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Abstract. Inhibition of flower initiation by nearby developing fruits is one of the main
causes of biennial bearing in apple trees. This localized inhibition may depend on
a critical ratio of inhibitor and promoter hormones that inhibits flowering of apical
meristems. A model is proposed to explain this phenomenon. In the model, it is assumed
that seeds and leaves act as point sources and export inhibiting and promoting hormones
to apical meristems. The model assumes critical ratios of promoting and inhibiting
hormones determine whether an apical meristem flowers or not and this may be a cause
of biennial bearing. Thus, the spatial arrangement of shoot apical meristems on a limb is
perhaps critical in determining whether meristems initiate flower clusters. This article
presents a novel framework to view the hormone hypotheses of biennial bearing in apple
trees and how management strategies such as flower removal could be used to achieve
regular numbers of flower clusters over consecutive years.

Profitable apple production requires reg-
ular yields of marketable fruits. The challenge
is that many commercially important culti-
vars are biennial, producing excessive num-
bers of flower clusters and fruits in one year,
which suppress flower initiation for the next
year. This leads to oscillation in crops between
many small, poor-quality fruits in one year and
a few large fruits or no fruits at all in alternate
years (Stover et al., 2001). Rootstock and en-
vironmental factors such as drought, spring
frost, diseases, light interception, and canopy
architecture manipulation can also impact the
bearing pattern of apple trees (Davis, 2002;
Fulford, 1965; Willaume et al., 2004).

High crop yields inhibit flower initiation.
Chan and Cain (1967) showed the effects of

seeded and seedless fruit on return bloom and
concluded that hormones exported from the
seeds inhibit floral initiation. They showed
that only the pollinated side of the partheno-
carpic apple cultivar Spencer Seedless had no
return bloom, demonstrating floral inhibition
to be a localized effect. Subsequent work has
tried to identify the hormones involved.

The distance between flower clusters in one
year has long been known to influence the
development of floral buds for the next year
(Fulford, 1966). ‘Wealthy’, a strongly biennial
cultivar, requires a minimum distance of 15 to
25 cm between individual flower clusters,
approximately equivalent to 40 flower clus-
ters/m3 of canopy volume, to maintain regu-
lar yields (Bobb and Blake, 1938). More
recent work on ‘Honeycrisp’, a strongly bi-
ennial cultivar, demonstrated that pruning
short (1–10 cm) branches known as spurs to
reduce flower cluster number to between 40
and 60/m3 of canopy volume is necessary to
control biennial bearing (Nichols et al., 2011).
These studies and others suggest that biennial
bearing may be a result of carbon limitation
and/or hormonal inhibition of floral initiation
by nearby seeds as reported by Dennis (2000)
and Tromp (2000). However, none of these
studies conclusively settled the question.

The balance of hormone concentrations
has been hypothesized to control floral initi-
ation (Callejas and Bangerth, 1997; Hoad,
1984; Luckwill, 1970). Before 2000, there
had been many conflicting reports on the ef-
fects of applying exogenous hormones on
concentrations of endogenous hormones such
as auxins, gibberellins, cytokinins, and absci-
sic acid (Grochowska, 1968; Ram�ırez and
Hoad, 1981). These are well reviewed by
Dennis and Neilsen (1999).

In more recent years, endogenous gibber-
ellins (possibly GA1, GA4, and iso-GA7)
produced by seeds have been shown to inhibit
floral initiation in ‘Golden Delicious’ (Ram�ırez
et al., 2004a, 2004b). This was confirmed with
heavily cropping ‘Fuji’ trees having higher
concentrations of endogenous GA1 and GA4

in apical buds at the time of floral initiation
than was found on blossom-thinned trees
(Kittikorn et al., 2010). Other endogenous
hormones [9,10-ketol-octadecadienoic acid
(KODA) and jasmonic acid (JA)] have been
found at high concentrations in apple trees
when GAs are low (blossom-thinned trees)
and at low concentrations when GAs are high
(heavily bearing trees). KODA and JA are
associated with flower induction in other
plants and may promote floral initiation in
apple (Kittikorn et al., 2010, 2011; Kong et al.,
2005; Suzuki et al., 2003; Yokoyama et al.,
2000, 2005).

Thus, although more than 70 years have
passed since Bobb and Blake identified the
effect of a heavy crop on return bloom, the
underlying mechanisms remain unclear and
hypotheses remain unconfirmed. Mathemat-
ical modeling may help researchers better
understand the phenomenon and clarify the
mechanisms involved. This article models
the hypothesis originally developed by Hoad
(1984) that a balance of hormones controls
flower initiation in apple trees and predicts
the effect of flower thinning on percent bloom
in the next year.

Theory and Model

According to the hormone balance hy-
pothesis, seeds export inhibitor hormones and
leaves export promoter hormones (Callejas
and Bangerth, 1997). We assume for the pur-
pose of modeling that shoot apical meristems
(SAMs) flower unless the ratio of inhibitor to
promoter hormones is greater than a critical
value.

The model first creates the canopy struc-
ture of a mature tree and randomly assigns
flower clusters and vegetative growth to the
SAMs. The ratio of inhibitor to promoter
hormones coming from seeds and leaves is
estimated at each SAM.

The model generates hypothetical trees
with 1000 SAMs; it does not include any
function of aging or growth. Using R, a stan-
dard programming language for computation
and graphics (R Development Core Team,
2011), trees were generated with the ‘‘rtree’’
function within the Analyses of Phyloge-
netics and Evolution (‘‘ape’’) software pack-
age (see Appendix A; Paradis et al., 2004).
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This function assembles trees from branch
lengths as shown in Figure 1. Branch lengths
are selected from a random distribution be-
tween 0 and 20 cm using the standard ‘‘sam-
ple’’ function (see ‘‘br’’ in Appendix A). This
distribution is based on the distribution of
branch lengths measured for 138 ‘Honeycrisp’
branches on mature (7- to 10-year-old) trees on
MM.106 and M.26 rootstocks in the Annapolis
Valley, Nova Scotia, Canada, from 2009 to
2011 (personal observation). Further details
about ‘‘rtree’’ and how it builds trees from
branch lengths can be found by entering
‘‘?rtree’’ in R after installing the ‘‘ape’’ pack-
age. The R package ‘‘ape’’ and similar pack-
ages of R (‘‘ade4,’’ ‘‘adephylo,’’ and ‘‘seqinr’’)
are standard tools for analyzing phylogenetic
trees (Freckleton and Jetz, 2009). For the ag-
ricultural modeler, the functions offer powerful
measurement tools to simulate and analyze
trees and other branching systems.

The hormonal control of the biennial-
bearing hypothesis assumes seeds and leaves
produce hormones (Dennis and Neilsen, 1999).
The point source equation, common to physics,
is a useful tool in which signal intensity at
distance r can be demonstrated to be I = a/r(D-1)

where a (0 # a # 1) is the signal strength at
the point source and D is the fractal dimension
(Griffith, 2004).

Fractal dimension is the amount of space
an object completely fills (Mandelbrot, 1967;
Vicsek, 2001). A solid cube has a fractal di-
mension of three, whereas a straight line has
a fractal dimension of one. Imagine a cube of
wood that will be carved into the shape of
a tree. While it is still uncut, the fractal di-
mension is three but as the carving appears,
the fractal dimension decreases. Similarly,
the fractal dimension of a real apple tree is
somewhere between one (a straight line) and
three (a solid cube). The more the tree fills the
cube, the greater the fractal dimension. Trees
have been mathematically modeled as frac-
tals (Holiday and Samal, 1995; Prusinkiewicz
and Lindenmayer, 1990; Samal et al., 2002).

Fractals have the property that their length
is indeterminate. For instance, measuring a
coastline with a 1-km scale will have a shorter
length than measuring with a 1-m scale and a
still shorter length than measuring with a 1-cm
scale. This property, known as the Richardson
effect, is used to estimate the fractal dimension
by repeatedly measuring its length (L) with
different size measuring scales (S) and solving
for D in the regression equation Log[L] =
(1-D)Log[S] + b (Mandelbrot, 1967; Zhang
et al., 2007). In this model, the calculation

was done with two scale sizes (1 cm and 60%
of the maximum distance between tips) for the
generated trees and used in the point source
equation (Appendix A).

The model measures the branch distances
between point sources (branch tips). In terms
of R code, the function used is ‘‘cophenetic’’
in the R stats package. The cophenetic dis-
tance is the branch distance between every
SAM (R Development Core Team, 2011).
Using the point source equation, these dis-
tances are converted to concentrations of
hormone from seeds and leaves (see ‘‘chs’’
and ‘‘chl’’ in Appendix A). The concentration
of hormones as they spread from a point
source through the tree would be distributed
as shown in Figure 2 where a =1 and D = 1.5.

In the model, seeds and leaves export
equal quantities of hormone (between zero
and one) or one exports 1/10th (between zero
and 0.1) of the quantity of the other. These
regimes were selected to represent possible
real-life scenarios. In reality, hormone levels
are not known. Floral inhibition is simulated
by comparing the hypothetical hormone ra-
tio at each SAM to a critical value beyond
which flowering is inhibited (see ‘‘crit’’ in
Appendix A).

The model also simulates thinning, the
removal of fruiting SAMs before they export
inhibiting hormones. Thinning removes t
percent of the fruiting SAMs. In the model,
thinning is done between 0% and 100% at 5%
intervals in the third year (the on-year) and
replicated 1000 times (see ‘‘t’’ in Appendix
A). Distances between individual flowering/
fruiting SAMs were calculated for each t
percent of thinning and were an average of
21.5 cm for all t percent thinning less than
100%.

Results

The fractal dimension of the model tree
canopy ranged between 1.69 and 1.85 with
a mean of 1.77 and a SD of 0.02. The model
simulated the percentage of fruiting SAMs in
the first year and the next year against the
critical ratio of inhibitor to promoter hor-
mones (Fig. 3) and against thinning in the on-
year using critical ratios of 1:1, 1:2, 1:4, 1:8,
and 1:16 (Fig. 4). Changing the relative
amounts of hormones exported by seeds and
leaves from 1:10, 1:1, and 10:1 shifted the
plot by a magnitude of 10 each time (Fig. 3).
The corresponding maximum annual values
for the plots in Figure 4 are 50%, 41%, 30%,
22%, and 16% fruiting SAMs. The model
simulated the percentage of fruiting SAMs in
the first year and the next year against the
critical ratio of inhibitor to promoter hor-
mones (Fig. 3) and against thinning in the on-
year using critical ratios of 1:1, 1:2, 1:4, 1:8,
and 1:16 (Fig. 4). Changing the relative
amounts of hormones exported by seeds and
leaves from 1:10, 1:1, and 10:1 shifted the
plot by a magnitude of 10 each time (Fig. 3).
The corresponding maximum annual values
for the plots in Figure 4 are 50%, 41%, 30%,
22%, and 16% fruiting meristems.

Discussion

Many apple cultivars exhibit biennial bear-
ing, which several authors have attributed to
relative concentrations of floral inhibiting and
promoting hormones (Kittikorn et al., 2010;
Luckwill, 1970). This theoretical model rep-
resents the hormone ratio hypothesis mathe-
matically with simulated mature trees. In the
model, leaves export promoting hormones and

Fig. 1. A simulated branch assembled from 22
branch lengths.

Fig. 2. Estimated hormone concentration along the branch using the point source equation I = a/rD-1 where
a = 1 is the initial concentration, r is the distance along the limb, and D = 1.5 is the fractal dimension.
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seeds export inhibiting hormones. These hor-
mones spread throughout the tree and SAMs
receive both inhibiting and promoting hor-
mones in proportions related to their location.

The point source equation is used to rep-
resent hormone concentration over distance
from its source. This equation supports the
concept of distance-dependent floral inhibi-
tion as seen from the results of Bobb and
Blake (1938). Because floral inhibition has
been observed to be a localized effect (Bobb
and Blake, 1938; Chan and Cain, 1967), the
spatial arrangement of SAMs on a limb is
perhaps as critical as the number in deter-
mining whether individual SAMs initiate
flower clusters.

When a tree is carrying many fruit, the
local effect of inhibiting flower development
for the next year is so widespread as to cause
biennial bearing. If, as Hoad (1984) suggests,
flowering is inhibited when the ratio of in-
hibitor to promoter hormones reaches a criti-
cal value, we would expect to find a range
of possible critical values that could cause
biennial bearing. This appears to be the case

using the model, as shown in Figure 3. The
plot shifts depending on how much hormone
seeds and leaves export. The model indicates
a large range of critical ratios could cause
biennial bearing (Fig. 3). Critical hormone
ratios are known to be involved in switching
processes on or off in numerous plant stages
such as germination (Kucera et al., 2005),
cell growth (Müller and Sheen, 2008), and
fruit growth (Cowan et al., 2001).

The aim of thinning apple trees is to
control biennial bearing and optimize fruit
yields. The model shows a non-linear re-
sponse to thinning (Fig. 4). This appears to
confirm the observations of Bailey (1929)
who recorded return bloom of two biennial
cultivars in their off-year after removing
50%, 75%, and 100% of the blossoms by
hand in the on-year. Only his 100% thinning
treatment consistently gave return bloom. A
critical ratio of 1:16 inhibitor to promoter
hormones gives a similar response in the
model (Fig. 4E).

Modeling could help predict the effect of
thinning on return bloom and how to achieve

relatively equal numbers of flowers from year
to year. This is difficult to achieve in reality,
particularly on cultivars prone to bienniality.
Where reproductive and vegetative point
sources export equal amounts of hormone,
as shown in Figure 4A, the maximum annual
percentages of fruiting SAMs for critical
hormone ratios of 1:1, 1:2, 1:4, 1:8, and
1:16 are 50%, 41%, 30%, 22%, and 16%;
the amount of thinning required was 0%,
40%, 60%, 70%, and 78%, respectively. The
five graphs in Figure 4 represent varying
levels of bienniality. They show the variety
of return bloom responses to a range of thinning
regimes. This model outcome is in line with
results reported in a recent apple orchard model
by Hester and Cacho (2003), which predicts
optimal thinning strategies for a 15-year period.

This model presents a logic framework,
which shows how easily biennial bearing can
be established. This may be useful to growers,
fruit breeders, and others seeking to under-
stand the impact of flower bud proximity and
branch architecture on crop yield. Field ex-
periments are needed to validate the model

Fig. 3. Percent fruiting SAMs in the first year (solid line) and the next year (dashed line) plotted against the critical ratio of inhibitor to promoter hormones. The
relative quantity of hormones exported by seeds and leaves is (A) 10:1, (B) 1:1, and (C) 1:10. Vertical lines indicate critical ratios of 1:1, 1:2, 1:4, 1:8, and 1:16.
SAMs = shoot apical meristems.

Fig. 4. Percent fruiting SAMs remaining after thinning in the first year (solid line) and the percent fruiting SAMs in the next year (dashed line). Seeds and leaves
export equal amounts of hormone and flower inhibition occurs at the critical ratios of (A) 1:1, (B) 1:2, (C) 1:4, (D) 1:8, and (E) 1:16 inhibitor to promoter
hormones. SAMs = shoot apical meristems.
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and determine its applicability to specific cul-
tivars, management systems, and environ-
ments. It could be a powerful tool to manage
biennial bearing. We encourage criticism of

the model and welcome opportunities to col-
laborate with other researchers and refine and
field test the model for different cultivars and
environments.

Appendix A. Essential R code to create the flowering branch model.

library(ape) #Analyses of Phylogenetics and Evolution package
crit<-1e-02 #Critical value beyond which floral inhibition occurs
t<-0 #Thinning 0% of the flower clusters
ntip<-1000 #Number of SAMs on a tree
max.yr<-4 #Maximum year iterated
br<-sample(0:20,2*(ntip-1),replace=T) #Branch lengths for crown
crown<-rtree(ntip,br=br) #Tree crown
r<-cophenetic(crown) #Distances between SAMs
r[r < 1]<-1 #Setting minimum values to 1cm
S<-c(max(r)*.6,1) #Scale size to estimate fractal dimension
L<-S*c(1,sum(br)) #Length to estimate fractal dimension
D<-1-diff(log(L))/diff(log(S)) #Fractal dimension based on Richardson effect
y<-matrix(1,ncol= ntip,nrow=max.yr) #flower matrix
colnames(y)<-crown$tip.label #Each column represents a unique SAM
y[1,]<-sample(0:1, ntip,replace=T) #Initial flower data
for(yr in 2:max.yr){ #Years 2 to max.yr

hs<-runif(ntip) #Hormones exported from seeds
hl<-runif(ntip) #Hormones exported from leaves
seeds<-y[yr-1,] #Location of seeds
leaves<-abs(y[yr-1,]-1) #Location of leaves
chs<- (hs/r^(D-1))%*%seeds #Concentration of seed hormones
chl<-(hl/r^(D-1))%*%leaves #Concentration of leaf hormones
not.f<-chs/chl>crit #Floral inhibition if greater than a critical value
y[yr,][not.f= =T]<-0 #Which SAMs don’t flower?
if(yr==3){ #Thinning flower clusters in year 3

y[3,]<-y[3,]*sample(0:1, ntip,prob=c(t,1-t),replace=T)
}

}
z<-apply(y,1,sum) #Number of flower clusters each year

SAM = shoot apical meristem.
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