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Introduction
The painted apple moth (PAM), Teia anartoides 
Walker (Lepidoptera: Lymantriidae) is native to 
the south-east of Australia (Common 1990). Its 
primary native host plants are species of wattles 
(Acacia, Mimosaceae), but it has been a minor pest 
of several exotic commercial and garden plants for 
more than 100 years. When PAM was found in 
New Zealand in 1999 its known host plants from 
Australia and New Zealand in the Mimosaceae, 
Fabaceae, Myrtaceae, Santalaceae and Solanaceae 
suggested that it might be a potentially severe 
economic and environmental pest, and an eradica
tion programme was soon initiated.

The life-history and biology of PAM in 
Australia is largely unknown, apart from brief 
descriptions of life stages, damage and an initial 
note on development on “geranium” at ambient 
temperatures in Sydney (Smithers 1966). Unlike 
many pest Lymantriidae (e.g., gypsy moth, 
Lymantria dispar) in the Northern Hemisphere, 
PAM does not diapause but continues to develop 
slowly through the winter on evergreen hosts. The 
geographical range of PAM in Australia suggested 
that, should it establish in New Zealand, it would 
spread throughout the latitudinal limits of the 
country. However, with a climate varying from sub-
tropical in the north to cool temperate in the south, 
the number of generations per year, and hence pest 
status, might vary substantially in different regions. 

Research to support eradication aimed to 
measure key parameters for development of 
PAM, including the lower threshold temperature 
for development and thermal accumulation 
requirements, so that the potential voltinism of the 
insect in New Zealand could be described. These 
parameters, together with ecological data collected 
from the field, could then be used in subsequent 
population models to predict its potential pest 
status and help optimise the eradication or, should 
that fail, subsequent control strategies. 
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Materials and Methods 
Experimental procedure for measuring 
PAM development at constant temperatures
Experiments were initiated at the HortResearch Mt 
Albert Research Centre, Auckland, in March 2002, 
with PAM from a laboratory colony reared on 
artificial diet and maintained at 25oC. The colony 
was established in November 2001 from wild 
insects collected from Auckland. The artificial diet 
was that used for rearing gypsy moth (Odell et al., 
1984), modified by the addition of ferric phosphate 
(1 g/kg) and the antibiotics streptomycin, 
penicillin (both 0.15 g/kg) and fumagillin (1 g/
kg) (A. Barrington, HortResearch, pers. comm.). 
Experimental eggs and neonate larvae, all obtained 
from the laboratory colony, were reared in different 
incubators with a 16 h:8 h photoperiod at nominal 
constant temperatures of 7, 10, 13, 17, 21, 25 and 
30oC. Exact temperatures were recorded hourly by 
Tinytalk® temperature loggers. 

Two egg clusters, of >100 eggs each, were held 
in 500 ml plastic containers at each temperature, 
and the time to eclosion recorded for all eggs 
that hatched. Similarly, daily development and 
mortality of 40 neonate larvae (<24 h old) were 
measured at each temperature. Neonate larvae were 
removed from egg batches and transferred to 30 ml 
plastic cups with ventilated plastic lids containing 
a c. 2 cm3 block of artificial diet, where they were 
reared individually until pupation. Diet cubes were 
replaced before they dried out or as required to 
ensure a continuous food supply. Individual pupae 
were removed from their cocoons, then sexed, 
weighed and measured (length), before being held 
in new 30 ml plastic cups until emergence. The 
developmental time for each larval instar and pupa 
was recorded daily, and the total time from neonate 
larva to adult at each temperature was calculated. 

Thermal requirements for development
The reciprocal of the median number of days 
required to complete development of each life stage, 
D, was used to estimate the developmental rate (d 
= 1/D), at each temperature T. Developmental rate 
was assumed to be a linear function of temperature 
such that

d = (T-b)/q� (1)

where b is the threshold base temperature for 
development and q is the day-degree accumulation 
required to complete development. Therefore d was 
regressed on T, with b estimated as –y-intercept/
slope, and q as 1/slope. There was no need to 
fit more complicated non-linear developmental 
rate curves (e.g., Logan 1988) because the data 
were linear over the temperature range expected 
for most of the time in the wild. In some cases, 
fitting d as a function of T can lead to different 
results to those from fitting D to T (Kramer et al. 
1991), so the estimate base temperature b and 
thermal requirement q were checked by fitting the 
hyperbolic relationship D = q/(T-b).

The thermal requirements for development of 
each larval instar were estimated as proportions 
of the total larval requirement, using the 
data from those individuals that successfully 
completed development to adulthood. Some 
larvae died during development, mostly during 
moulting. Mortality was assumed to result from 
physiological complications at moulting, rather 
than an accumulated lack of fitness, and so the 
developmental times of immature larvae that died 
at different instars were taken as an independent 
data set. This data set was used to test the estimated 
developmental requirements for each larval stage 
and the base temperature for larval development. 

The variability in the developmental rates of 
each life stage was quantified using the method of 
Wagner et al. (1984). Non-linear regression was 
used to fit the two-parameter logistic approximation 
for a cumulative Gaussian curve (Dennis et al. 
1986) to cumulative normalised developmental 
rate data
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where µ is the midpoint (mean) and σ is the spread 
(standard deviation).

Estimating voltinism throughout  
New Zealand
The total number of day-degrees required for 
development from egg to adult emergence was 
estimated by fitting equation 1 to the developmental 
data for egg and female larva + pupa using a 
common base temperature, bc. Because female 
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PAM oviposit within a few hours of emergence 
and mating, with effectively no pre-oviposition 
period after emergence, this summation estimated 
the thermal requirements required to complete a 
generation.

Temperature data were obtained from climate 
stations close to each of New Zealand’s eleven 
major seaports, the most likely entry sites for 
future incursions. Long-term (in most cases 1985-
2004) daily temperature data (National Institute 
for Water and Atmosphere (NIWA) database) were 
used to estimate daily thermal accumulation a, as 
a weighted mean:
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where Tmin, Tmax, and Tmean are the daily minimum, 
maximum, and mean temperatures respectively, 
and the quantities inside square brackets are set 
to 0 if negative (Barlow and Dixon 1980). In the 
case of Lyttelton, the nearest climate station was 
Le Bons Bay, on the exposed hills of eastern Banks 
Peninsula, 236 m above the sea. On examination, 
it became clear that the readings from this station 
were not a good indication of conditions on the 
low Canterbury Plains to the west of Lyttelton. 
Therefore, analyses were carried out using 
temperatures from both Le Bons Bay to the east 
and Lincoln to the west, as indicators of potential 
climates in the vicinity of Lyttelton Harbour.

The mean annual thermal accumulation for 
each location was calculated from a mid-winter 
biofix (1 July – 30 June) to capture the entire 
New Zealand growing season. The average annual 
thermal accumulation was then divided by the total 
generational day-degree requirement to estimate 
the number of generations per year that might be 
expected at each location. The annual variation in 
thermal summations gave some indication of how 
variable these estimates might be from one year 
to the next. The resulting estimates of voltinism 
represent probable maxima, since they are based 
on laboratory results on an artificial diet designed 
to be highly nutritious and lacking inhibitory plant 
defensive compounds.

Results
Actual mean temperatures recorded by data loggers 
in the different incubators over the course of the 
experiment were 6.7, 10.2, 12.6, 17.7, 21.9, 22.5 
and 30oC. 

PAM development at constant temperatures
Eggs 
No eggs emerged at either 6.7 or 10.2oC. At 12.6°C, 
eggs emerged during a ten-day period from 34 days 
after oviposition. Eggs developed and emerged 
apparently normally over the temperature range 
from 17.7 to 30°C, but only a few larvae hatched at 
30oC. Microscopic examination of the remaining 
eggs showed that most had completed development 
to a fully formed larva, which had then failed to 
completely cut open the eggshell to emerge. Hence 
measured mortality may have been due to other 
sub-optimal experimental conditions at 30oC (e.g., 
low humidity) rather than temperature inhibition 
of development per se.

Larvae and pupae 
Neonate larvae reared at 6.7oC were sufficiently 
active to feed. Many survived for >60 days but 
none developed beyond first instar. The temperature 
per se was sub-lethal, because individual 60 day-
old first instar larvae, when transferred to 23oC, 
developed apparently normally to adults. At 
10.2oC, 50% of neonate larvae moulted to second 
instar before ultimately dying at various ages up 
to 102 days. At 12.6oC, almost 50% of the larval 
cohort developed to final instar. Of these, about 
12% spun cocoons or pupated, but none was able 
to complete development to adult emergence. 

Over the temperature range from 17.7 to 30oC, 
generation developmental times (from oviposition 
to adult emergence) varied from 71 and 76 days 
at 17.7oC to 33 and 34 days at 30oC for males and 
females respectively (Table 1). For the cohorts at 
different temperatures survival to adult emergence 
ranged from 68-80%, and highest mortality 
occurred during the early larval and pupal stages. 
Larvae usually developed through 4 and 5 instars 
to adult males and females respectively, although 
an additional instar in each sex was sometimes 
recorded. Development times for eggs and 
larval instars 1-3 were the same for both sexes, 
but development times for the final instars of 
females were longer than for males, while pupal 
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development was longer for males (Figure 4). 
Female PAM pupae (and hence adults) were 

consistently heavier and larger than males at all 
temperatures (Figure 1). Both sexes were larger at 
lower temperatures, and both pupal weights and 
lengths declined linearly with higher temperatures 
(t) (F pupal wt = -0.003697t +0.1677 [n= 64 R2 

=0.61, p<0.001];  pupal wt = -0.2272t + 0.95 
[n=38, R2 = 0.35, p<0.001]; F pupal length = -
0.1912t + 15.32 [n=64, R2 = 0.42, p<0.001];  
pupal length = -0.2022t +22.1 [n=38. R2 = 0.14, 
p<0.013]) (Figure 1). 

Thermal requirements for development
The rates of development of PAM life stages were 
linear up to 23°C, but usually decreased at 30°C 
(Figure 2). As the data at 30°C suggested that this 
temperature was sub-optimal for development, 
they were excluded from further analyses. Equation 
1 fitted to the remaining data suggests a base 
temperature for development of bc = 9.6°C (Table 
2). This was corroborated by the independent 
results from larval instars 1 to 3 that failed to 
complete their development (Table 2). 

Table 1: Mean developmental period ± 95% confidence value (days) for PAM life stages at 
different temperatures. Dashes indicate that eggs and/or larvae failed to develop at these 
temperatures.

	Temperature	 egg	 larva�����������������    �� ������ �� �����	����������������    �� ������ �� �����pupa	 total (egg + larva + pupa)
	 ̊C		  female	 male	 female	 male	 female	 male

	 6.75��������������       	�������������       -	 -	 -	 -	 -	 -	 -
	 10.24��������������       	�������������       -	 -	 -	 -	 -	 -	 -
	 12.6������  �� ���������������      	�����  �� ���������������      37.1 ± 0.8	 -	 -	 -	 -	 -	 -
	 17.7������  �� ���������  �� ���������  �� ���������  �� ���������  �� ���������  �� ���������  �� ���	�����  �� ���������  �� ���������  �� ���������  �� ���������  �� ���������  �� ���������  �� ���14.7 ± 0.1	 50.0 ± 2.4	 36.5 ± 2.1	 11.7 ± 0.9	 19.7 ± 0.5	 76.4 ± 2.2	 70.9 ± 1.9
	 21.9������  �� ���������  �� ���������  �� ��������  �� ���������  �� ���������  �� ���������  �� ���	�����  �� ���������  �� ���������  �� ��������  �� ���������  �� ���������  �� ���������  �� ���10.3 ± 0.1	 32.4 ± 1.8	 23.9 ± 1.7	 8.3 ± 0.7	 13.7 ± 0.4	 50.8 ± 2.3	 47.7 ± 1.6
	 22.5�����  �� ���������  �� ���������  �� ��������  �� ���������  �� ���������  �� ���������  �� ���	����  �� ���������  �� ���������  �� ��������  �� ���������  �� ���������  �� ���������  �� ���9.4 ± 0.1	 31.7 ± 2.5	 21.2 ± 0.6	 7.3 ± 0.4	 12.7 ± 0.3	 48.8 ± 2.5	 43.3 ± 0.9
	 30	 7.8 ± 0.3	 20.2 ± 2.0	 16.3 ± 1.0	 6.0 ± 0.4	 8.6 ± 0.8	 34.1 ± 2.0	 32.7 ± 1.1
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Fig. 1. Influence of temperature on PAM pupal weight (left) and length (right). • = mean values for males; 
• = mean values for females. Error bars show 95% confidence intervals. Error bars for males lie within the 
dots.
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Table 2. Thermal requirements for development of PAM sexed at pupation, and for three larval 
instars (undifferentiated sex) that died before pupation; all regressions exclude the 30°C data; b 
= base temperature required for development; q = day-degrees above b required to complete the 
stage; R2 = correlation coefficient (Figure 1); qc = day-degrees required above a common base 
temperature of 9.6°C.

Life stage	 Sex	 b (°C)	 q (°day)	 R2	 q
c
 (°day)

Egg	 undifferentiated	 9.4	 121.9	 0.995	 119.4
Total larva	 male	 10.5	 256.3	 0.992	 278.3
	 female	 9.8	 384.8	 0.987	 391.8
Pupa	 male	 8.5	 184.4	 0.994	 168.4
	 female	 9.6	 93.5	 0.959	 93.8
Total larva + pupa	 male	 9.7	 443.8	 0.992	 446.2
	 female	 9.4	 507.2	 0.997	 497.1
1st larva	 undifferentiated	 8.7	 82.3	 0.992	 76.0
2nd larva	 undifferentiated	 8.2	 69.7	 0.993	 61.5
3rd larva	 undifferentiated	 9.4	 56.9	 0.961	 55.9

Table 3. Fitted parameters for the logistic approximation for the cumulative Gaussian function  
for variation in PAM developmental times: n = number of data points used in the regression;  
µ = midpoint (mean) of the curve; σ = spread (standard deviation) of the curve; R2 = correlation 
coefficient for observed versus predicted values (Figure 3).

Life stage	 Sex	 n	 µ	 σ	 R2

Egg	 undifferentiated	 28	 0.963	 0.072	 0.876
Larva	 male	 27	 0.984	 0.095	 0.960
	 female	 28	 1.001	 0.115	 0.904
Pupa	 male	 16	 0.954	 0.065	 0.953
	 female	 15	 0.955	 0.105	 0.959
Larva + pupa	 male	 31	 0.987	 0.071	 0.959
	 female	 27	 0.983	 0.095	 0.941

Equation 2 modelled the variability in the 
development of PAM life stages very well (Table 
3, Figure 3), and provided a better fit than the 
alternative logistic functions of Régnière (1984) 
or the Weibull function (Wagner et al. 1984), 

according to Akaike’s information criterion 
(Akaike 1973). The degree of spread around the 
mean (95% confidence range estimated as 2σ 
or visually from Figure 3) was 13 to 23% of the 
median developmental time, across all life stages.
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Fig. 2. Median developmental rates of PAM life stages at constant temperatures. • = males; • = females; 
⊕ = undifferentiated results. — =  linear regressions (excluding 30°C results) which are extrapolated (---) 
to estimate the lower developmental threshold.
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Predicting voltinism throughout  
New Zealand
Developmental requirements were expressed 
relative to a common base temperature of bc = 
9.6°C. Female maturation required 119.4 day-
degrees for egg hatch (undifferentiated between 
males and females) plus 497.1 day-degrees for 
development of larva + pupa, for a total generation 
time of 616.5 day-degrees (Table 2, Figure 4). 
Males developed more rapidly, requiring 565.6 
day-degrees������������������������������������      for development. Hence adult males 
from any one egg batch are likely to emerge from 
pupation and disperse in search of other females 
before their sisters complete development. The 
New Zealand locations provide from 835 day-
degrees above 9.6°C in the far south, to 2250 day-
degrees in the north, allowing time for an estimated 
1.4 generations /year in the south, to almost 4 
generations /year in the north (Table 5). 

Discussion
The threshold temperature for larval development 
of PAM (9.6oC) contrasts with that of c. 6oC for 
two other well known species of pest lymantriids, 
gypsy moth Lymantria dispar, and nun moth L. 
monacha (Zwolfer 1935, Casagrande et al. 1987). 
If the base temperatures for these two species are 
standardised to PAM’s 9.6oC (using the method 
proposed by Morris & Fulton 1970), then the 
standardised day-degrees above base required for 
full larval development (=qc) are 500 () and 587 
() for gypsy moth and 651 (undifferentiated) for 
nun moth. Hence PAM larvae (with qc of 272 () 
and 390 ()) developed much faster than gypsy 
or nun moth. PAM males developed more rapidly 
than females (1.43: 1) relative to gypsy moth 
(1.17 : 1). Although all three species are poly
phagous, the developmental  differences reflect 
the different life-histories evolved in response to 
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Fig. 3. Variability in the developmental times of PAM life stages. Lines show logistic models fitted to the 
experimental data (parameter values are listed in Table 2). 
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different environments. Gypsy moth and nun moth 
live in continental climates with long harsh winters, 
with gypsy moth preferring deciduous hosts, and 
nun moth evergreen hosts. They are uni-voltine 
and spend most of the year in a diapause stage. 
PAM, on the other hand, has an evergreen natural 
host, is multi-voltine and does not diapause. It is 
adapted to the cool-temperate climates of coastal 
southern Australia and New Zealand, which have 
rather benign climates throughout the year. Even 
though temperatures may often fall below 10oC for 

short periods, there are sufficiently long periods 
above 10oC, even in winter, to allow larvae to 
develop throughout the year. The ability of neonate 
larvae to survive for > 2 months at 6.7oC (almost 
3oC below the minimum required for development) 
and then complete their development to adult 
when transferred to a higher temperature in the 
laboratory shows that larvae can readily survive 
extended periods of cool temperatures. 

Males within a larval cohort took less time to 
develop to adults than females. Wild male PAM are 

Table 4. Potential number of PAM generations/year throughout New Zealand, based on female 
development on artificial diet and a common threshold for development of 9.6°C. 95% confidence 
values are given.

Weather station	 Location	 Altitude	 No. years	 °d above	 Potential
	 (°S; °E)	 (m)	 met. data	 9.6°C /yr	 generations /yr

Whangarei 	 35.767; 174.367	 37	 13	 2250 ± 93	 3.6 ± 0.2
Auckland 	 37.007; 174.789	 33	 19	 2211 ± 60	 3.6 ± 0.1
Tauranga 	 37.667; 176.200	 4	 14	 2014 ± 86	 3.3 ± 0.1
Napier 	 39.461; 176.859	 3	 13	 1831 ± 92	 3.0 ± 0.1
New Plymouth 	 39.000; 174.167	 27	 12	 1654 ± 75	 2.7 ± 0.1
Wellington 	 41.322; 174.804	 43	 19	 1620 ± 73	 2.6 ± 0.1
Nelson 	 41.283; 173.233	 2	 12	 1537 ± 82	 2.5 ± 0.1
Lincoln	 43.650; 172.483	 12	 44	 1237 ± 50	 2.0 ± 0.1
Le Bons Bay	 43.746; 173.119	 236	 19	 948 ± 60	 1.5 ± 0.1
Timaru 	 44.417; 171.250	 17	 19	 1089 ± 59	 1.8 ± 0.1
Dunedin 	 45.900; 170.517	 2	 19	 974 ± 55	 1.6 ± 0.1
Bluff 	 46.587; 168.376	 5	 19	 835 ± 44	 1.4 ± 0.1

Fig. 4. Total temperature accumulation requirements of PAM pre-imaginal stages fitted to a common 9.6°C 
base temperature.
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known to be capable of flying for many kilometres 
(Suckling et al. 2005), so male dispersal coupled 
with earlier emergence than females helps to 
ensure gene flow among and between populations. 
PAM adult females are wingless and essentially 
immobile, so cannot search for food or mates. They 
are protected only by the remains of their cocoon, 
and are vulnerable to predation (particularly by birds 
in the wild in Australia, JGC, pers. observation). 
Rapid reproduction is clearly advantageous, and 
the pro-ovigenic females (i.e., they emerge with 
a fully formed complement of eggs) attract males 
for mating with a sex pheromone (El-Sayed et al. 
2005) and complete oviposition within about 24 
h of mating (A. Barrington, HortResearch, pers. 
comm.) 

The laboratory generated data at constant 
temperatures provided here give only an 
approximation of development under field 
temperatures. Inhibition at the lower end of the 
developmental curve is always especially difficult 
to measure experimentally, not least because 
movements of the extrapolated linear intercept are 
influenced greatly by data at higher temperatures. 
However, the estimates are very useful for planning 
a response to a new eradication, even though the 
actual developmental rates at low or diurnally 
fluctuating temperatures may be crucial for the 
more accurate threshold estimates required for 
subsequent population modelling. The data suggest 
that female PAM require fewer day-degrees above 
9.6oC to develop through a generation than there 
are available annually in lowland areas throughout 
most of the country, indicating that the insect 
could colonise all of coastal New Zealand and 
complete at least one generation each year. Further 
inland, distribution would be limited at least partly 
by lower temperatures at increasing altitude, 
especially in the central plateau of the North Island 
and the mountain ranges in the South Island. 
Conservatively, PAM populations might be only 
uni-voltine in the south of the South Island, bi-
voltine from mid-Canterbury north to the central 
North Island, and tri-voltine in the northern half of 
the North Island. 

The actual number of generations per year 
in different environments or parts of the country 
can also be expected to be influenced by the host 
plants upon which PAM larvae feed. Host plants 
can be expected to support larval development of 

wild PAM differentially. Even though PAM is a 
very polyphagous species, defensive chemicals in 
some plants may inhibit larval development while 
other host plants may be deficient in essential 
nutrients. Hence a multi-species plant diet may 
have considerable impacts on PAM seasonal 
phenology, inter-generation and inter-population 
natality, voltinism and population dynamics. 
Nevertheless, even allowing for probably slower 
development when feeding on natural host plants, 
this study provides strong evidence that, should 
it ever establish in New Zealand and feed on 
economically or environmentally important plants, 
multi-voltine PAM could become a serious pest 
through a significant proportion of the country. 
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