
9. Assessing the Cost of Mite Attacks

Optimal apple orchard management requires an understanding of many physiological and

horticultural factors that influence tree growth and fruit production, including

management of pests. During its lifetime, an apple orchard will be prone to attack from a

wide range of pests and these may influence health and productivity of trees and fruit

quality. The biological and economic costs associated with pest management strategies

are a major influence on orchard profitability.

Spider mites are among the most serious pests of apple trees. In Australian apple orchards

the European red mite (Panonychus ulmi) and the two-spotted spider mite (Tetranychus

urticae) are the predominant mite pests. Mites are controlled using chemical sprays called

miticides, by biological control, or using a combination of the two. Mites have been

particularly successful in developing resistance to chemical sprays and growers are

experiencing increased difficulty in controlling mites using chemicals due to widespread

or impending resistance.

In this study, the bioeconomic model developed in earlier chapters is used to describe the

biological and economic effects of controlling two-spotted mite outbreaks using an

alternative to chemicals — biological control. That is, the biological control agent is a

predatory mite. This application describes a scenario where mites have developed

resistance to all chemicals currently known to control them and the results for orchard

profitability when biological controls are used. For modelling purposes, it is assumed that

severity of the mite outbreak and its timing are known with certainty.

9.1 The Two-spotted Mite

Two-spotted mites (Tetranychus urticae) feed on apple tree leaves causing them to turn

brown and fall; in extreme cases the whole tree may be defoliated. Initial populations are

derived from females that pass the winter in the litter under apple trees or in cracks in

trunk bark. Their activity resumes in spring at the onset of warmer temperatures when

they migrate to leaves and lay, on average, 70 eggs per day during their life span of 3 to 4

weeks (Bower and Thwaite, 1995). It may take only seven to 14 days for eggs to hatch

and larvae to metamorphose and grow into adults and many overlapping generations may

occur each season.
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Mites are among the most difficult pests to control. Apart from their ability to increase in

numbers rapidly, they have been particularly successful in developing resistance to a

succession of miticides and have overcome virtually every chemical produced to eradicate

them since the 1950s (Thwaite, Penrose and Slack, 1998). There now remain a limited

number of miticides available for their control.

Foliar feeding pests like the two-spotted mite cause damage to the leaf and, if left

uncontrolled, cause a reduction in net photosynthesis (Mobley and Marini, 1990) with

progressively larger reductions as mite populations increase (Hall and Ferree, 1975).

Since the energy for tree growth is derived from the photosynthetic process, any reduction

in photosynthesis results in less growth of leaves, woody frame, roots and fruit. In

addition to potential yield reductions, studies have found that fruit size, fruit quality and

return bloom in the following year are all reduced as a result of mite damage (Chapman,

Lienk and Curtis Jr., 1952; Beers and Hull, 1987; Marini, Pfeiffer and Sowers, 1994).

However, results of mite injury vary and seem to depend on the timing and severity of

pest stress and physiological status of the apple tree (Lakso et al., 1996; Hoyt and

Tanigoshi, 1983).

Studies of mite damage measure mite populations in terms of mite days or cumulative

mite days (CMD) where mite days are defined as the average number of mites present per

leaf between the previous and current period, multiplied by the number of 24 hour periods

between counts (Beers and Hull, 1990). The CMD is the sum of all mite days over the

season.

Investigations that have measured mite damage deal with issues such as the effects of low,

medium and high CMD on net photosynthesis, fruit yield and return bloom (Fransesconi

et al., 1996), and the effects of the timing of mite injury on fruit quantity and quality

(Beers and Hull, 1990; Lakso et al., 1996). A recent study by Mobley and Marini (1990)

found that it took 900 mite days for two-spotted mite to decrease photosynthesis by 45 per

cent.

9.2 Predator-Prey Interaction

Uncertainty over possible damage to trees from mite infestations if chemical control

levels are not maintained has meant significant amounts of research funds are now

devoted to controlling mite pests using alternatives to chemicals. The Horticultural

Research and Development Corporation (HRDC) has recently funded a number of studies

that focus on integrated mite control (IMC), where biological controls are integrated with
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chemical control of other pests and diseases with a view to reducing overall chemical use

(HRDC, 1993; Bower and Thwaite, 1995).

Biological control is concerned with regulation of a pest population by means of a natural

enemy or enemies (France and Thornley, 1984). Bower and Thwaite (1995) give a good

account of predator-prey interaction for mites. Once introduced into the orchard, predator

mites feed on prey mites thus contributing to mite control. As the number of prey mites

increases, the response from predator mites is to feed more actively and reproduce. As

predator numbers increase, the predation rate begins to exceed the prey's rate of increase

and prey numbers start to fall. As predators run out of food, their numbers also decline

and they disperse elsewhere in search of new sources of prey mites. Low predator

numbers give surviving prey mites the opportunity to begin a new cycle of increase, thus

starting a whole new cycle of predator-prey interaction; although only one cycle, which

may last several months, normally occurs during a single growing season in an apple

orchard. The degree of control from using predators to control mites is greater and longer

lasting than that given by chemical sprays (Bower and Thwaite, 1995).

The use of predators in mite control, while using chemicals for other apple orchard pests

and diseases had its origins in Washington State, USA (Bower and Thwaite, 1995). A

predatory mite, Typhlodromus occidentalis, was found to have developed resistance to

azinphos-methyl, an organophosphate pesticide widely used to control codling moth in

apple orchards. It meant that orchardists could use T. occidentalis to control mites despite

regular applications of azinphos-methyl. Other orchard chemicals, used to control various

other pests and diseases of apple orchards, were tested for their effects on predatory mites,

resulting in the development of what are known as integrated mite control (IMC)

strategies. Additional predatory mites with useful pesticide resistance have since been

discovered.

The three predatory mites that are present in New South Wales apple orchards, and which

possess resistance to organophosphate insecticides and a range of other chemicals used in

orchards are: Typhlodromus occidentalis; Typhlodromus pyri; and Phytoseiulus persimilis

(Bower and Thwaite, 1995).

The use of predator mites to control pest mites, while using certain chemicals to control

other apple orchard pests and diseases, is now common in Australia, with up to 80 per

cent of growers in some NSW districts using IMC strategies (Bower and Thwaite, 1995).

It is expected that the use of such strategies will delay the development of resistance to

miticides by pest mites.
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9.3 Modelling Predator-Prey Interactions

Growth of a biological population, y is often described using a differential equation:

dy
= E y

dt

which has as its general solution, the exponential growth equation:

Y = Yoe"
	

(9.2)

where E is the proportional rate of growth and yo is the pest population at time t = 0

(France and Thornley, 1984).

In order that growth of a biological population be described by equation (9.1), a number

of simplifying assumptions are made (Maynard Smith, 1975). First, it is assumed that the

density of species can be adequately described by a single variable, thus ignoring age, sex

and genotype differences in the population. Second, it is assumed that the changes in

density can be adequately described by deterministic equations, and third, that the effects

of interactions within and between species is instantaneous. The implication of this third

assumption for predator-prey interaction is that there is no delay between the moment a

predator eats a prey and the moment when the ingested prey is converted into part of a

new predator (Maynard Smith, 1975). A further assumption is that the differential

equation is first-order and linear.

In reality, equation (9.1) can only be true for a limited amount of time. An increasing

population will ultimately exhaust its food resources hence a modification to (9.1) is used

to describe the settling to a steady state (Maynard Smith, 1975):

dy
= e y(1—

dt	 Y.

where yni is the maximum prey population or carrying capacity. The logistic equation

described by (9.3) is widely used in population problems with fish and other species

(Hartwick and Olewiler, 1986). It reduces to equation (9.1) when the population, y, is

small and hence growth is exponential. As t increases, y approaches a steady state value

without oscillation providing certain conditions are met to ensure convergence (Maynard

Smith, 1975).

(9.1)

(9.3)
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The earliest attempts to model predator-prey interactions were those of Lotka (1925) and

Volterra (1926) (cited in France and Thornley, 1984) who modelled interactions without

consideration of age structure. In a given habitat, y denotes the number of prey and x

denotes the number of predators:

- =Ey	
y  

–kxy
dy	 (, 

dt

	

	
(9.4)

Y.

dx
- =k'xy–mx
dt

where k is a constant that determines the rate at which prey are eaten (predator- lday-1),
'

k' gives the rate of production of new predators (prey- 	
k 

i1 day- 1 ), so that — s the number of

predators produced per prey consumed, m is the mortality rate ascribed to the predators

for whom the prey are the only food source, and other parameters are as described

previously (France and Thornley, 1984).

The Lotka-Volterra model of predator-prey interaction outlined in equations (9.4) and

(9.5) is adopted in this study, where y represents the number of two spotted mites per leaf

and x is the number of predators, consisting of T. occidentalis mites.

The production of carbohydrate in an apple tree results from the combined processes of

photosynthesis and respiration; carbohydrate is partitioned to each organ submodel,

including fruit, according to a defined priority system. The amount of photosynthesis

undertaken depends on leaf area of the tree that receives adequate light. When leaves are

damaged, photosynthesis is reduced. Such damage is known to occur when large

populations of mites feed on leaves for a prolonged period of time.

The population of two spotted mites that are present on each leaf during the predator-prey

cycle are necessarily translated into a reduction in photosynthesis using the following

equation, adapted from Mobley and Marini (1990):

Pnmuit = max(1 –0.000485MD,O) 	 (9.6)

where -Pnmult is multiplied by the value of net photosynthesis, defined as daily

photosynthesis minus daily leaf respiration, (Pd – Rd L ) in equation (3.1) and mite

populations are measured in mite-days, MD. Mite days are defined as one mite per leaf

present for one day, multiplied by the number of intervening days (Beers and Hull, 1990):

(9.5)



111

MD =[0.5(MPLp + MPLAdc_p	(9.7)

where MPL is the number of mites per leaf at the previous sampling date, MPIc. is the

current number of mites and dc_p is the interval of days between the two samples. The

population growth in mites obtained using (9.4) is translated into mite days using (9.7), in

order to calculate reduction in daily net photosynthesis. In the current model, when no

mites are present, MD equals zero, Pnrnuit is one and hence there is no reduction in daily

net photosynthesis. Conversely, daily net photosynthesis is reduced to zero when MD

equals 2062. In this case the tree is completely defoliated and may die.

Equations (9.4), (9.5), (9.6) and (9.7) were combined with the bioeconomic model

discussed in Chapter 6 and the effect on profitability of reliance on predators for

controlling two-spotted mite populations was investigated. While chemical control can

eliminate mite populations quickly and damage may often be negligible, reliance on

biological control may result in some damage to leaves as predator populations increase

and bring prey under control. The level of damage will depend on the parameter values of

(9.4) and (9.5).

This application shows the effects on orchard profitability of the use of predators to

control mites, a scenario that may arise due to impending resistance of pest mites to

miticides, through legislation limiting the use of orchard chemicals or through grower

choice.

9.4 Experimental Design and Model Implementation

It is assumed that the mite infestation occurs in one hectare of Granny Smith apple trees

during each year of growth. The trees are planted on the semi-dwarfing MM.106

rootstock at a density of 1000 trees/ha and trained to the central leader system. This

system is identical to the one used in the thinning application of Chapter 7 and one of

those simulated in Chapter 8. An important variation is, however, the absence of chemical

costs of miticides when biological control is relied upon to maintain mite populations.

Density related costs for Granny Smith on MM.106, when mite control chemicals are not

used, are shown in Table E.1 of Appendix E. In the application of Chapter 7, maximum

apple price was assumed to be A$43.00 per carton, but was assumed to be A$24.00 per

carton in Chapter 8. In this application the maximum price is also A$24.00 per carton,

hence NPV results may be compared to those found for the system in Chapter 8.
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Predator-prey interaction is investigated over a 15-year time horizon. In the first scenario,

predators are used to control mites that infest the trees in each year of tree growth. This

scenario is compared with a second scenario of the same mite outbreak remaining

uncontrolled. The outcomes for fruit yield and NPV from both scenarios are compared

with yield and profit outcomes from a simulation of the same system undertaken in

Chapter 8, called the 'base run' for the purposes of comparison.

An optimal thinning strategy that maximises NPV given controlled and uncontrolled mite

outbreaks is derived. Rather than finding optimal thinning rates for each year of fruiting in

the 15-year planning horizon, four optimal thinning rates were derived: one each for the

first three years of fruiting, and a fourth value that applies during the remaining fruiting

years. This technique was adopted in Chapter 8, and reflects the trend in the trajectory of

optimal thinning rates found to apply in the analysis of Chapter 7. In Chapter 7, all

solution techniques found thinning rates to vary in the first four years of fruiting but

remain relatively stable thereafter. NLP is used in this application to derive the optimal

thinning rates, and given only four thinning rates need to be found, computer time

requirements are not excessive and solution accuracy is only compromised slightly.

The predator-prey interactions are incorporated into the bioeconomic model developed in

Chapter 7. The main equations of the model used in the current application are:

=1 
7 rt(Ft(x„ut) 	 1 

(1+ rY CEt

where

r t =(PF(wF)–CF).Ft(x„ut)– N .CN r (At )	 (t=1,...T)

t+1

Ft = Ncr f[(Pdt. –	 CHOT1pF,.(xt,ut)d-c
T=t

x t =[Rt ,147,,predo ,preyo ] and ut=[thint]

where predo and preyo represent the initial predator and prey populations and other

symbols are as defined before.

The outbreak of two-spotted mites occurs during the middle of the growing season (from

January 1), when temperatures are high. Following elimination of pest mites by predators,

leaves remain damaged and the reduction in photosynthesis becomes permanent for the

duration of the growing season.
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Details of assumed predator-prey parameter values are reported in Table 9.1. The author

is not aware of experimental data that describes growth in two-spotted mite populations

specifically, however Tanigoshi et al. (1983) provide an estimate of the intrinsic rate of

increase of another prey mite known as T. mcdanieli at temperatures of 24°C. This is

0.201 and is adopted as the value of E in this study.

Table 9.1: Simulation assumptions

Parameter	 Value

E	 0.201

k	 0.05

k'	 0.008

yn	 0.22

ym	 250

Predator-prey cycle	 prey()	 10

predo	 5

No mite control	 prey°	 10

pred0	 0

In the absence of controls, mite populations have been known to increase to densities of

between 100 and 300 mites per leaf depending on temperature (Tanigoshi et al., 1983).

Hoyt and Tanigoshi (1983) indicate that 160 mites per leaf is considered a moderate to

low-level mite population. In this application it was decided to use 250 mites per leaf as
the maximum population of two spotted mites, ym.

9.5 Results and Discussion

Using the optimal thinning rates obtained for each scenario and the parameters reported in

Table 9.1, the base-run simulation was compared to a mite attack that is controlled using

predators and the same mite attack that remains uncontrolled. When predators are used it

takes less than a month for mites to be controlled but this time delay resulted in some leaf

damage and some loss in yield.

The predator-prey cycle that resulted from the parameters reported in Table 9.1 is shown

in Figure 9.1 and additional information about the cycle is reported in Table 9.2. The prey

mite population levels reach a peak of 53 mites per leaf, or 694 MD per leaf, on 24

January which is 24 days after the outbreak commenced. Predatory mites bring prey mites

under control after this date and mites return to pre-outbreak population levels in early

February. The mite attack produced a drop in net photosynthesis of 35 per cent.
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The path of uncontrolled mite population increase is also shown in Figure 9.1. When

mites are allowed to increase unchecked their number increases rapidly and approaches

the maximum population level, 250, around 30 days after the outbreak occurred.

Unchecked mite populations increase faster than those controlled by predators, despite the

seemingly low number of predators early on.

250 -

t 200 -

E 150 -
=

T.1 100 -
cri

0-1 50 -

ti
0

0
	

10	 20	 30	 40	 50

Day number (Jan1=1)

Figure 9.1: Changes in predator and prey populations given control

Table 9.2: Additional predator-prey simulation results

Predator control	 No mite control

Annual decrease in net photosynthesis (%) 	 35
	

100

Peak prey mites population (per leaf)	 53
	

250

Peak predator population (per leaf) 	 8
	

na

Length of predator-prey cycle (days)	 38
	 na

Results for thinning, yield and NPV resulting from both scenarios are compared to the

base run in Table 9.3. The optimal thinning values that maximise NPV when predators are

used to control mites are significantly reduced from those where chemical control is used.

Only 14 per cent of fruit remains on the tree (thin=0.14) in years five to 15 when

predators are used, compared to 48 per cent with chemical control (thin=0.48). Lower

thinning levels are used to compensate for the damage caused to the photosynthetic

apparatus when predators are used to bring mites under control.



Table 9.3. Results from mite control simulation

Age from
planting
(years)

Base-run (chemical control)'

Optimal	 Yield per	 NPV
thinning rate	 tree (kg)	 (A$`000/ha)

Predator-prey simulation

Optimal	 Yield per	 NPV
thinning rate	 tree(kg)	 (A$`000/ha)

Optimal
thinning rate

No mite control

Yield per
tree(kg)	 (A$`000/ha)

NPV

1 -11.72 -11.69 -11.69

2 0.44 13.64 2.94 0.10 3.35 -1.75 0 0 -3.57

3 0.46 15.79 15.82 0.12 5.49 0.96 0 0 -2.05
4 0.36 24.23 23.47 0.06 4.56 0.85 0 0 -2.38
5 0.48 38.61 20.89 0.14 13.89 5.60 0 0 -2.00
6 0.48 46.70 27.16 0.14 16.57 6.73 0 0 -2.28

7 0.48 59.58 33.33 0.14 21.36 10.24 0 0 -1.85

8 0.48 68.89 56.61 0.14 25.51 12.50 0 0 -1.74

9 0.48 79.32 61.45 0.14 29.45 21.61 0 0 -1.95

10 0.48 87.79 64.65 0.14 33.40 23.66 0 0 -1.55

11 0.48 95.37 66.39 0.14 36.63 24.62 0 0 -1.46

12 0.48 102.07 66.88 0.14 39.67 25.02 0 0 -1.63

13 0.48 107.96 67.07 0.14 42.15 25.42 0 0 -1.30

14 0.48 113.17 66.39 0.14 44.33 25.28 0 0 -1.23

15 0.48 116.65 64.37 0.14 45.70 24.41 0 0 -1.38

a Assumes 100 per cent control of mites before damage occurs.
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In the predator control simulation, fruit yield is less than that of the base run in every year

(Table 9.3). This reduction in annual yield is not surprising. The predator mites take time

to return the prey mite population back to pre-attack levels and hence damage to the

photosynthetic apparatus of the plant occurs and remains for the duration of the season.

The level of damage to the photosynthetic apparatus and therefore yield loss depends on

parameter values of Table 9.1.

When the same mite attack remains uncontrolled the most profitable strategy is to produce

no fruit in any year.

The annual discounted value of profit for the controlled and uncontrolled attacks are also

reported in Table 9.3. Profitability is reduced from the base level in every year except

year one. In this year density related costs are reduced for both mite attack scenarios

because mite control chemicals are not used. The drop in annual profits in every other

year is substantial for the predator-prey simulation, and remains negative when mites are

uncontrolled. Establishment costs and annual density related costs continue to accrue

nevertheless.

The drop in annual profitability from predator control is mainly due to yield reductions,

although price per kilogram in this scenario is also less than that of the base run prior to

year nine after planting (Figure 9.2). The optimal thinning strategy with predator control

results in price remaining at a maximum level per kilogram for the final six years of the

planning horizon.

Years from planting

Figure 9.2: Fruit price in the base run and predator control simulation when
optimal thinning strategies are adopted
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Cumulative yields over the 15-year time horizon and NPV for the base run and two

scenarios are compared in Table 9.4. Cumulative yields from the predator-prey simulation

are approximately 37 per cent of base-run yields and are zero when mites remain

uncontrolled

With no mite attack in the base-run simulation, the grower could expect a NPV of

A$625,700 per hectare given the cost assumptions of Chapter 7 and the price and thinning

assumptions from Chapter 8. When predators are used to control mites, a lower NPV

results, around A$193,730, which is 31 per cent of the base run. When mites remain

uncontrolled NPV is reduced to minus A$38,070.

Table 9.4: Cumulative fruit yield and net present value of profits over 10 years for
the base run and two mite-attack scenarios

Fruit yield NPV

Scenario (kg /tree) percent of base (A$'000/ha) percent of base

Base 969.78 100 625.70 100

Predator control 362.06 37 193.46 31

No control 0 0 —38.07 —6

9.6 Sensitivity Analysis

Several parameter values for equations (9.4) and (9.5) were not available in the literature

on mite control, hence their values were obtained from previous work by Volterra (1926).

In particular, no information was available on the growth of predator populations as they

consume prey mites, reflected by the parameters, k and k', or the mortality rate of

predators, m. While much experimentation into the effects of certain mite populations on

fruit yield has been undertaken, little modelling work has been done on measuring

interactions between predator mites and their prey. To accurately predict results of

predator-prey interactions parameters values need to be correctly specified.

Sensitivity analysis of each of these three parameters one at a time is undertaken in this

section. Elasticity values were calculated as the percentage change in a given variable

divided by the percentage change in the parameter value, according to the formula used in

equation (6.3). Elasticity values were derived with respect to various variables: the

minimum value of Pnmuit after the mite attack (9.6); the peak prey and predator

populations; the length of the predator-prey cycle; NPV per hectare after 15 years; and

cumulative fruit yield per tree after 15 years.
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The base values used in the elasticity calculations were taken from the scenario where the

mite outbreak is controlled using predator mites.

9.6.1 Consumption rate of prey by predators

The rate at which prey are eaten is proportional to the product of the prey and predator

populations with a constant k.

In general, all variables are inelastic with respect to changes in k (Table 9.5). Changing

the rate at which prey are eaten has a less than proportionate effect on all variables.

Elasticities were positive for only two variables, changes in the peak prey population

number and the length of the predator prey cycle as k changed. As the value of k

decreased (increased) the value of the variable also decreased (increased). In explaining

the reaction in these two variables as the rate at which prey are consumed changes, it is
important to note that 	 k is the number of predators produced per prey consumed. As k

is reduced, ceteris paribus, the number of predators produced per prey consumed is

increased, hence the ability of the predator population to consume prey more quickly.

The remaining elasticities are negative. As k decreases (increases) both Pnmuit and peak

predator populations are changed in the opposite direction. This occurrence can, again, be

explained by the new value of kl k . Since more predators are produced per prey

consumed when k decreases, prey populations are controlled more quickly by the

increased population of predators, thus reductions in photosynthesis are not as severe.

Table 9.5: Sensitivity of photosynthesis, predator and prey populations, NPV and
cumulative fruit yield to changes in the rate at which prey are eaten, k

k change

T1o%

Base run
value

value elasticity value elasticity

Minimum Pnmuit 0.654 0.671 —0.26 0.635 —0.28

Peak prey population (no.) 53 52 0.12 54 0.19

Peak predator population (no.) 7 8 —0.79 6 —0.83

Length of predator-prey cycle (days) 36 35 0.28 37 0.28

Cumulative fruit yield (kg/tree) 362.06 362.52 —0.01 358.25 —0.11

NPV (A$`000 per ha) 193.46 196.51 —0.16 182.06 —0.59

The elasticities of cumulative fruit yield and NPV with respect to changes in k are also

negative, although only a negligible increase in cumulative fruit yield occurs as a result of

a reduction in k. It appears that the change in photosynthesis is responsible for the
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remaining changes in cumulative fruit yield and NPV. When k decreases, photosynthesis

is not reduced as much as occurred in the base scenario, and it appears that this results in

improved fruit prices, hence the improvement in NPV by A$3,000 with a negligible

change in cumulative fruit yield. Cumulative fruit yield and NPV are both reduced when k

increases by ten per cent, as this appears to result from a smaller value of photosynthesis.

9.6.2 Rate of production of new predators

The responsiveness of each variable to changes in k, the rate of production of new

predators, is given in Table 9.6. As k' increases, more predators are produced per prey

consumed, and decreases in k'result in less predators produced per prey consumed.

The elasticity of Pnmuit with respect to k' is positive and below one. Reducing k' has the

effect of reducing the amount of photosynthesis that takes place because less predators are

produced to consume prey mite populations. The response of the peak mite population to

changes in k' is greater than one, suggesting that changes in the parameter result in a more

than proportional increase in the peak prey population. It is interesting to note that

changes in k' have no effect on the peak predator population and the length of the

predator-prey cycle is similarly unaffected in the case of a ten per cent decrease in the

parameter.

The elasticities of cumulative fruit production and NPV with respect to changes in k' are

positive and below one in all cases except for the elasticity of NPV with respect to a ten

per cent decrease in the parameter. In this case, NPV decreases more than proportionately

compared to the drop in k. The direction of change in cumulative fruit production and

NPV that result from changes in k' appear to be related to the change in photosynthesis. A

decrease in k' results in reduced fruit yield and NPV in line with less energy available

from the photosynthetic process for fruit growth. The reverse is true for increases ink'.

Table 9.6: Sensitivity of photosynthesis, predator and prey populations, NPV and
cumulative fruit yield to changes in the rate of production of new predators, k'

k' change

Base run	 110%	 T10%
value	 value	 elasticity	 value	 elasticity

Minimum Pnmuit 0.654 0.606 0.73 0.698 0.68
Peak prey population (no.) 53 61 –1.51 47 –1.13
Peak predator population (no.) 7 7 0 7 0
Length of predator-prey cycle (days) 36 36 0 35 –0.28
Cumulative fruit yield (kg/tree) 362.06 352.05 0.28 369.26 0.20
NPV (A$`000 per ha) 193.46 166.87 1.37 203.77 0.53
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9.6.3 Predator mortality rate

In general, elasticities with respect to m are negative and below one. The exception to this

is the elasticity of the peak prey population with respect to changes in m (Table 9.7). In

this case the elasticity is positive and a decrease (increase) in m has resulted in a more

than proportionate decrease (increase) in peak prey population. It appears that the peak

mite population is very responsive to changes in the predator mortality rate. This

responsiveness has an effect on the amount of damage inflicted by mites on the
photosynthetic apparatus of the tree. Not surprisingly, the elasticity of Pnmuit with respect

to m is negative. As m decreases (increases), Pnmult increases (decreases) from the base-

period level as a result of changes in the peak mite population.

Surprisingly, changes in m have no effect on the peak predator population, although there

is an effect on the length of the predator-prey cycle. As expected, reducing the mortality

of predators increases the predator-prey cycle with the reverse being true for increases in

the mortality rate.

Table 9.7: Sensitivity of photosynthesis, predator and prey populations, NPV and
cumulative fruit yield to changes in predator mortality rate, m

m change

Base run	 110%	 T10%
value	 value	 elasticity	 value	 elasticity

Minimum Pnmult 0.654 0.688 –0.53 0.626 –0.43
Peak prey population (no.) 53 46 1.32 60 1.32
Peak predator population (no.) 7 7 0 7 0
Length of predator-prey cycle (days) 36 37 –0.28 35 –0.28
Cumulative fruit yield (kg/tree) 362.06 367.55 –0.15 355.25 –0.19
NPV (A$`000 per ha) 193.46 201.97 –0.44 178.47 –0.77

The elasticities of cumulative fruit yield and NPV with respect to changes in m are all

negative and below one. Reducing (increasing) m has the effect of increasing (decreasing)

fruit yield due to the increased (decreased) amount of photosynthetic production that takes

place. With increased yield the NPV also increases, and the reverse is true where yield

falls.

9.7 Assessing the Value of Mite Control R&D

The model simulations showed the effect on apple-orchard profits of attack scenarios that

are controlled using predator mites or that remain uncontrolled. The magnitude of lost

profits from the pest attack controlled using predators may loosely be interpreted as a
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measure of the benefits to the grower of having adequate mite control procedures

available. In terms of chemical control, this could be used as an indicator of the benefit of

ongoing research into chemical control of mites given current resistance problems. In

terms of biological controls, it may be an indication of the 'costs' of reducing pesticide

usage in apple orchards as the Australian apple and pear industries move towards targets

of a 75 per cent reduction in the use of crop protection chemicals by the year 2000

(HRDC, 1993).

The study shows that mite attacks may cause considerable leaf damage and monetary

losses. It also illustrates how orchard simulation models may be used to evaluate these

costs and assess the potential benefits of research and development activities in pest

control.

9.8 Summary

In this chapter the bioeconomic model was used to simulate the effects on fruit yield and

NPV of a mite attack that is controlled using predator mites, and of one that remains

uncontrolled. An optimal thinning strategy was simulated for each scenario. The results

from the scenarios were compared with a situation where mites are controlled using

chemicals before any damage to the photosynthetic apparatus could occur. Reliance on

predators for control resulted in yield and monetary losses due to the time lag involved in

bringing prey mite populations under control. When mites remained uncontrolled,

photosynthesis was reduced to zero for a period of time during the growing season.

Although the tree did not die as a result of the uncontrolled mite attack, no fruit was

produced. The simulation results are for one particular orchard system among many that

exist, and for a set of specific predator-prey parameter values.

Sensitivity analysis was undertaken on parameters that describe predator population

growth and its interaction with prey mites. In general, important variables were relatively

unresponsive to changes in parameter values, although there were instances where this

was not the case. Accurate measurement of these parameters remains important and

would allow for more accurate predictions of the effect of predator-prey interaction on an

apple tree.

An important topic for future economic research is the use of stochastic prices, production

and pest attacks. In particular, it is important to account for the probability that an orchard

will be attacked by pests in any given year, conditional on tree variety, management

strategies and other factors. However, it is clear that there is a need for further biological

research in this area so that models can be properly parameterised.



10. Conclusion

A detailed bioeconomic model of an apple orchard was developed and applied to various

industry issues in the preceding chapters. It is important to note that results of the model

simulations are dependent on given parameters and model assumptions. Further research

that improves model parameterisation is likely to enhance the predictive ability of the

bioeconomic model developed in this thesis.

10.1 Summary and Conclusions

A detailed biophysical model was developed at the level of the tree and the orchard to

simulate tree growth and fruit production for any number of continuous seasons from

planting to maturity. The model simulates the basic physiological processes of

photosynthesis, respiration and dry matter partitioning. It takes into account factors

affecting the vegetative and reproductive capacities of apple trees and the

interrelationships between these factors. Parameters affecting light interception allow

many different canopy architectures and orchard densities to be simulated. An innovation

in the biophysical model is its ability to simulate the effect of particular thinning

strategies on annual and long-term tree productivity given the inherent biennial bearing

nature of an apple tree.

The biophysical model is specified at a level of aggregation appropriate for incorporation

into an optimising economic model of apple orchard management. The economic model

allows for the use of information on costs of establishing and maintaining many different

orchard systems, including establishment costs and density related costs of labour,

chemicals, nutrients, capital and irrigation. Price data are combined with the cost data to

allow simulation of annual profitability and NPV for a variety of systems.

Combining the biophysical and economic components into a bioeconomic model allowed

a range of industry issues to be analysed including optimal thinning strategies,

comparisons of system profitability and the use of biological agents to control pest

outbreaks.

Thinning is one of the few ways an orchardist may influence annual profitability of an

orchard, once decisions about orchard design have been made and trees planted.

Important aspects of thinning are future implications of current thinning strategies and
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correction of biennial bearing. The incentive is to improve fruit size through thinning

since larger apples generally receive higher prices.

The level of thinning was considered in non-optimising and optimising frameworks. In

the non-optimising framework thinning was treated as a static variable over a 15-year

planning horizon with repeated runs of the 15-year cycle using different levels of

thinning. It was found that maximum NPV did not occur where fruit prices or tree yield

were at a maximum. Rather, a strong trade off between total yield per tree and individual

fruit weight resulted in the achievement of maximum NPV at prices below the maximum

level.

When considered in an optimising framework NPV was maximised by selecting a value

of thinning for each year of fruiting in a 15-year time horizon. The simulation was

undertaken in a climate of certainty about the future and various solution techniques were

used to select the optimal thinning trajectories. Given the structure and parameters of the

bioeconomic model, the thinning strategy that maximised profit for all solution techniques

was the one that reduced the biennial bearing patterns to a negligible level, and hence

smoothed fruit production over time. The value of thinning in the first four years of

fruiting varied but became relatively stable thereafter.

The bioeconomic model was used to simulate productivity and profitability of a range of

orchard systems that are common to orchards in both Australia and overseas. The systems

consisted of five different cultivars growing on five rootstocks at densities ranging from

280 to 4400 trees per hectare and trained using various methods. In all, NPV and yield of

25 systems was simulated for the given parameter values and assumptions of the

bioeconomic model. A thinning trajectory that maximised NPV for each system was

derived in the optimising process. The objective of this model application was to compare

system profitability. For a 15-year planning horizon, maximum NPV was achieved when

Pink Lady on MM.106 was grown at a density of 1000 trees per hectare, followed by Gala

and Fuji in the same system. The next most profitable system was the very high density

planting of Pink Lady on M.9 at a density of 4400 trees per hectare.

The bioeconomic model was also used to investigate the effect on orchard profitability of

reliance on biological control agents to control two-spotted mite outbreaks. This

simulation was undertaken in the context of concerns about current or impending

resistance by the mite to chemicals used in its control, as well as an industry desire to

reduce pesticide use. The biological agent used in the mite control was a predatory mite.

Because predators take time to consume prey mites, some damage to the photosynthetic

apparatus of the tree is inevitable. Assumptions concerning the population growth in
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predator numbers were not well defined in the literature and sensitivity analysis suggested

several parameters are important to accurately model predator-prey interaction. In the

simulation, the parameters chosen for the predator-prey cycle resulted in a 35 per cent

reduction in the level of photosynthesis due to leaf damage. The results of the

photosynthesis reduction were a drop in dry matter reserves that fuel renewed growth in

the spring, and thus a reduction in overall tree growth capacity. Allowing a new optimal

thinning trajectory to apply given the mite attacks did not compensate for these reductions

and as a result, fruit yield and NPV were reduced.

The bioeconomic simulation model developed in this study has allowed the investigations

of several important orchard management issues. The simulations undertaken are

examples of how the simulation model may be used, and there are many more possible

applications of such a model, including measuring research returns and assessing the

impact of new pome fruit diseases entering Australia (eg. fireblight).

10.2 Limitations of the Research

Results from all bioeconomic model applications are based on a particular set of

parameter values in the biophysical model and assumptions governing input and output

prices in the economic model.

Most parameter values used in the biophysical model were drawn from the scientific

literature or, where available, from unpublished experimental data. Sensitivity analysis of

several important parameters showed the value of Tf was critical to model results on tree

productivity. This parameter is used to determine the amount of light intercepted by trees

and varies with tree shape and age. A comprehensive list of Tf values for age and shape

was not available hence experimental data for particular cultivar/rootstock combinations

were relied upon to calculate the value of this parameter at maturity. Given that values of

T1 at maturity were assumed to apply in every year of tree growth, the model is likely to

overestimate light interception by trees during early years of growth.

Experimental results for apple-tree growth indicate that both location and cultivar affect

rootstock growth, measured in terms of change in trunk cross-sectional area. However,

lack of information on how growth performance changes with location and cultivar made

it necessary to estimate trunk growth parameters for each rootstock from a small amount

of data from various locations. Since trunk growth has a large influence on potential tree

productivity in the model, parameters need to be estimated for a given location. Model
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results for fruit production from a given cultivar/rootstock combination should therefore

be interpreted as applying to a particular location.

Introducing biennial bearing and thinning into a dynamic model of orchard production

was an important innovation in this research. The imposed pattern of biennial bearing is

assumed to apply to all cultivars equally and does not vary over the planning horizon. In

reality, some cultivars are more prone to biennial bearing than others. Furthermore,

biennial bearing patterns may be started or enhanced by unseasonal climatic events such

as frosts, or temperatures that cause larger than usual pest attacks to reduce the growth

potential of the tree. There appears to be room for improvement in the modelling of

biennial bearing for individual cultivars, especially through the introduction of climatic

uncertainty. Nevertheless, the modelling of biennial bearing undertaken in this research is

a useful starting point and remains an important innovation.

The predictive ability of the bioeconomic model may also be enhanced through

improvements in the economic component of the model. Labour costs are a crucial

component of density related costs for each system. However, very little information was

available on the time requirements for training, pruning and thinning tasks in the range of

systems considered by the study, hence indirect estimation was often necessary.

Assumptions governing labour usage as orchard size increases have not been considered

in this study since profitability simulations were undertaken for one hectare of each

orchard system.

Perhaps the most crucial aspects of predicting long-run orchard profitability are

assumptions governing prices for each fruit size and variety. In the model, the relationship

between price and fruit size was determined according to a single set of data for one

particular variety. It was further assumed that the relationship between price and fruit size

was constant. Lack of data, again, made these assumptions necessary and it is

acknowledged that lack of information on price/size relationships are a limiting factor of

this research.

Fruit prices for each variety change during a season and between seasons as supply and

demand factors change. In the model, however, the maximum price of each cultivar was

held constant throughout the model. Stochastic simulations on price were not undertaken

because of the time required to run the optimising model and the lack of data to estimate

price probabilities. This is also acknowledged as an important issue for future research.
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10.3 Issues for Future Research

Important areas for future research are those that would enhance the predictive ability of

the bioeconomic model. Ongoing field research that measures Tf as trees age for a wide

variety of systems would be particularly useful. In addition, research into how location

and cultivar affect rootstock growth would allow the model to more realistically represent

tree growth and fruit production. Additional research into predator-prey interactions

would allow more accurate predictions about potential monetary losses from reliance on

biological controls. Equally important is that experimental data be published or made

public in some form.

introduction of stochastic climatic events and prices would make model simulations more

realistic. Climatic variation would allow for more realistic biennial bearing patterns and

pest attacks to be simulated.

In an environment of price uncertainty, profit maximising orchard design is likely to

result in plantings of more than one tree variety, and it would be interesting to use the

bioeconomic model to determine the optimal mix of varieties for given levels of desired

risk exposure. In addition, price uncertainty will have implications for the optimal

thinning trajectories for a given orchard system.

Despite several shortcomings of the model, it provides a useful basis for predicting

orchard productivity and profitability. Extensions and improvements to the model of the

type suggested above will only serve to enhance its usefulness.
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Appendix A: Labour Requirements



Table A.1: Labour requirements for various orchard systems

Cultivar	 Rootstock Density	 Training	 Age Pruning/ Thinning picking Source
(trees/ha) training time time

(mins/tree) (mins/tr) (mins/kg)

Granny Smith	 Northern Spy 1031 Central leader	 5 4.19 0.17 Clayton-Greene (1989a)
Free palmette	 5 3.84 0.12
Minimal pruning	 5 1.51 0.15
Lincoln canopy	 5 7.8 0.17
Palmette	 5 4.66 0.21
Tatura trellis	 5 8.85 0.12
Ebro espalier	 5 9.72 0.22
MIA	 5 7.56 0.15

various dwarfing 1125	 Slender spindle	 Full 0.43 Goedegebure (1989)
1500	 Prodn 0.42
1950 0.40
2450 0.38
3000 0.38
3750 0.36
4500 0.34

Not reported	 Not reported 417, 834	 Central leader 1 4.94 Clayton-Greene (1989b)
417, 834 2 3.25
417 3 5.68
417 4 1.77
834 3 3.11
834 4 5.68
417, 834 5+ 1.77
417, 834 7+ 0.18



Table A.1 cont'd

Cultivar Rootstock Density Training	 Age Pruning/tr Thinning picking Source
(trees/ha) aining time time

(mins/tree) (mins/tree) (mins/kg)

Not reported Not reported 417,834 Tatura trellis 1 9.90 Clayton-Greene (1989b)
417 2 8.43
417,834 3 5.98
417,834 4 4.05
417,834 5+ 4.52
834 2 9.92
417 7, 9 0.13
417 8, 10 0.12
834 5+ 0.11

Seedling 1250 4 leader	 1-4 8.16 0.34

McIntosh M9 1905 Slender spindle	 1-9 28.66 17.32 0.51 Quamme et al. (1997)
M9 1587 Vertical axis	 1-9 21.17 20.79 0.44
M9 1235 Trellis	 1-9 19.92 20.40 0.48
M26 800 Central leader	 1-9 29.25 29.62 0.44
M4 606 Central leader	 1-9 34.60 28.20 0.45

Red Delicious M26 1905 Slender spindle	 1-9 34.96 12.91 0.43
M26 1587 Vertical axis	 1-9 26.28 20.98 0.39
M26 1235 Trellis	 1-9 18.70 9.47 0.57
M26 800 Central leader	 1-9 15.00 13.12 0.41
M26 606 Central leader	 1-9 28.71 18.32 0.35



Table A.2: Labour requirements for various orchard systems

Cultivar Rootstock Density Training Age Labour efficiency Labour efficiency	 Source
(trees/ha) (mins/kg) (mins/tree)

Empire M.26 1100 Central leader 3-5 2.2 Perry et al (1997)
Mark 1100 Central leader 3-5 1.71
Bud.9 2461 Slender spindle 3-5 3.20
M.9 2461 Slender spindle 3-5 3.55
Mark 2461 Slender spindle 3-5 2.93
M.26 1502 Vertical axis 3-5 2.48
M.9 1502 Vertical axis 3-5 2.30
Mark 1502 Vertical axis 3-5 2.11
Ott.3 1502 Vertical axis 3-5 2.23
P.1 1502 Vertical axis 3-5 2.51

Jonagold M.26 1100 Central leader 3-5 1.72
Mark 1100 Central leader 3-5 1.37
Bud.9 2461 Slender spindle 3-5 2.77
M.9 2461 Slender spindle 3-5 3.34
Mark 2461 Slender spindle 3-5 2.15
M.26 1502 Vertical axis 3-5 2.1
M.9 1502 Vertical axis 3-5 2.03
Mark 1502 Vertical axis 3-5 1.72
Ott.3 1502 Vertical axis 3-5 2.45
P.1 1502 Vertical axis 3-5 3.13

McIntosh M9 1905 Slender spindle 1-9 61.4 Quamme et al. (1997)
M9 1587 Vertical axis 1-9 61.6
M9 1235 Trellis 1-9 54.6
M26 800 Central leader 1-9 81.4
M4 606 Central leader 1-9 97.0

Red Delicious M26 1905 Slender spindle 1-9 61.7
M26 1587 Vertical axis 1-9 64.3
M26 1235 Trellis 1-9 54.6
M26 800 Central leader 1-9 35.6
M26 606 Central leader 1-9 62.9



Table A.2 continued

Cultivar Rootstock Density Training Age Labour efficiency Labour efficiency Source
(trees/ha) (mins/kg) (mins/tree)

various dwarfing 1125 Slender spindle Full 1.43 21.86 Goedegebure (1989)
1500 Prod'n 1.48 16.88
1950 1.48 13.07
2450 1.55 10.90
3000 1.57 9.16
3750 1.63 7.71
4500 1.65 6.53



Appendix B: Density Related Costs



Table B.1: Annual density related costs by tree age ($/tree)

Rootstoc	 Cultivar
k

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

M.9
Granny Smith, Pink Lady 0.16 0.71 0.62 0.96 1.02 1.13 1.09 1.09 1.21 1.09 1.14 1.24 1.14 1.13 1.25

Fuji 0.15 0.69 0.59 0.91 0.97 1.08 1.05 1.04 1.16 1.04 1.09 1.20 1.09 1.09 1.20
M.9

Red Delicious, Gala 0.23 0.81 0.97 1.39 1.49 1.67 1.58 1.58 1.77 1.58 1.58 1.76 1.58 1.58 1.77

M.26
Granny Smith, Red 0.33 0.87 1.32 1.79 1.96 2.27 2.12 2.11 2.41 2.11 2.12 2.40 2.12 2.11 2.41
Delicious, Pink Lady, Gala

Fuji 0.29 0.80 1.24 1.67 1.83 2.14 1.99 1.99 2.28 1.99 1.99 2.28 1.99 1.99 2.28
MM.104

Granny Smith, Red 3.04 3.93 2.72 3.61 3.00 3.64 3.13 3.12 3.84 3.22 3.23 3.83 3.23 3.22 3.84
Delicious, Pink Lady, Gala

Fuji 2.97 3.80 2.56 3.35 2.74 3.38 2.87 2.86 3.57 2.95 2.96 3.56 2.96 2.95 3.57
MM.106

Granny Smith, Red 2.95 3.84 2.37 2.95 2.65 3.17 2.74 2.74 3.23 2.74 2.74 3.22 2.74 2.74 3.23
Delicious, Pink Lady, Gala

Fuji 2.90 3.73 2.25 2.74 2.44 2.96 2.53 2.52 3.02 2.52 2.53 3.01 2.53 2.52 3.02
Northern Spy

Granny Smith, Red 1.49 2.46 5.78 6.59 6.80 9.27 7.50 8.05 9.81 8.91 8.93 11.28 9.54 10.13 11.92
Delicious, Pink Lady, Gala

Fuji 1.30 2.08 5.33 5.82 6.04 8.51 6.74 7.29 9.05 8.15 8.17 10.52 8.78 9.37 11.15



Appendix C: Annual Yield, Price and Profits



Table C.1: Annual yield, price and profits for three cultivars growing on M.9 at a density of 4400 trees per hectare: Granny Smith (GS);
Pink Lady (PL); and Fuji (F), using assumptions of Chapter 8

Year

Yield (kg per tree)a Fruit price (A$/kg) Discounted value of profit
(A$'000/ha)b

GS PL F GS PL F GS PL F

1 0 0 0 - - - -44.1 -52.9 -52.9
2 10 10 10 1.33 1.67 1.67 52.2 65.5 61.3
3 12 12 11 1.33 1.67 1.67 56.6 71.4 69.5
4 13 13 12 1.33 1.67 1.67 55.6 71.8 66.4
5 13 13 13 1.33 1.67 1.67 52.7 67.7 49.4
6 13 13 12 1.33 1.67 1.24 50.1 64.4 62.2
7 13 13 13 1.33 1.67 1.67 47.4 61.1 60.7 4.-...;]
8 13 13 13 1.33 1.67 1.67 44.8 57.7 56.6
9 13 13 13 1.33 1.67 1.67 41.9 54.2 53.3

10 13 13 13 1.33 1.67 1.67 39.9 51.6 50.3
11 13 13 13 1.33 1.67 1.67 37.5 48.5 47.4
12 13 13 13 1.33 1.67 1.67 35.2 45.3 44.6
13 13 13 13 1.33 1.67 1.67 33.4 43.1 42.4
14 13 13 13 1.33 1.67 1.67 31.5 40.8 39.9
15 13 13 13 1.33 1.67 1.67 29.5 38.2 37.6

176 177 172 564.2 728.3 688.7

a Figures in bold indicate cumulative fruit yield.
b Figures in bold indicate aggregate NPV.



Table C.2: Annual yield, price and profits for two cultivars growing on M.9 at a density of 2666 trees per hectare: Red Delicious (RD);
and Gala (G), using assumptions of Chapter 8

Yield (kg per tree)a Fruit price (A$/kg) Discounted value of profit
(A$'000/ha)b

Year RD G RD G RD G
1 0 0 - - -46.0 -51.3
2 11 13 1.33 0.99 31.7 28.9
3 14 11 1.33 2.00 40.1 50.2
4 15 8 1.33 2.00 38.6 29.9
5 15 17 1.33 1.46 38.2 47.3
6 16 14 1.33 2.00 36.0 50.0
7 16 15 1.33 2.00 34.3 53.6
8 16 15 1.33 2.00 32.4 48.2
9 16 15 1.33 2.00 30.4 46.2

10 16 15 1.33 2.00 28.9 43.4
11 16 15 1.33 2.00 27.3 41.2
12 16 15 1.33 2.00 25.5 38.4
13 16 15 1.33 2.00 24.2 36.4
14 16 15 1.33 2.00 22.9 34.4
15 16 15 1.33 2.00 21.4 32.4

210 198 385.8 529.1
a Figures in bold indicate cumulative fruit yield.
b Figures in bold indicate aggregate NPV.

oo



Table C.3: Annual yield, price and profits for five cultivars growing on M.26: Granny Smith (GS); Red Delicious (RD); Pink Lady (PL);
Fuji (F); and Gala (G), using assumptions of Chapter 8

Year
Yield (kg per tree)a Fruit price (A$/kg) Discounted value of profit (A$'000/ha)b

GS RD PL F G GS RD PL F G GS RD PL F G
1 0 0 0 0 0 - - - - - -24.8 -24.8 -28.1 -28.0 -28.1
2 7 5 8 7 4 0.72 0.45 0.93 0.92 0.81 5.8 1.8 9.2 8.1 3.6
3 10 7 11 9 2 0.86 0.69 1.08 1.10 1.49 9.6 4.9 14.4 12.4 2.6
4 18 11 16 15 11 0.77 0.81 1.13 1.11 1.36 14.9 9.2 21.7 19.9 18.0
5 22 18 22 21 23 0.83 0.78 1.16 1.13 1.09 20.3 14.8 30.2 27.6 29.1
6 28 22 27 26 25 0.86 0.84 1.20 1.16 1.17 24.8 18.5 36.0 33.8 32.1 4'7:v:)
7 32 26 32 31 31 0.88 0.90 1.23 1.22 1.20 28.4 23.3 41.6 39.6 39.0
8 36 29 36 35 35 0.91 0.93 1.67 1.67 1.26 32.0 26.1 62.0 59.7 43.9
9 39 32 39 38 38 1.33 1.33 1.67 1.67 1.27 50.1 40.2 63.3 60.7 45.7

10 42 34 42 40 41 1.33 1.33 1.67 1.67 1.31 50.8 40.8 64.1 61.5 48.5
11 44 36 44 42 43 1.33 1.33 1.67 1.67 1.33 50.6 40.4 63.7 60.9 49.5
12 46 37 45 43 45 1.33 1.33 1.67 1.67 1.33 49.0 39.6 62.0 59.3 48.2
13 47 38 47 45 47 1.33 1.33 1.67 1.67 1.36 48.1 38.6 60.6 57.9 48.4
14 48 39 48 46 48 1.33 1.33 1.67 1.67 1.36 46.2 37.3 58.5 55.9 46.8
15 49 40 48 46 78 1.33 1.33 1.67 1.67 1.34 43.9 35.5 55.5 53.4 43.5

468 375 466 444 441 449.7 346.3 614.8 582.7 470.7
a Figures in bold indicate cumulative fruit yield.
b Figures in bold indicate aggregate NPV.



Table C.4: Annual yield, price and profits for five cultivars growing on MM.104: Granny Smith (GS); Red Delicious (RD); Pink Lady
(PL); Fuji (F); and Gala (G), using assumptions of Chapter 8

Year
Yield (kg per tree) a Fruit price (A$/kg) Discounted value of profit (A$'000/ha)b

GS RD PL F G GS RD PL F G GS RD PL F G
1 0 0 0 0 0 - - - - - -9.6 -9.6 -11.2 -11.1 -11.2
2 10 16 8 9 7 0.83 0.75 1.67 1.09 0.80 2.6 0.1 7.3 4.2 0.9
3 13 15 13 18 13 1.33 0.65 1.67 1.08 1.07 10.3 4.6 12.9 10.8 7.4
4 21 21 24 21 18 1.33 0.79 1.67 1.24 1.31 16.0 8.0 24.0 20.7 12.9
5 38 29 40 36 26 0.85 0.84 1.14 1.18 1.40 17.3 12.5 25.4 23.3 20.3
6 43 37 46 42 33 1.33 0.91 1.21 1.23 1.49 30.9 16.6 29.2 27 26.0
7 52 43 54 50 39 1.33 1.33 1.21 1.67 1.53 35.4 29.4 33.8 31.6 30.8
8 58 48 60 57 44 1.33 1.33 1.23 1.67 1.55 37.5 31.2 35.9 46.9 33.3
9 63 53 66 62 48 1.33 1.33 1.25 1.67 1.57 38.2 31.9 37.6 47.9 34.6

10 67 56 71 66 52 1.33 1.33 1.67 1.67 2.00 38.8 32.4 52.3 48.7 46.1
11 70 59 74 69 54 1.33 1.33 1.67 1.67 2.00 38.3 32.3 51.6 48.4 45.6
12 72 62 76 71 57 1.33 1.33 1.67 1.67 2.00 37.3 31.7 50.1 46.9 44.8
13 75 63 79 73 58 1.33 1.33 1.67 1.67 2.00 36.5 30.8 49.0 45.7 43.4
14 76 65 80 75 60 1.33 1.33 1.67 1.67 2.00 35.0 29.7 46.9 43.9 42.3
15 77 66 81 76 61 1.33 1.33 1.67 1.67 2.00 33.4 28.4 44.6 42.2 40.6

734 625 772 726 570 397.9 310.1 489.4 477.2 417.8
a Figures in bold indicate cumulative fruit yield.
b	 iFigures n bold indicate aggregate NPV.



Table C.5: Annual yield, price and profits for five cultivars growing on MM.106: Granny Smith (GS); Red Delicious (RD); Pink Lady
(PL); Fuji (F); and Gala (G), using assumptions of Chapter 8

Year
Yield (kg per tree)e Fruit price (A$/kg) Discounted value of profit (A$'000/ha)b

GS RD PL F G GS RD PL F G GS RD PL F G
1 0 0 0 0 0 - - - - - -11.7 -11.7 -13.7 -13.7 -13.7
2 14 11 11 13 5 0.57 0.49 1.67 0.88 1.56 2.9 0.8 12.4 6.4 3.8
3 16 15 18 15 15 1.33 0.75 1.23 1.21 1.25 15.8 6.8 16.2 13.7 14.3
4 24 13 22 26 16 1.33 1.33 1.67 1.10 2.00 23.5 11.0 27.2 21.0 23.2
5 39 36 40 35 29 0.81 0.78 1.22 1.19 1.47 20.9 18.5 32.1 29.7 30.5
6 47 39 46 47 35 0.90 1.33 1.67 1.21 1.56 27.2 34.4 52.9 38.0 36.9
7 60 52 60 57 45 0.90 1.33 1.67 1.24 2.00 33.3 44.6 47.3 45.9 60.3
8 69 59 69 67 53 1.33 1.33 1.67 1.24 2.00 56.6 48.1 71.6 50.9 67.1
9 79 68 79 77 61 1.33 1.33 1.67 1.67 2.00 61.4 52.8 78.2 75.6 71.9

10 88 76 88 85 67 1.33 1.33 1.67 1.67 2.00 64.6 55.4 81.9 79.9 76.0
11 95 83 96 93 74 1.33 1.33 1.67 1.67 2.00 66.4 57.4 84.6 81.8 79.0
12 102 88 102 99 80 1.33 1.33 1.67 1.67 2.00 66.9 57.6 84.8 82.7 79.7
13 108 93 108 105 84 1.33 1.33 1.67 1.67 2.00 67.1 57.8 84.8 82.9 79.7
14 113 97 113 110 88 1.33 1.33 1.67 1.67 2.00 66.4 56.9 83.6 81.8 79.2
15 117 101 117 114 92 1.33 1.33 1.67 1.67 2.00 64.4 55.8 81.8 80.0 77.7

970 830 968 945 746 625.7 546.1 825.7 756.6 765.6
a Figures in bold indicate cumulative fruit yield.
b Figures in bold indicate aggregate NPV.



Table C.6: Annual yield, price and profits for five cultivars growing on Northern Spy: Granny Smith (GS); Red Delicious (RD); Pink
Lady (PL); Fuji (F); and Gala (G), using assumptions of Chapter 8

Yield (kg per tree) a Fruit price (A$/kg) Discounted value of profit (A$'000/ha)b
Year GS RD PL F G	 GS	 RD	 PL	 F G	 GS RD PL F G

1 0 0 0 0 0	 -	 -	 -	 - -	 -3.4 -3.4 -4.0 -3.9 -4.0
2 0 0 0 0 0	 -	 -	 -	 - -	 -0.6 -0.6 -0.6 -0.5 -0.6
3 0 0 0 0 0	 -	 -	 -	 - -	 1.4 -1.4 -1.4 -1.3 -1.4
4 0 0 0 0 0	 -	 -	 -	 - -	 -1.5 -1.5 -1.5 -1.4 -1.5
5 0 0 0 0 0	 -	 -	 -	 - -	 -1.5 -1.5 -1.5 -1.3 -1.5
6 0 0 0 0 0	 -	 -	 -	 - -	 -1.9 -1.9 -1.9 -1.8 -1.9
7 0 0 0 0 0	 -	 -	 -	 - -	 -1.5 -1.5 -1.5 -1.3 -1.5
8 0 0 0 0 0	 -	 -	 -	 - -	 -1.5 -1.5 -1.5 -1.4 -1.5
9 0 0 0 0 0	 -	 -	 -	 - -1.7 -1.7 -1.7 -1.6 -1.7

10 0 0 0 0 0	 -	 -	 -	 - -	 -1.5 -1.5 -1.5 -1.4 -1.5
11 0 0 0 0 0	 -	 -	 -	 - -	 -1.4 -1.4 -1.4 -1.3 -1.4
12 0 0 0 0 0	 -	 -	 -	 - -	 -1.7 -1.7 -1.7 -1.6 -1.7
13 0 0 0 0 0	 -	 -	 -	 - -	 -1.3 -1.3 -1.3 -1.2 -1.3
14 0 0 0 0 0	 -	 -	 -	 - -	 -1.3 -1.3 -1.3 -1.2 -1.3
15 0 0 0 0 0	 -	 -	 -	 - -	 -1.5 -1.5 -1.5 -1.4 -1.5

0 0 0 0 0 -23.9 -23.9 -24.4 -22.6 -24.4
a Figures in bold indicate cumulative fruit yield.
b	 •Figures in bold indicate aggregate NPV.
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Table D.1: Results for thinning level for each orchard system

Thinning level for a given year of fruiting

Rootstock Cultivar Year 1 Year 2 Year 3 Year 4 +

M.9
Granny Smith 0.34 0.55 0.57 0.57
Pink Lady 0.33 0.53 0.58 0.58
Fuji 0.32 0.50 0.51 0.57

M.9
Red Delicious 0.25 0.41 0.44 0.46
Gala 0.45 0.46 0.17 0.45

M.26
Granny Smith 0.17 0.17 0.22 0.23

Red Delicious 0.14 0.14 0.14 0.18
Pink Lady 0.20 0.21 0.21 0.22

Fuji 0.18 0.17 0.19 0.21
Gala 0.14 0.04 0.13 0.28

MM.104
Granny Smith 0.18 0.17 0.18 0.28
Red Delicious 0.11 0.23 0.22 0.23
Pink Lady 0.14 0.15 0.21 0.31

Fuji 0.17 0.26 0.21 0.28

Gala 0.18 0.24 0.21 0.21

MM.106
Granny Smith 0.44 0.46 0.36 0.48

Red Delicious 0.36 0.42 0.16 0.37

Pink Lady 0.27 0.40 0.32 0.48

Fuji 0.42 0.45 0.45 0.46
Gala 0.14 0.36 0.25 0.32

Northern Spy
Granny Smith 0 0 0 0
Red Delicious 0 0 0 0

Pink Lady 0 0 0 0
Fuji 0 0 0 0

Gala 0 0 0 0



Appendix E: Density Related Costs



Table E.1: Annual density related costs (when chemicals are not used to control mites ($/tree)), used in mite-control simulation

Rootstock Cultivar
	 1	 2	 3	 4	 5	 6	 7	 8	 9	 10	 11	 12	 13	 14	 15

MM. I 06

Granny Smith	 2.92	 3.78	 2.30	 2.84	 2.53	 3.05	 2.63	 2.62	 3.11	 2.62	 2.62	 3.10	 2.62	 2.62	 3.11
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