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Abstract

l\d'\mgunmu of deciduous perennial fruir crops rcquxres a good understundi,g of the many
physiological and horticultural factors that influence tree growth and fruit produc.txon‘
Crucia! cecisions that must be mude include the choice of tree density, tree varicty,
pruninyg and training techniques,  These choizes, some of which are made before the
orchuic is plamed, have implix:aﬂons for grower returns over the life of the orchard
 because they influence ree growth  * fruit quzmmy and guality.

A aynantic model of an apple tree is developed in this stdy, with th(. ultimate goul of
sunulatng apple orchard management decisions in a multi-period setting, The model takes

Mo eteount the vegetative und reprocuctive physiology of apple trees, factors affecting .

apple quality and quantity, and the interrelationships between these factors, The model is
dcszgm:d to allow flexibility in the incorporation of aliernative apple cultivars and
pruning/training systems,  The implementation and impoitance of these features are
discusted in the paper. ' i ' :

Introdaction

The production of large quantities of high quality fruit from an orchard ruiies on a good
understanding of the biological basis of tree and fruit growth, A fruit grower nf:cds 10
understand how the choice of orchard system and management strategy affects use of
inputs in the production process and therefore profitability. The evaluation of alternative
orchard management strategies and orchard systems can be significantly aided by
simulation modc's, An appropriate simulation model in the case of an dpplc orchard
would encompass, in significant detail, both the biological and economic processes
involved in tree growth and fruit production, -

Biologists have developed many models that describe specific aspects of plant and wee
grosts and much of this work has been applizd to perennial tree crops including apples.
Included here is the work of Jackson (1981), Jackson and Palmer (1979, 1981) and
Palmer (1977) on light imerception and canopy design ic upple orchards, Brain and
Landsberg (1981) who analyse pollination, initial fruit set and fruit drop in apples using

! Hetpfut comments from Dr Phil Simmons are gmwﬁxliy acknowledged.



mathematical models, and De Wit's (1965) work o modelling phomsynmesis and plah.t
growth. , ‘

Research into apple production has also been undertaken by economxsts. In pelenm'ﬂ crop
research, horticultural economists are often interested in modelling optimal replacement
strateges.  Studies of this kind have used dynamic line: programming models (Willis and
Hanlon, 1976; Knapp 1987), net present value methods (Gocdcgeburc 1988) and
maximum sustainable yield techmques (Tisdeli and De Silva 1986), Other horticultural
economists have investigated ¢ the profitability of various orchard sys:ems through
budgeting techmques (McKenzie and Rae, 1978) and linear regression (Cahn and
Goedegebure, 1992),

Economists modcllmg optimal repldc,cment decisions in orchards, or general oxc.lmrd
production systems have tended to largely ipnore the considerable body of knowledge
generated by biologists and other scientists. The use of this knowledge would seem
necessary beeanse it allows modellers 1o generate yield functions that accurately reflect the
ditterences in varieties and manipulation of tree growth that is commonplace 1 orchard
marn gement,

Recognising a gap in horticultural simulation modelling, a preliminary attempt to model
apple orchard production using bioeconomic methods is presented in this paper. A brief
discussion of important biological concepts in apple tree growth are included in the
following section, which describes the management choices facing an apple grower. The
bioeconomic model is then developed in several sections,

The Orchard Managcmem Problem

An apple grower's income depends on the amount and the quality of applcs pmduced
This w . largely depend on the selected orchard system, defined as the integration of all
the horticultural factors involved in establishing and maintaining a planting of fruit trees
(Barritt, 1987) In choosing the preferred orchard system, a large number of choices face
the grower,

l’rc-pianhnﬂ Decisions

Orchard managers face complex long-term decisions that interact w.lh daily orchard
management. There is a lag of several years between phnun 8 and production and choices
concerning fruit variety, tree spacing, and pruning and. training systems represent long-
term commitments that are made before an orchard is planted.  Fruit characteristics, the
age of bearing (precocity), future market demands and climate suitability are other factors
that need to be taken into account when choosing an orchard system. Incorrect choices
will be costly, if not impossible, to correct in the short terin,

The Apple Tree

An apple tre. Is composed of a pxece of a p'u'ttcul.ir ‘eultivar’ (aaluvated variety) called a
i . «hat s grafted or badded onto a ‘rootstock’, This vegetative propagdtton allows the



cultivar to maintain all the characteristics of the original tree. A iarge ,mmber of apple
rootstocks and scion varieties have been available o gmwers for several decndes, and
each combination has implications for orchard management,

A specific rootstock is normully chosen for the tree size it will pmduce, The ulumw sx/e;

of an apple tree can be lmn,md through the use of certain rootstocks, Historically, the

most commonly available roptstock produced trees of varinble size and performance, In

modern oichards, where the size of the apple tree plays u central role in orchard
management, and where tree uniformity, precocity and crop efficiency are crucial, +10st

trees are planted on one or more of the clonal motstocks developed after 1900, The large

number of (dwarfing) rootstocks now available means that irees can m grown to aciuwe

almost any size or degres of dwarfness.

The scron section of the apple tree determines the frait vm‘ic:f;y and fr‘ai.t features such as,
size, shape, colour, flavour, fimmness, ripening season, and pest and disease resistance.
The rate of scion growth tvigour) is influenced by miany factors, ineluding the intringie
vigour of the s¢ron and the vigour potential of the chosen rootstock. Other factors include
chunatie vanables: wmpesature, bght and mintall; soil factors sueh as mineral contesd and
level of soit water; pipagement factors such ns pruning, training and weed control; .md
tree factors such as free health and erop load (Webster, 1998),

The age at wiech m apple tree diest bears fruit ity precogity) will viry aecording ta the
rootstockfseon combination. Impovistt physiclogicad stages in the froit production
process are the Srmatun of fower buds dintog the previous growing season, adeguate
chithing o’ these friar tods 3 winer, Soveriag, pollination and fruit-set of the flowers
the wpring, removal of exces fraits (hsnings 3> maintain good frait size, frolt matasation,
ripersng and fipoiiy wvest

IRy the growitEg Sewson zspp*& Ly :wi tfw imu are s,;ahjwt to dnmnge hy frange of
divease and nseet peste, Fungl, wseets ol vhies are responsible for various types of
datca s to apph - aees, with some diseases and pes s abie (o reinfest several times wuring,
a single prowing season. Chemical controt is aeminble 10 most common apple orchard
diseases aad prsi, The eonsit monitoring o1 trees. y»n{ orekard hygiene and prompt
appheavon of chemivals are nn;mrmnt foctors in xmxmmnmg iwcdzhy apple trees. ‘

Light o |
Laght is the noost importan Seetor jn the process kuown as photmsynthesis, 4 proguss on
whith plant growth dejands Choned Tight penstration ima an apple tree canopy throughout
it growing season 1s essential, and s sspecinily erideal to fraiv production.  In apples,
canopy Cevelopment s a seasoual and a lifetime developmental patteen,

baghtmust be able to penerate the apule tree canupy 1o the exient that it satisfies the
equiremenas for apple spur fowenng and friit set (Robinson et &l, 19913 Lighs
ntercept on and daam bt within (e wee canopy s also an fmportant influence on the
quia. ity ased graslity, size aud '*oluun of applcs pmdvvzg (Wagenmakers aod Callesen,
1995)



The level of light intercepted by an orchard will depend on rany facu)rw mr-luc’mg, the
amount and arrangement of leives, fruits and branches within each tree; trée shape and
size; the spreing between trees pnd row orieniation; and the anguiar distribation of light
from the sun and sky (Palmer 1981) “There are many ways of modifying apple tree
canopics to mxpmvc light 1utmepuon and disteibution, incleding the use of roststocks, -
scwons, pruning and tree training. These four variables alone potentially give nurierous
tree forms, planting arrangements, tree heights, widths and geometric forms, with the
practical value of modifications ck.pendm;p on their effect on orchard. production efficiency
(Robinson et il 19913, ‘ :

Training and Praning

Tree size is centrs} to vechard management and fruit ptoduction, Apart from i > inherent
growth charactenstics of the scion and rootstocks, tree growth can be manipulated
through training and pruning. Techniques that contol the shape, size and direction of tree
growth are known as training, and the removal of particulur ports of the plant are known
as pruning. Pruning and training are used to aiter the growth and fruiting habits
(preductivity) of the tree. If left without prum% ot training, the result is poor distribution
of light throughout the Canopy, harvest and spraying difficulty.

The practice of pruning an apple tree_occurs throughout its lifetime.  An impartant
consequence of tree pruning is that one yc.m s growth remains to influence the growth of
succeeding years. In youn g trees, pruning is undertaken with the aim of training the tree
to produce a verain shape and structusally sound framnework (Janick, 1986). The
framework should be one that is abile to hold heavy crops, withstand high winds, allow
casy access to the picker and pruner (a smaller tee), allow thorough pengtation and tree
coverage to orchard sprays, with a shape ihat allows light (o enter all parts of the free
Glartmann et al., 19885, When weil-trained trees reach the age when they begin to form
flowers and produce fruit they do sn on 4 strong frame with well distribnted 'fruiting
wood' around the tree (Huartmann et al,, | 983) When t}ns iy the case, only modr:mtc
annual pruning is necessary.

Training is used to improve light penetration into the apple tree.  Kobinson et al. (1991)-
summarise the two approaches on which most training systems ore based, The first is fo
allow the tree to grow to its natural form which allows light penctration through many
small openings in the canopy, examples include the multiple leader, central leader, vertical
axis, or slender spindle techniques of training & tree. The second approgch is to restrict
tree canopies to certain geometric forms with tewer large, permanent openings thi allow
hght penetratit n. Examples of this approach include thin sestricted single planes of ﬁﬁmg,e
such as narrow hedgerows, tree walls, and rmes tmm sl tiy rhe: A, Vand T forms,

Tree Density

The choice of plantiag density s nonmlly Base:d on w:;~z;‘cratxm of the ultimate size of
the tree at mutueily and whcx ier the vootstock is dwarfing or fovigorating, The ise of
dwarfing rootsiocks atlows trees to be plinted closer together buesuse tivy will résulr iy
very s .ﬂl trees. ‘Thus dwarfing roststoeke allow for bigher density tes phunting sysiems



to be adopted. “The number of trees planted per h,ectar,e has implications for the initial
investment in trees, input use and per hectare yield of trees.

Low density plantings (300 trees per hectare) do not use dwarfing rootstocks and
maintenance labour for prunmg and training is minimal. Returns per hectare are lower

because yield per bectare is lower and trees may wke up to twenty years 10 reach :
maximum production.

Pruning and training are much more important tasks f‘or medwm o high intensity plantings
(1000 wees per hectare). Dwarting rootstocks are normally used in this <;ysu.m and
commercial yiclds are achieved sooner than with low density plantings.

In high density plantings (1500-2000 trees per heetare) and very intense density planting
systems (20003500 trees per hectare), the cultivar and rootsiock choice are eritical for
size control. In these systems very dwarfing and dwarfing rootstocks dre used and trees
are planted very close together. Skilled manﬂgﬁmem is n,quxrc:d for training and pruning,
and a complete understanding of tree growth and nutrition is essential.  Appropriate
training Systems in very high density plam ngs include trellis, hedgerow, double row and
spindie bush systems. For high density pl ;mtmg‘« cemml leader pyr'xmxd shaped training is
essential (Fleming, 1996).

Whiie initiul investment in the trees is higher in Iu;,h density plantings, a much higher yield
15 experienced in the early years of orchard operation compared to medium and low
der.ty planting systems, Yields oof dwarfed trees at maturity are, however, usually less

than thnse from larger trees on intermediate or vigorous rootstocks. Closer planting of
dwarf trees and their earlier bearing habits should more than compensate for this loss in

vield per tree,

Tt I conomic Model

Consider an npple orcharg of a given arey, the objective of the fruit grower is to select and
plant an ‘optimum mix’ of apple tree varieties (stock/scion combination 1) using cerwin
pruning and training techniques over time, $o as to nauximise the discounted value of
profit, Prices received fer the fruit may differ between time periods in years (t), and for
each variety of apple (j). The quantities harvested will also vary with the variety of fruit

tree, and with the age (1) of the tree. Costs will vary with the age, variety and time period,
and also with the pruning and training techmques cmployed.  Farm level profitability can
tx assessed using the foﬂowznx, economic framework:

The profit function is expressed us:

a) MamZ[(EEFQ)C}e = 1D, G2 Lad), (= 1T,
y T INT T ‘ ; ~

where: o ' ‘

P,  represents (he price of a unit sold of apple variety j i time period t,

Q,, Trepresents the quantity of each varlety j that is sold (thc 'packout’ quantity)
from each age group over time,



r is the discount rare

Since not all fre's that is hurvested is sold, an additional equation describing the Jevel of
‘packout’ is added: :

Q. =hH,, ‘ 0ghst
whiere: '
H, ., s the total quantity of harvested fruit; and | ,
h, represents the proportion of harvested fruit that is sold to the fresh frait

market each year. This often varies between varieties, ~ Note that (1-)
gives the level of spoilage, which is not necessarily wasted and may % sold
its juicing fruit. '

Total harves: 1s o function the yield tY)

Gy H, = fY, 0

where- -

Y, represents total yield for a given age group i, variety J and time period ¢
The area planted {A) depends on new plantings (NP) and removals of trees (R} in each
period”. ‘e area of trees in the first age group of each time period will be equal to the
new plantings of all varieties that oceur in that time period, In the age groups other than
i = 1, the area of plantings will be equal to the carryover from the previous period minus
any remoyals from the current stock of trees. No removals oceur in age group one.

. A
4 A shakd ‘P‘P).kyt i

(5) Am‘pk,t = A;.[.l.l = Rﬂl.,nt.i (’ = ls 2: 3vm I-1 )v (k =1 ,v;-;w K)
where: : R
R..,. represents removals of variety j from u particular age group,
k represents a given management (density, pruning, training) system

The area of trees will also be constrained by the size of the furm:
6 55N A SKF where KF is farin size in hectares
‘ i k . .
The yield function (¥, ,) takes into account a number of biological, physiological and

management characteristics of orchard operation.  Yields depend on the orchard
management system used, Thus for any time period: ' ‘

ey ‘::‘ 9 = :
M) YA,].I - /1., J’é,j.k. 'Aft'-}‘)rl‘

b

* giquations for plantings and semovals are based on those of Koapp (1987)
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Yield, y,,; will be estimated by a hiological model described belaw.
The cost function includes annual planting costs, labour and other input costs:
&) C =3 3 m NP +12Z + LC,

s -

where: -
m, is the price of new trees,
rz is a veetor of prices of other inputs d ,
7, is a vector of inputs (fertiliser, chemicals irrigation)
LC,  represent labour costs

Labour is a critical input and represents a significant proportion of 2081s in an orchard,
Labour reguirements for harvesting depend on yield, while labour requirements for other
tasks (such 4§ priming, soraving) depends on the size, shape and number of trees, which in
trn depend on the management system, therefore, labour costs are defined as:

(N I‘(" m)’h}:z’y‘w '*“f‘llzzil’w}
LR R

where
L.,  arethe Iabour requirements for age group / and verity j under management
systesn k e ~ ,
rl is the cost of hired labour, and.

rk is the cost of hatvesting labour

The economic model allows selection of an optimal mix of fruit tree varieties. The optimal
mix will be selected through information on yield of each tree variety under alternative
management systems.  Yield information will be estimated by the biological model
described in the next systenm. ‘ : o

The Biological model

Horticultural management models of apple orchards normally investigate economic
aspects of production without including important biological relationships that have been
developed over the years by biologists and nther seientists, These biological relationships
can allow madellers to generate yield functions that refleet varietal differences, climatic
factors, lifetime and seasonal growth patierns, and canopy manipulation teehniques that
are common considerations in vealistic orchard management,

Winter (1976) and Thicle and Zhang (1992) developed orchard models however, their
models do not provide the information required for the model described here, therefore a
simplified biological model will be used, as described in this section, Central to the
biological model developed below is the description Jf photosynthesis, and how its
products are allocated within an apple tree (see Figure 1).
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Figure 1

The amount of photusynthesis undertuken by the tree is influenced by the amount of light
1t intercepts, which in tuen is influence by the shape of the tree. The shape of the tree
varies with its age, pruning and training techniggues used and the particular time of season,
The , coduets of the photosynthetic process are allorated between the leaves, old and new
stem, the roots, and fruit, Whether or not & tree is producing fruit has a significant effect
on this allocation process. ' :



Canopy photosynthasis (Pe) is the sum of the photosynthesis of the leayes (P) which make
up the canopy, and depends on the photosyathetic capacity of the leaves within the cancpy
and the light attenuation and interception properties of the canopy (Johnson, 1994):

i

o Po={rd
0

where
! is the Jeaf area index

Le f photosynthesis can be deseribed by a number of equations, the most frequently used
equation (France and Thomley, 1984), o rectangular hyperbola, is employed in this
analysis: s

an  pe-Ehiles

ol +P,,
where : :
/, represents the fevel of irradiance intercepted by leaves
P.. isthe value of P atsatursting light fevels ,
o is a constant that measures the efficiency of leaf photosynthesis
Measuring light interception and attenuation by a row crop is more difficult because of the -
discontinuous nature of the canopies. Canopy sbapes become difficult to model and light
interception is affected -ty the rows between trees, A well accepted equation describing
light interception by leaves in discontinuous canopies (Thornley and Johnson, 1990 is ¢
(12) ;= (,wﬁw)l‘ﬁe“"*

(1,
where :
1, is the irradiance avove the canopy ~ :
k is the light extinction cocfficient for a given eanopy depth
m  is the transmission coefficient of the leaf ~ ,
I isthe cumulative leaf area index, measured per unit of potentially shaded

surfice aren s

Photosynthates, the products of photosynihesis, are used by various parts of the tree in the
process of growth and development. This process is represented as:

(13)  DM=(0,+0,+0;+0,)Py
where

8,  represents the proportion of new growth achieved by each part of the tree
(leaves, fruit, roots and stemy), ‘

Y is a conversion factor between photosynthesis and dry matter, and -

P, is deseribed as in (13), Notice that the proportions 6, must all sum to LO.

A major task in this modelling effort is the estimation of model parameters for differsot
varieties of trees and orchard management systems,



Model Solution and Applications

The biological model developed in this paper details the basic pho:osymbcﬁc process in
apple tree growth, It allows for differences in variety and for pruning and training
techniques, through the effeet of tree shape on light intercegtion.

The biceconomic modet will be solved in two stages, First, the biological model will be
used to produgr a multidimensional table of yields and labour requirements for each
variety, age group and management system, The rconomic model will then use the table
to determine optimal strategies under alternative price conditions, The ¢conomic mode]
may be implemented either as a multiperiod mathematical programming model or as a
dynamic programming model,

Once implemented. the biclogical model will be attached to the economic model through
the yield function. The biogconomic model will then be used to assess optima! orcharc
management strategies under various tree yowth and tree mdrmgcmﬁnt strategies, and
various demand conditions.

The bie .copomic model will ultimately be used to simulate the effects of various types of
research on orchard profitatulity.  Many types of apple orchard research are currf:mly
funded, with little knowledge on bow funds should be divided between certain categorivs,
Research areas currently receiving funding include Pest, Disease and Weed Management;
Varietal Improvement; Soil, Nutrition and frrigation; Technology Transiwr; Industry
Suatistics; Production Systerms; Disinfection; Total Business Management; Fruit Quality
Management; New Products: and Storage. The effect of various types of research on farm
ievel profit will then be simulated through the manipulation model pacameters, :

The binlogival model can be extended to analyse pollination, fruit set, fruit growth and
development for different varicties and management strategies. The economic model can
be extended 10 include off fanm sectors that influence orchard returns, such a8 storage,
transport and demand sectors,

Conclusion |
While several authors have attempted the integration of economic and biological
information into models of apple orchard management, a model that captures growth
characteristics of many varieties simultaneously and links this information with production
and demand fuctors is lacking, The model described in this paper is the first stage of un
attempt to use detailed biological and economic information 1o evaluate the effects of

alternative management strategies, orchard systems and research programs on grower
returns.
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