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(Smith and McDonald 1986). Management 
strategies can be implemented if predictions 
indicate that damaging infestations will occur 
as crops become susceptible (Figure I b) . Com
monly, flights of the adult moth, and subse
quent egg-laying. occur too early or late to 
give rise to a population of damaging caterpil
lars (Figure la. c), and thus control measures 
are not required. 
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Summary 
Several computer programs which model 
the relationship between phenological de
velopment of pest insects and ambient tem
peratures, have been developed for use in 
pest management programs in Victorian 
agriculture. This paper describes some uses 
of these models including the forecasting 
and analysis of pest outbreaks, assessment 
of the impact of climate change, timing of 
control measures, and the interpretation of 
In-field trapping data. 

Introduction 
The phenological development of insects is 
temperature dependent. The growth rate of an 
insect increases with increasing temperature 
until the optimum temperature is exceeded, at 
which point the rate of growth rapidly de
clines. There is also a lower developmental 
threshold below which no measurable growth 
occurs. Hence ambient temperature strongly 
influences insect pest occurrences, particu
larly those that undergo several generations 
per year (multivoltine insects) . Temperature 
affects the number and tinling of insect gen
erations, and hence the geographical or spatial 
distribution of outbreaks, and the likelihood of 
outbreaks occurring during critical stages of 
crop development or host susceptibility. 

This principle bas been used to develop 
generalized computer programs which simu
latc the effects of temperature on insect life 
cycles. The programs use models which were 
developed from laboratory or field data on the 
temperature development relationship for a 
given pest species. Allsopp el al. (1991) re
viewed the different types of models available 
for describing insect development, particu
larly that of H elio/his spp. The models use 
either nonlinear functions and rate-summa
tion data (e.g. Stinner el al. 1974) or linear 
functions and temperature-summation (day
degree data) (e.g. Troester e1 al. 1982; Smith 
and McDonald 1986; Riedl el al. 1976). Some 
phenology programs are capable of using both 
(e.g. McDonald I 990a), depending on the na
ture of the available laboratory data. Since 
linear regression models ollen underestimate 
development at temperatures near the lower 
developmental threshold (Stinner el al. 1974), 
the temperature-summation models may in
clude an option for a temperature cut-off be
low which the developmental rate is constant 
but above zero, and an upper threshold tem
perature, above which the developmental rate 
is zero (McDonald 1990b). 

Programs developed at the Institute of Plant 
Sciences (e.g. McDonald I 990a) are driven by 
daily ambient temperatures which, for a given 

location, are acquired from either the Austral
ian Bureau of Meteorology climate stations or 
local weather recording stations established 
by farnlers, research workers. or consultants. 
Daily growth increments are calculated using 
a sinusoidal approximation of diurnal tem
peratures based on daily minimum and maxi
mum temperatures. Allowance is made for 
adjustment of the duration of the heating and 
cooling cycles which are seasonally depend
ent. The programs are used to estimate 
phenological development forwards or back
wards in time. Probable dates for the life stage 
transitions of adult emergence, oviposition, 
egg hatch, the various instar moults, pupation 
and adult emergence are calculated. 

Application of phenology models 

Forecasis o[ pesl alld disease olltbreaks 
Timely forecasts of the likelihood of insect 
invasion and/or damage can help to avert 
significant crop loss and in some cases, reduce 
unnecessary insecticide usage. The common 
annywonn, Mylhimllo cOflvecla (Walker) is a 
sporadic caterpillar pest of cereal crops and 
pastures in eastern and western Australia. Adult 
moths lay their eggs in crops from August to 
November (Figure I). Widespread damage 
occurs only when the caterpillars reach matu
rity at the time of crop ripening. The drying 
foliage of the crop induces the large caterpil
lars to chew off the stems below the seed head. 
The use of simulation models, based on aver
age temperatures for a given site and flagged 
by either moth ca tches in traps, or the occur
rence of a particular stage of caterpillar in the 
crop, provide forecasts of the date when the 
infestation will reach their damaging peak 
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The common brown leafhopper Orosjus 
argenlalus (Evans) is a vector of big bud of 
tomato, a mycoplasma disease which causes 
severe losses in yield in some seasons. When 
computer simulations driven by daily maxi
mwn and minimum temperature data were 
compared to actual vector movements into 
crops the results indicated that the adults mov
ing into the crop had probably overwintered as 
nymphs on weeds (Osmelak 1984). Although 
the model can be used to predict when 
leafhoppers will move from surrounding weeds 
into the crop, its value for prediction of disease 
incidence is currently limited by the lack of a 
reliable and rapid method of detennining the 
percentage of infective leafhoppers in the popu
lation. Detennination ofan ' infectivity index' 
from the overwintering nymphal population 
could serve as a guide in predicting the likeli
hood of a severe disease outbreak in the sum
mer. Funding is currently being sought to 
develop a DNA probe for detection of the 
mycoplasma (Osmelak, pers. com.). 

Analysis o[ pest olltbreaks 
Simulation programs provide a means of ex
amining the climatic factors which may have 
contributed to previous pest outbreaks. In Vic
toria, local winter-breeding populations of 
Rutherglen bug (Nysius viflilor Bergroth) were 
shown to be of minor importance to the subse
quent outbreaks in sunflowers during spring. 
Migrant insects from other regions are now 
considered responsible for signi ticant out
breaks (McDonald and Smith 1988). Simi
larly. the major outbreaks of common 
armyworm in Victoria, such as that of 1983, 
have been shown to be related to climatic 
events in northern Australia during the previ-

Insect stages 

Crop stages 

Summer 

Figure I. A hypothetical example ofthe effect of armyworm invasion and egg 
laying at three times (late winter, early spring and mid spring) on the synchro
nization of the damaging stage with respect to the stage of crop susceptibility. 
Here, late winter (a) and mid spring (c) moth invasions would not result in crop 
damage. 
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Figure 2. Lightbrown apple moth n u mbers caughl in pheromone tr aps in a n 
orchard at Harcourt, Victoria during 1988-90. 
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Figure 3. Modified version of Figure 2 in which the troughs and peaks have 
been rounded to discoun t possible wealher effects and to allow for histor ical 
perceptions of the number a nd timing of generations of lighlbrown apple moth. 

OllS autumn. Phenological simulations, using 
daily temperature records from Bureau of 
Meteorology stations, showed that probable 
source areas of the 1983 outbreak were in the 
extensive grasslands of inland Australia, par
ticularly south west and central Queensland. 
Population increase over the ensuing autumn 
and winter appeared to follow a complex se
quence of overlapping, complementary gen
erations, finally resulting in moth migrations 
into Victoria in late August (McDonald et al. 
1990). 

Assessing Ihe impaci 0/ climale change 
on insect oftlbreaks. 
It is thought that global warming through the 
• greenhouse effect' will introduce more tropi
cal influences into south eastern Australia by 

increasing winter temperatures and swnmer 
rainfall (Bolin el 01. 1986, PiUock 1983). 
Phenological simulat ions have been used to 
show that increasing temperatures, albeit only 
1- 2· C, will have a considerable impact on the 
pest fauna of Victorian agriculture (Farrow et 
01. 199 1). For example, some pests, like 
redlegged earth mite (HalOlydeus destructor 
(Tucker)), a pest of pastures, breed under 
current winter conditions and may be excluded 
by a wamler climate. Others, such as wingless 
grassh opper (Phallfacridillm vittatum 
(Sjos'edt)) , budworm (Heliothis spp. ), 
wirewonns and most aphids will have their 
seasons of activity extended. The simulation 
program predicted that, if average tempera
tures increased by 2"C under climate change, 
northern Victoria would have similar winter 

and spring temperatures to those currently 
experienced in the northwest slopes and plains 
area of New South Wales (e.g. Narrabri. 
WalgeU). Under these conditions, multiple 
invasions of pests that attack winter crops, 
such as annyworrn and budwonn, would be
come an annual phenomena rather than the 
current irregular and one-ofT occurrences (Far
row et 01. 199 1). 

Forecasting timing of control measures 
Codling moth Cydia pomollella (L) is the key 
pest in Victorian po me fruit orchards. Im
proved timing of control measures has been 
attempted by spraying according to peaks in 
adult flight as indicated by lure pots (Miller 
1943) or pheromone traps (Hudson and 
Johnson 197 1) but in wann weather signifi
cant egg hatch may occur before a peak in 
moth catch is recognized. Phenology models 
which predict seasonal perfonnance have 
been developed for use in codling moth pro
grams overseas (Riedl e/ 01. 1976, Welch et 
al. 1978) but Geier ( 1981) considered that 
such models were of little value because of 
the high infestation potential in most of the 
Australian fruit growing regions. 

Williams ( 1984) developed a much simpler 
model which has been used by small groups of 
growers and pest managers since 1983 to de
tennine the need for. and timing of sprays. 
Regional forecasts of codling moth spray dates 
were found to be unreliable because the dates 
of fust emergence of codling moth adults in 
spring varied by up to 41 days within a district 
and it was suggested that individual orchards, 
or preferably individual blocks within orchards, 
should have their own traps rather than rely on 
district forecasts (Williams 1989). 

This led to the development of a relatively 
simple. easy to use program which caters for 
the predictions of spray dates for a large nwnber 
of individual blocks within a single climatic 
area. Expansion of the system to cater for 
prediction 0 f1ightbrown apple moth (£piphyas 
postvillana (Walker)) has improved the ability 
of pest managers to detennine which pest to 
target at a particular stage of the season 
(Williams 1989). A modified version is being 
used in Sunraysia for lightbrown apple moth 
on grapevines (Madge and Stirrat 1991). 

IlIlelprelation o/Irapping dOlO 
Multivoltine insects generally exhibit consid
erable overlap in their generations, especiaUy 
later in the seasoo .. Weather conditions around 
Ihe time of daily flight period also influence 
trap results . These efTects may lead to plots of 
seasonal trap data which appear as a series of 
troughs and peaks (Figure 2). It is lempting to 
discount the minor troughs as aberrations due 
to weather and to utilize the peaks and maj or 
troughs to plot generations. An example of this 
is given in Figure 3 where the data from 
tightbrown apple moth pheromone trapping in 
an orchard at Harcourt, used to produce Figure 
2, have been rounded and give the impression 
of distinct spring. summer, andautwnn-winter 
generations. Analysis of the data with the aid 
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Figure 4. Inlerprelation of Figure 2 wilh Ihe assistance of a phenological model. 
The model does nol predict the magnitude of each generalion peak. The curve 
has been drawn 10 emphasize Ihe liming of each general ion. Molh numbers do 
nol drop 10 zero between generations because of overlap of generations. 

of a phenology model can sometimes give a 
different interpretation. When the lightbrown 
apple moth model was used to interpret Figure 
2 an extra generation was identified (Figure4). 
The considerable overlap of generations in 
March-April made it difficult to detect the 
extra generation using trapping results a lone. 
The presence o f extra. previously undetected 
generations could have severe implications 
with regards to timing of control measures, 
timing 0 finspections for quarantine clearance, 
and the interpretation of infestation potential. 

Limilations in Ihe use of phenology 
models 
For practical reasons, daily maximuDl and 
minimum temperatures are used to drive most 
phenology programs because more frequent 
temperature records (e.g. hourly) are expen
sive to acquire and store. Hourly temperatures 
may be estimated from interpolation of the 
sinusoidal approximat ion but this often results 
in over-estimates of development ra tes 
(McDonald I 990b). This bias may be rectifted 
using seasonally adjusted indices (McDonald 
1990a). Other difficulties encountered with 
the use of phenology models for pest manage
ment were the lack of reliable local weather 
stations in agricultural areas, the availability 
of current pest abundance data , and the lack of 
an efficient cOl1ullunications network between 
farmer and scientist (Williams 1984). These 
problems are largely being overcome with the 
availability ofrelalively inexpensive weather 
monitoring equipment, the development of 
economical pest monitoring procedures, and 
the development of commercial pest manage
ment companies specia li zing in IPM. 

Concluding remarks 
The authors believe that phenology models are 
useful tools for use by both research workers 

and pest managers. prOViding a very powerful 
means of interpreting field data and predicting 
field events. However, like all tools they can 
be dangerous in the hands of inexperienced 
operators and should be used in conjunction 
with some form of biological monitoring to 
allow verification of the simulation. 
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