ontogeny
(Renton et al. 2006). In addition, several studies have reported
the effects of horticultural practices on the axillary meristem
fate density per shoot in different species (Hipps et al. 1995;
Guimond et al. 1998; Girona et al. 2005). However, less
attention has been paid to the effects of cultural practices, such
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as pruning, on the organisation of axillary meristem fates
along shoots.

Many studies have reported that heading dormant shoots
(pruning off the terminal ends of shoots) releases axillary
meristems from apical control, inducing the outgrowth of
lateral shoots on the 2-year-old pruned shoot (Barlow and
Hancock 1960; Elfving 1990; Fumey et al. 2011). Subsequent
lateral shoot growth is more vigorous than in unpruned trees
(Maggs 1965; Mika 1976; Jonkers 1982; Fumey et al. 2011),
leading to longer shoots as pruning severity increases (Jonkers
1982). However, the number of lateral shoots on 1-year-old
regrowth shoots has been found to be similar to that of
primary 1-year-old unpruned shoots (Fumey et al. 2011). This
result supports the concept of ‘reiteration’ (Hallé et al. 1978),
which was defined as the process whereby a new shoot repeats
the basic components of the shoot from which it originated. This
process is constrained by morphogenetic gradients due to tree
ontogeny and branching order (Gatsuk et al. 1980; Barthélémy
and Caraglio 2007). However, details of axillary meristem fate
patterns of reiterated shoots in response to pruning severity have
not been clearly documented.

Gradziel et al. (2002) qualitatively described the degrees
and types of lateral branching along 1- and 2-year-old shoots
in unpruned almond cultivars and seedling genotypes.
However, in almond as in other species, some aspects of shoot
characteristics can be modified with pruning (Asai et al. 1996a).
Pruning is most important in the dormant period right after the
first growing season because it determines the primary scaffolds
that will constitute the main framework of an almond tree. Three
first-year pruning methods are used depending on the objectives
of the growers (emphasis on early production vs specific,
uniform tree architecture), the growth habit of the cultivar and
environmental conditions in the orchard. Short pruning
consists of heading back each of the primary shoots to a length
of 45-60 cm. This type of pruning promotes vigorous regrowth,
facilitating the selection of secondary shoots for the development
of scaffold branches. Long pruning consists of making small
heading cuts at the ends of primary shoots. This pruning allows a
more natural development of the branching habit and allows for
more rapid fruit bearing. Intermediate pruning is a compromise
between short and long pruning. This pruning induces less
vigorous growth than short pruning but still promotes the
small lateral branches that promote early fruiting, while
making selection of scaffold branches more difficult than with
short pruning (Asai et al. 1996a).

In recent years, stochastic models of axillary meristem fate
have been developed based on qualitative botanical descriptions
(Guédon et al. 2001). Hidden semi-Markov models (HSMMs)
rely on the assumption that axillary meristem fate patterns along
a shoot take the form of a succession of well differentiated
homogeneous zones where the composition properties, in
terms of axillary meristem fate, do not change substantially
within each zone, but change markedly between zones.
HSMMs have been useful for capturing the structured yet
variable character of patterns observed along shoots in order to
increase understanding of the processes that determine these
patterns. (Guédon et al. 2001). This methodology has been
used to represent the axillary meristem fate patterns along
shoots of fruit trees under homogeneous horticultural practices
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(Costes and Guédon 1997, 2002; Renton et al. 2006; Negron
et al. 2013). Quantification of the changes of these patterns due
to different cultural practices, such as pruning, can also be
investigated using this methodology.

This study entailed a quantitative analysis of the effects of
three pruning severities on the patterns of axillary meristem
fates along shoots that grow after pruning 2-year-old almond
trees, using HSMMs. This study also aimed to determine
whether the reiteration process after varying pruning severities
produces 1-year-old shoots with axillary meristem fate patterns
similar to those that previously existed on the pruned shoots
from which they originated. Also, it is known that pruning
stimulates lateral branching on the section of the shoot that
remains after pruning but how the axillary meristem fate
patterns of 1-year-old shoots interact with pruning severity to
generate different axillary meristem fate patterns along 2-year-
old shoots has not been previously described with HSMMs. In
this study we also investigated how other features (e.g. length
and node number) of regrowth and pruned shoots and their
lateral shoots are affected by pruning severity. The pattern of
axillary meristem fates along 1- and 2-year-old shoots is referred
as the ‘structure’ of these shoots.

Materials and methods
Trial and field evaluations

This research was conducted in a commercial almond (Prunus
dulcis (Mill.)) orchard planted in 2009 near Dixon (38°28'N,
121°45'W), in California’s Central Valley. This study evaluated
‘Nonpareil,” the main cultivar in California, grafted on ‘Lovell’
rootstock, after the first and second growing seasons after
planting.

After the first growing season, forty 1-year-old shoots were
selected on 16 trees (2-3 shoots per tree) in February, 2010. In
this study, these shoots were called ‘original shoots’ (Fig. 1). The
shoot lengths and the axillary meristem fates at every node
from the base to the tip of each shoot were registered. Each
node was categorised according to one of the following
observations: blind node (axillary meristem fails to develop a
bud), central vegetative bud (axillary vegetative meristem
remains dormant), sylleptic shoot (shoot elongated from an
axillary meristem immediately after initiation), or central
floral bud (axillary meristem differentiated into a flower bud)
(Kervella et al. 1995).

After the original shoot evaluation, three winter pruning
treatments were imposed on 48 trees with 16 trees receiving
one of the three pruning treatments. Pruning treatments were
applied as described by Asai et al. (1996a) and based on the shoot
length before pruning. The pruning treatments were: short
pruning, in which shoots were cut back to about one-third
their original length (thus, depending on their original lengths
the part of the shoots remaining was between 45 and 56 cm long);
intermediate pruning, in which the selected shoots were cut in
half (the remaining length of the shoot was between 57 and
106 cm long); and long pruning, with small heading cuts,
removing ~25cm of the shoots (leaving shoots 104—141cm
long).

After the second growing season in February 2011, the 1-year-
old shoots that grew from the vegetative bud proximal to the
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Fig. 1.
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Schematic representation of the type of shoots used in the study. Shoot types included: 1-year-old shoots that

were initially selected for the study, or ‘original shoots’ (a), original shoots after pruning (b), 1-year-old shoots that grew
from the vegetative bud proximal to the pruning cut after a dormant period, or ‘regrowth shoots’ (¢, indicated with bracket),
2-year-old part of the original shoots left after pruning with development after a dormant period, or ‘pruned shoots’

(d, indicated with bracket).

pruning cuts were evaluated. In this study, these shoots are
referred to as ‘regrowth shoots’ (Fig. 1). As described
previously, the length and axillary meristem fates were
assessed on 40 regrowth shoots per pruning treatment.
Sylleptic shoot lengths and total number of flower buds per
shoot were also registered. At the same time, axillary meristem
fates on the 2-year-old part of shoots left after pruning were
evaluated at each node from the base of the shoots up to the
pruning cut. In this study, these shoots were called ‘pruned
shoots’ (Fig. 1). Four axillary meristem fates could be
observed at each node: blind nodes, proleptic shoots (shoots
originating from axillary meristems after a dormant period),
spurs (proleptic shoots with minimal elongation of the
internodes) or sylleptic shoots (shoots that had grown the
previous season). The lengths of the proleptic shoots that grew
from axillary vegetative buds and the lengths of the proleptic
shoots that grew from the terminal bud of previous year sylleptic
shoots were also assessed.

Hidden semi-Markov model analyses

The pruning treatment effects on shoot structure, i.e. the patterns
of axillary meristem fates along 1- and 2- year-old shoots were
evaluated by building and interpreting the HSMMs of these
shoot structures. The V-Plants software (release 0.9), part of
the OpenAlea platform (Pradal et al. 2008), was used for
analysis of the sequences of data collected along the shoots
and for subsequent model building. For these analyses, the
observations at each node were oriented from the base to the
tip of shoots. Empirical intensity distributions that indicated
the probability of each observation at each node rank were
extracted from the sequences of data. These distributions
indicated different zones along the shoots with homogeneous
observations that were analysed with HSMMs. These models
had four subsets of parameters that provided information about

the shoot structure: (i) initial probabilities, indicating the
probability of occurrence of the first zone at the base of the
shoots; (ii) transition probabilities, indicating the succession of
zones along the shoots; (iii) occupancy distributions, indicating
the length of each zone in terms of number of nodes; and
(iv) observation distributions, indicating the probability of a
specific axillary meristem fate within each zone. For further
description of HSMMs constructed to describe shoots of fruit
trees, see Costes and Guédon (1997), Costes and Guédon (2002)
and Renton et al. (2006).

In the present study, HSMM parameters were estimated
from assumptions established in different initial models and
selecting an initial model which maximised the likelihood of
the observed sequences for a given category of evaluated shoots
using an iterative algorithm. These models relied on assumptions
that were made from the intensity distributions regarding the
number of homogeneous zones in the shoots, the succession
of the zones, and the relative presence of types of axillary
meristem fates in each zone. The succession of zones was
modelled with a unidirectional (or ‘left-right’) Markov model,
i.e. only transitions from one zone to the next were allowed, but
transitions from a given zone to the previous ones were
forbidden in all the evaluated shoots, except in the original
shoots. Each axillary meristem fate was allowed in every zone,
except in the first zone and last zone on I-year-old shoots
and in the first zone on 2-year-old shoots, where only blind
nodes were observed. Theoretical distributions computed
from the estimated model parameters and the empirical
distributions extracted from the observed sequences were
plotted together to evaluate estimated models (Guédon et al.
2001). This was done to ensure that the estimated models were
not over-fitted.

To evaluate pruning treatment effects on axillary meristem
fate of regrowth shoots without regard for structure, the
frequency distribution of axillary meristem fates was extracted
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from the observed sequences of each treatment. Since
axillary meristem fate is a qualitative variable, a Chi-square
test (P<0.05) was used to determine if this variable was
dependent on pruning. The number of nodes of pruned shoots
was compared between shoots that had a hypothetical zone
identified by the HSMM zone and shoots that lacked that
zone using a t-test (P <0.05). This helped to explain whether
the lack of terminal zones was related to the number of nodes left
after pruning.

Shoot features analyses

In this study the following shoot features were evaluated in the
field or estimated from the field evaluations. The average
internode length of regrowth shoots was estimated from their
lengths and number of nodes. The number of lateral shoots and
flower buds was normalised by the number of nodes per shoot,
i.e. they are presented as proportion of the nodes present per
shoot. The length and node number of the apical regrowth
shoots and of pruned shoots were added to obtain the total
length and node number of the primary scaffold. The mean
length and number of all lateral shoots that grew on the
regrowth shoots (sylleptic shoots) and on the pruned shoots
(proleptic shoots that grew from axillary vegetative buds and
from the sylleptic shoot terminal buds) were estimated from
lateral shoot measurements. The three pruning treatments were
compared on the basis of these shoot features. The homogeneity
of variance and the normality of residuals were analysed first
for each of the shoot features. When these assumptions of the
ANOVA were met, Tukey’s test (P<0.05) was used for
determining the mean separations (for length and internode
length of apical regrowth shoots, sylleptic shoot length,
number of proleptic shoots per node, and total number of
nodes on apical regrowth and pruned shoots); otherwise, the
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ANOVA by rank using the Kruskal-Wallis test and the
associated Wilcoxon-Mann—Whitney tests (P<0.05) for pairs
of distributions were used (for node number of regrowth shoots,
number of sylleptic shoots per node, number of flower buds per
Wilcoxon—-Mann—Whitney shoot and node, length of proleptic
shoots, total length of apical regrowth plus pruned shoots, and
length and number of lateral shoots on apical regrowth and
pruned shoots). The latter statistical analyses were conducted
with the Statistical Analysis Systems software (ver. 9.2, SAS
Institute, Cary, NC, USA).

Results
Hidden semi-Markov model
One-year-old original shoot structure

Structure of 1-year-old shoots that grew during the first year
after orchard planting corresponded to a 12-state HSMM
(Fig. 2). The model had 10 consecutive zones (i.e. from zone
i to zone 7+1) that differed in the observation distributions and
in the number of nodes. The model also had two reiterative
alternating states, States 7 and 8, which corresponded to zones
with similar composition and number of nodes that repeated
towards the tip of the shoots. The last state of the model (Zone
11) corresponded to the terminal bud. Each zone was defined
by an observation distribution of the axillary meristem fate:
(1) Zone 0 at the base and Zone 10 at the tip of shoots had
only blind nodes; (ii) Zones 1, 3, 5 and 8 had mainly vegetative
buds and different zone lengths; (iii) Zones 2, 4 and 6 had
mainly sylleptic shoots and different zone lengths; (iv) Zone 7
had blind nodes and a few vegetative buds; and (v) Zone 9
mainly contained central flower buds. The forward transition
probabilities between consecutive zones were all high except
those from Zone 8 to Zone 9. In this latter case, the most probable
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Fig. 2.

Schematic representation of the 12-state hidden semi-Markov model for 1-year-old shoots in 1-year-old trees (original shoots). The zones of the shoots

are represented by rectangles where the different fill-patterns indicate the main axillary production of the zone. The possible initial zones and transition
between zones are shown by arrows and the attached probabilities are shown next to each arrow. The main axillary productions with the corresponding
observation probabilities are indicated below for each zone. Diagram shows axillary productions that had an equal or greater than 0.05 probability.
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transition leaving Zone 8 was the backward transition to Zone 7
corresponding to an alternation between Zones 7 and 8.

One-year-old regrowth shoot structure

Pruning treatments induced differences in the structure of
regrowth shoots, but some patterns were also similar (Fig. 3). The
regrowth shoot structure after the short pruning treatment was
modelled with an 11-state HSMM (Fig. 3a). Zones were defined
in the following way: (i) Zone 0 at the base and Zone 9 at the
tip of the shoots had only blind nodes; (ii) Zone 1, 3, 5 and 7
had mainly vegetative buds differing in the observation
probabilities and in the number of nodes; (iii) Zone 2, 4 and 6
corresponded to mainly sylleptic shoots also differing in the
observation probabilities and in the node number; (iii) Zone 8
was a mixture of central flower buds with blind nodes
and vegetative buds; and (iv) Zone 10 corresponded to the

0.05
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terminal bud. In general, the zones with vegetative buds,
except for Zone 7, were shorter and the zones with sylleptic
shoots and flower buds were longer than the corresponding
zones in the original shoots. This model had a high initial
probability for Zone 0 and high forward transition probabilities
between consecutive zones; therefore the zone succession was
almost deterministic and most of the shoots were composed of
11 zones.

The structure of 1-year-old shoots that grew in response to
the intermediate pruning treatments was modelled using a
9-state HSMM (Fig. 3b). Compositions of the three basal
zones and four apical ones (formed before terminal bud zone)
were similar to compositions of those zones in short-pruned
regrowth shoots. Intermediate-pruned regrowth shoots had a
long middle zone (Zone 3) composed of mainly vegetative
buds and some sylleptic shoots, instead of having an
additional middle zone with sylleptic shoots as observed in
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Fig. 3. Schematic representation of the hidden semi-Markov models for 1-year-old shoots that grew in response to the short (@), intermediate (b) and long
(c) pruning treatments (regrowth shoots). Graphic components have the same meaning as in the model of Fig. 2. Diagram shows axillary productions that

had an equal or greater than 0.05 probability.
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short-pruned regrowth shoots (Zone 4). Zone succession was
almost deterministic and all zones were present along most of
the shoots (Fig. 3b).

The estimated HSMM for the structure of the shoots
grown after the long pruning treatment also had nine states
(Fig. 3c¢). The model was similar to the model for
intermediate-pruned regrowth shoots. Both shoot types had the
same number of zones and the zones were located in the same
positions. Each zone had the same main axillary meristem
fates, but sylleptic shoot probabilities were lower and blind
node probabilities were higher in each zone of long-pruned
regrowth shoots. Most of the zones had similar lengths as the
same zone in intermediate-pruned regrowth shoots; however,
Zone 3 was greatly reduced in long-pruned regrowth shoots.

The number of nodes having specific axillary meristem fates
was affected by the pruning treatments (P <0.0001; Fig. 4). The
number of nodes that developed sylleptic shoots strongly
increased with pruning severity. The large difference in the
number of nodes with sylleptic shoots between treatments
explained the variation in total number of nodes per shoot due
to pruning (Table 1). Smaller differences in the numbers of blind
nodes, vegetative buds and central flower buds were observed
among treatments (Fig. 4).

80 1
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0
o}
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c
© 40
(0]
o
1S
S
P4
20
0 J.D.' | | -_riem |

Blind node Vegetative bud  Sylleptic shoot  Flower bud

Bud fate

Fig. 4. Count/frequency distributions of the axillary meristem fate
observations on 1-year-old shoots grown in response to short, intermediate
or long pruning treatments. Significant differences were found in the number
of axillary meristem fate observations according to the Chi-square test
(P<0.05).
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Two-year-old pruned shoot structure

Pruning treatments also modified the structure of the
remaining portion of the pruned shoots (Fig. 5). The estimated
HSMM for the shoots that were more heavily pruned
(short pruning treatment) had seven states (Fig. 5a). Each zone
was defined by an observation distribution of the axillary
meristem fate: (i) Zone 0 had only blind nodes; (ii) Zone 1 had
mainly spurs; (iii) Zone 2 was composed of spurs and proleptic
shoots; (iv) Zone 3 was a mixture of all observations, but
predominately sylleptic shoots; (v) Zone 4 contained spurs,
blind nodes and some proleptic shoots; and (vi) Zone 5 had
mainly proleptic shoots, with some sylleptic shoots and
blind nodes. Zone 6 represented the pruned part of the shoots.
The zone composition of pruned shoots was defined by the
composition of the zones when these shoots were 1 year old
and by the pruning treatment. Zones 0 and 2 in original
shoots (Fig. 2) were similar to Zones 0 and 3 in the short-
pruned shoots (Fig. 5a). Zone 1 of original shoots (Fig. 2)
became Zone 1 and Zone 2 in the pruned shoots (Fig. 5a).
Similarly, Zone 3 of original shoots (Fig. 2) became Zone 4
and Zone 5 in the pruned shoots (Fig. S5a). Initial and
transition probabilities indicated that Zones 0, 2 and 4 were
not present in 41%, 5%, and 39% of shoots respectively
(Fig. 5a). Shoots that did not have Zones 0 and 4 had fewer
nodes than shoots that had those zones (data not shown).
Presence of Zone 2 was not associated with number of nodes
per shoot (data not shown).

The estimated HSMM for the structure of intermediate-
pruned shoots had nine states (Fig. 5b). The first five zones
were composed of similar axillary meristem fates as in short-
pruned shoots (Fig. 5a). Subsequent zones were Zone 5,
corresponding mainly to nodes with sylleptic shoots and
some proleptic shoots; Zone 6, composed of spurs, blind
nodes, and proleptic shoots; and Zone 7, which had mainly
proleptic shoots, some sylleptic shoots, and blind nodes. The
mean numbers of nodes of the first four zones were also
similar to those in short-pruned shoots. In contrast, Zone 4
was longer in the intermediate-pruned shoots, since the
pruning cut in the short-pruned shoots limited the length of
this zone and induced the development of Zone 5, with
proleptic shoots. The initial and transition probabilities
indicated that Zones 0 and 2, as well as zones at the end of
the shoots (4, 5, 6 and 7), were not present in some shoots
(Fig. 5b). Shoots without one of these zones (except for
Zones 4 and 5) had similar numbers of nodes as the shoots

Table 1. Effect of pruning treatments on the mean length, total number of nodes, internode lengths, length and number of sylleptic shoots,
and number of flower buds per shoot and node of the apical 1-year-old regrowth shoots used for the structure evaluations
Significant differences between treatments are indicated by different letters (P <0.05)
Treatment Apical regrowth shoot Sylleptic shoot Flower buds
Length Nodes Internode Length Number Total number Number
length per node per regrowth shoot per node
(cm) s.d. (no) sd.  (cm)  s.d (ecm) sd.  (no) s.d. (no) s.d. (no)  s.d.
Short 193.8a  38.7 124.8a 214 1.53a 0.17 229a 57 03la 0.11 246.7a 122.2 1.94a 0.89
Intermediate 157.0b 394 110.6b 214 141b 0.16 17.6b 6.8 0.24b 0.09 196.1a 101.9 1.71a  0.74
Long 118.1c 320 96.7c 235 125¢ 0.17 132¢ 6.1 0.15¢ 0.05 114.1b 65.2 1.16b  0.55
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Fig. 5. Schematic representation of the hidden semi-Markov models of 2-year-old shoots after one season after being short (a), intermediate (b) or long
pruned (c) (pruned shoots). Graphic components have the same meaning as in the model of Fig. 2. Diagram shows axillary productions that had an equal or
greater than 0.05 probability.

that had these zones (data not shown). Shoots that lacked both The estimated HSMM for long-pruned shoot structure had
Zones 4 and 5 had fewer nodes than shoots that had these zones 12 states (Fig. 5¢). The location and composition of the
(data not shown). zones at the basal part of the long-pruned shoots was mainly
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determined by the location and composition of the zones of
these shoots when they were 1 year old (Fig. 2). Zones that
had either blind nodes or sylleptic shoots in the original shoots
corresponded to zones that had either blind nodes or sylleptic
shoots in the pruned shoots. Zones composed of vegetative
buds in the original shoots developed into zones that had spurs
in the basal part of the pruned shoots and a mixture of spurs
and proleptic shoots in the apical part of the pruned shoots
(Figs 2, 5¢). A model with two reiterative alternating zones, as
used for analysing the original shoots, was not applicable to the
long-pruned shoots. The reiterative vegetative bud zone in the
original shoots (Zone 8) developed into a zone with a higher
probability of proleptic shoots than spurs (Zone 10) close to the
pruning cut and a zone with a higher probability of spurs than
proleptic shoots (Zone 8) farther from the cut. The mean lengths
ofthe zones on long-pruned shoots did not vary greatly in relation
with lengths of corresponding zones in the previous year. The
initial and transition probabilities indicated that most of the
zones were present in all of the shoots, except for the basal
blind node zone and the terminal zones (Fig. 5¢). The number
of nodes of shoots with or without Zones 0 and 7 were similar
(data not shown). Only the shoots without Zone 9 had
significantly fewer nodes than the shoots with that zone (data
not shown).

Shoot features

The length of apical regrowth shoots used for structure
evaluation significantly varied following pruning treatments
(P<0.0001; Table 1). Regrowth shoots observed in the short
pruning treatment were the longest due to both more nodes per
shoot (P<0.0001) and longer internodes (P <0.0001). Shoots
grown after the long pruning treatment had fewer nodes and
shorter internodes (Table 1). Short-pruned regrowth shoots were
even longer than 1-year-old original shoots, with a mean length
of 149.7 cm. Mean intermediate-pruned regrowth shoot length
was very similar to the length of 1-year-old original shoots.
However, on average the original shoots had more nodes
(151.1) than all the regrowth shoots, and therefore shorter
internodes (0.99 cm).

Mean sylleptic shoot length and the number of sylleptic
shoots per node progressively decreased in the intermediate
and long pruning treatments in comparison to the short
pruning treatment (P<0.0001; Table 1). Short- and
intermediate-pruned regrowth shoots had more sylleptic shoots
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per node than the original shoots (0.18 sylleptic shoots per
node), which had more nodes than the long-pruned regrowth
shoots. The number of flower buds was also influenced by pruning
(Table 1). The long pruning treatment had significantly fewer
flower buds per shoot and per node than the other two treatments
(P<0.0001).

The short pruning treatment induced the proleptic shoots
to grow longer than those in the other treatments (P <0.0001;
Table 2). The mean number of proleptic shoots per node was
also higher in the short pruning treatment than in the other
two treatments (P<0.0001; Table 2), mainly because fewer
nodes remained after pruning in this treatment (data not
shown). Pruning treatments did not affect the lengths of the
proleptic shoots that developed from the terminal bud on
sylleptic shoots produced the previous season (P=0.90;
Table 2).

The mean total lengths of apical regrowth shoots
combined with the length of pruned shoots were similar
among treatments (P=0.88; Table 3). However, there were
significant differences in the total number of nodes among
treatments (P<0.0001), with the long pruning treatments
having more nodes (Table 3).

Lateral shoot production on regrowth and pruned shoots,
resulted in significantly greater mean shoot lengths in the short
pruning treatment (P<0.0001; Table 3). However, the total
number of lateral shoots was similar among treatments
(P=0.95; Table 3). The short pruning treatment also had more
lateral shoots per node than the other treatments (P=0.001;
Table 3).

Table 2. Effect of pruning treatments on the mean length and number

of proleptic shoots growing from axillary buds and on the length of

proleptic shoots growing from sylleptic shoot terminal buds on 2-year-old
pruned shoots

Significant differences between treatments are indicated by different
letters (P <0.05)

Pruning Proleptic shoots Proleptic shoots
treatment on previous year
sylleptic shoots
Length Number per node Length
(cm) s.d. (no) s.d. (cm) s.d.
Short 120.5a  26.5 0.26a 0.07 71.5a 222
Intermediate ~ 73.3b  20.2 0.21b 0.07 72.0a 229
Long 59.8¢ 10.7 0.15¢ 0.05 68.1a 12.2

Table 3. Effect of pruning treatment on the total length and node number of apical regrowth shoot along with pruned shoot and
on the mean length, total number and number per node of lateral shoots (i.c. sylleptic shoots on regrowth shoot and proleptic shoots on
2-year-old pruned shoots)

Significant differences between treatments are indicated by different letters (P <0.05)

Pruning treatment Apical regrowth

and pruned shoot

Lateral shoots on regrowth
and pruned shoot

Total Total number Mean Total Total number
length of nodes length number per node
(cm) s.d. (no) s.d. (cm) s.d. (no) s.d. (no) s.d.
Short 242.1a  39.2 167.2¢ 21.6 213.8a 31.2 57.5a 185 0.34a 0.09
Intermediate 240.0a  40.7 182.4b 22.1 1629b  35.7 55.5a  13.4 0.30b 0.06
Long 244.7a 339 207.1a 26.0 141.1c 183 55.6a 10.7 0.26¢ 0.05
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Discussion

Differences in pruning severity induced distinct responses in
axillary meristem fate patterns along regrowth shoots and
along pruned shoots. Differences were also found in
the reiteration process which was studied by comparing the
structures of the original shoot and the structures of the
regrowth shoots after the pruning treatments. Additional
features of the shoots were also modified by pruning treatments.

The structure of regrowth shoots showed similar
organisations, but became more complex (i.e. more zones) as
pruning severity increased (Fig. 3). More severe pruning also
induced regrowth shoots that were longer and had more nodes
than the regrowth shoots resulting from less severe pruning
(Table 1), in agreement with previous studies (Barlow and
Hancock 1960; Jonkers 1982; Marini and Barden 1982). The
additional nodes stimulated by severe pruning mainly generated
sylleptic shoots (Fig. 4) that were located in the middle part of
the short-pruned regrowth shoots as is shown by the HSMM
(Fig. 3a), creating a separate zone dominated by sylleptic
shoots (Zone 4) in between two zones with vegetative buds
(Zones 3 and 5). This was apparent because the zones on the
basal part of the shoots (Zones 0, 1 and 2) in all treatments had
similar lengths and compositions. In addition, Zones 6, 7, 8 and 9
in short-pruned regrowth shoots had similar lengths and
compositions respectively as Zones 4, 5, 6 and 7 of the
regrowth shoots in the other pruning treatments. Regrowth
shoots in intermediate and long pruning treatments did not
develop the additional zone with sylleptic shoots (Zone 4) as
in short-pruned regrowth shoots; instead they only developed a
single zone with mostly vegetative buds (Zone 3). In long-pruned
regrowth shoots, Zone 3 (the vegetative bud zone) was the only
zone with greatly decreased length compared with the
intermediate-pruned regrowth shoots.

Fournier et al. (1998) and Renton et al. (2006) also reported a
progressive increase in shoot structural complexity with the
length of shoots in peach and apple, respectively. They found
that a zone with sylleptic shoots developed in the middle part
of longer shoots that was not observed in shorter shoots.
Therefore, they suggested that the succession of zones along
shoots is defined while the shoots are growing. For instance,
faster growth rates have been related to a release of apical
dominance with consequent outgrowth of sylleptic shoots
(Génard et al. 1994). On the other hand, the development of
vegetative and flower buds have been associated with slower
shoot growth rates than for the development of sylleptic shoots
(Kervella et al. 1995), and flower buds are formed when the
plastochron is shorter than the plastochron associated with
vegetative buds (Fulford 1966). Blind nodes are associated
with even lower shoot growth rates than vegetative and flower
buds (Kervella ef al. 1995).

The growth rates of regrowth shoots can be modified by
pruning (Mika 1986; Li et al. 1994; Tworkoski et al. 2006),
and tend to increase with pruning severity (Mika 1986; Li et al.
1994). In this study, short pruning apparently induced a higher
growth rate in regrowth shoots, which in turn promoted
development of an extra sylleptic shoot zone (Zone 4) as well
as more and longer sylleptic shoots than in the regrowth
shoots of other treatments. Correspondingly, intermediate
pruning may have induced higher growth rates than long

Functional Plant Biology 333

pruning, since higher probabilities of longer sylleptic shoots
and lower probabilities of blind nodes were observed in all the
zones of the intermediate-pruned regrowth shoots compared
with the long pruned shoots.

Replacement of shoots with shoots having similar structure as
an original shoot after shoot breakage or removal by pruning has
been termed ‘traumatic reiteration’ (Barthélémy and Caraglio
2007). The evaluation of the reiteration process in this study
indicated that different pruning severities induced regrowth
shoots that had simpler structures (i.e. had fewer zones) than
the original shoots (Figs 2, 3). However, short pruning provoked
regrowth shoots that had more similarities to original shoots
than the regrowth shoots of lesser pruning severity treatments.
Short-pruned regrowth shoots had seven basal zones with
compositions similar to the equivalent zones of original
shoots, but the zones with sylleptic shoots were longer in
short-pruned regrowth shoots than the original shoots.
Similarities between the structure of the original shoots and
the regrowth shoots produced subsequent to short pruning may
have occurred because both shoots grew in response to severe
dormant season pruning that promoted vigorous vegetative
growth. The largest differences between these shoots were
found in the apical zones. Towards the shoot apex, original
shoots developed vegetative bud zones interrupted by blind
node zones, while regrowth shoots developed only one
vegetative bud zone despite their vigorous vegetative growth
(i.e. longer shoots). The simplification of structure on the apical
part of the short-pruned regrowth shoots (i.e. lack of reiterative
alternating vegetative bud and blind node zones) might be
explained by an earlier maturation of the meristems due to
their ontogenetic age and greater distances from the roots to
the meristems that originated the regrowth shoots (Sachs 1999;
Renton et al. 2006). The even lower number of zones in the
lighter pruning treatments indicated that less shoot vigour
allowed for progressive shoot structure simplification. This is
apparently a natural process that occurs with tree age if pruning
and limb breakage does not occur (Renton et al. 2006).

Structure of 2-year-old pruned shoots depended on pruning
severity and the structure established when the shoots originally
developed (Figs 2, 5). In general, 2-year-old shoots in all pruning
treatments developed proleptic shoots in every zone, except for
the two basal zones in short- and intermediate-pruned shoots,
and the three basal zones in long-pruned shoots. The lack of
proleptic shoots in these basal zones comports with the concept of
an acrotonic gradient being restored after pruning (Barlow and
Hancock 1960; Mika 1986; Fumey et al.2011). Thus the proleptic
shoot lengths decreased from the apical to the basal ends of the
shoots, and therefore only spurs developed from the vegetative
buds located in the basal zones. The lack of certain zones in the
apical part of the shoots was related to fewer nodes per shoot
being left after pruning, and as a consequence, to the zone of the
original shoot where the cut was made. Thus, when fewer nodes
were left after pruning in a shoot, a zone in the original shoot
could have been removed completely, and therefore the zone in
the pruned shoots was not present. The composition of distal
zones of intermediate- and short-pruned shoots mainly consisted
of proleptic shoots growing from vegetative buds that were
stimulated to grow due to the removal of apical control
(Wilson 2000) and of other axillary meristem fates established
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the previous year, i.e. sylleptic shoots or blind nodes. Only long
pruning produced proleptic shoots and spurs in the zone just
below the pruning cut. In this distal zone of long-pruned shoots,
and in other zones along the shoots in all the pruning
treatments, the development of either proleptic shoots or spurs
was probably determined by local competition of vegetative
buds for assimilates during budburst and by inhibitory effects
exerted by shoot apices (Oliveira and Priestley 1988; Costes and
Guédon 2002; Fumey et al. 2011).

Pruning also affected the principal features of regrowth and
pruned shoots as well as of their lateral shoots. The increase of
the apical regrowth shoot length associated with pruning severity
was related to both an increased number of nodes and greater
internode lengths (Table 1). As previously reported more severe
pruning also produced the outgrowth of more and longer
sylleptic shoots from the regrowth shoots as well as of more
proleptic shoots from pruned shoots (Barlow and Hancock 1960;
Jonkers 1982; Marini and Barden 1982) (Table 2). Pruning has
been reported to promote proleptic branching by releasing
vegetative buds of inhibitory growth effects exerted by the
shoot apex. This is thought to be moderated by a complex of
hormones, including auxin, cytokinin and strigolactone (Cline
1994; Cook et al. 2001; Dun et al. 2009). Pruning is also
believed to produce an imbalance between roots and shoots,
therefore an increase of the number and length of lateral
shoots with pruning severity may have resulted in increased
assimilate distribution towards shoots that served to restore the
root-shoot balance (Marini and Barden 1982; Génard et al.
2008). This may explain the similar total shoots lengths
(combined lengths of pruned and of the apical regrowth
shoots) attained among treatments after the end of the second
growing season (Table 3). Restoration of balance after pruning
could be also achieved by the outgrowth of equal numbers of
lateral shoots (i.e. proleptic shoots in the pruned shoots and
sylleptic shoots on the regrowth shoots) among treatments to
compensate for the lateral sylleptic shoots removed by pruning.
Thus, the differences in shoot structures may be a re-equilibration
of the total number of laterals. This re-equilibration of the
number of lateral has been previously reported in other species
(Marini 2002; Fumey et al. 2011).

Less severe pruning produced fewer flower buds per shoot
and per node in the regrowth shoots (Table 3). This observation
runs contrary to the results of other studies reporting that winter
pruning decreases flower bud formation (Mika 1976; Mika et al.
1983). However, since ‘Nonpareil’ almond produces flower buds
on both spurs and long shoots (Asai et al. 1996b), the increase of
sylleptic shoots on regrowth shoots with pruning severity in this
study conferred additional sites for flower bud formation and
flower numbers in the second year actually increased with
pruning severity. In addition, the number of flower buds was
not significantly different between intermediate and short
pruning treatments, indicating that pruning severity was not
always associated with increased flower bud formation even
though it did generate more sylleptic shoots with the ability to
develop flower buds.

Although general shoot growth vigour responses of trees to
pruning have been described and known for many years (Mika
1986), details about shoot structures that develop subsequent
to pruning are less understood. This study provides clearer
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understanding of those structures and the factors that likely
influence them. The models used in this study provided a
characterisation and a quantitative description of shoot
structures. Because these models are purely phenomenological,
the biological determinates for such structuring need further
investigation before more mechanistic modelling approaches
can be developed. Nevertheless, they indicate that axillary
meristem fate along the shoot is not random and is organised
in distinctive zones along the shoots. This structure is modified
with pruning severity. The evaluation of shoot structures using
the models such as those described in this research can be useful
for predicting the structure of the regrowth and pruned shoots
in response to pruning severity and thus when making pruning
decisions in an orchard. Even though the precise shoot structures
may differ by cultivar or horticultural practices, similar general
responses to pruning are likely. Regardless of the model
complexity, future research using these models can be done to
investigate the effect of other horticultural practices in shoot
structure. In addition, they can be integrated into more complex
models of whole tree architecture using their capability to predict
branching as trees age.
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