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ABSTRACT 

Chrysophtharta agricola (Chapuis) (Coleoptera: Chrysomelidae) is a pest of 

eucalypt p~oduction forests in south-eastern Australia, especially Tasmania. My 

thesis documents the reproductive ecology of C. agricola to identify biological 

factors influencing its population dynamics, and hence, pest status. Research covers 

three main areas. First, phenology, natural enemies, reproductive developmental 

morphology, overwintering, and dispersal are investigated, and day-degree models 

of population phenology are developed and validated using field data. Second, 

oviposition and larval behaviours are studied through experiments on intra-plant 

host selection, and the consequences of larval gregariousness. Finally, the mating 

system of C. agricola is examined both in an applied context to identify potentially 

exploitable behaviours for manipulative pest control methods, and in a theoretical 

context to investigate the evolution of multiple mating, sperm utilisation and mate 

choice. 

Adult C. agricola emerge from reproductive diapause in leaf litter, following 

depletion of fat body, in October and November, and mate and oviposit between 

October and January, with larval populations peaking in December. New generation 

adults were present in plantations between January and April, producing eggs in 

some seasons, and entering reproductive diapause without reproducing in others. 

Voltinism in C. agricola was found to be a seasonally plastic trait, dependent upon 

photoperiod at the time of emergence of teneral adults. Day-degree models of 
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population phenology based on laboratory development trials provided a good 

indicator of predicting first appearance of lifestages in the field. 

Two of C. agricola's 24 Eucalyptus hosts are important plantation species whose 

heterophylly (the production of morphologically and chemically distinct foliage) 

influences the intra-plant distribution of adult and immature stages. Adult beetles 

feed preferentially on adult foliage, and oviposit preferentially on juvenile foliage, 

despite neither foliage type conferring increased fecundity or longevity to adults, or 

gro~ and survival advantages to larvae. Larvae feed gregariously in all instars, 

and larval density, leaf age and damage to the leaf margin affect larval survival. 

Immature life stages of C. agricola experience greater than 86 % mortality between 

egg and final instar larvae: natural enemies and host plant attributes contribute to 

this low survival rate. In the field, approximately 85 % of all larvae occurred on the 

first two expanded leaf pairs, and larval mortality was highest between eclosion and 

establishment of the first instar. The first instances of egg parasitism of C. agricola 

were recorded in this study, as well as adult parasitism by an undescribed genus of 

sexually-transmitted parasitic mites. The former, a pteromalid wasp, demonstrated 

differential parasitism success according to parasitoid geographical origin in 

reciprocal exposure experiments. The latter have provided insights into the ecology 

of sexual transmission, and empirical evidence of female-bias of sexually 

transmitted infection, which has been predicted in animals (Appendix Ill). Other 

natural enemies were also identified, with significant mortality attributable to 

predatory mirid bugs and spiders. 
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Two colour morphs of C. agricola adults are present in the field in mainland 

Australia and Tasmania: a common green-brown form and a rare black form which 

was found to be genetically dominant over the common form, with no fitness 

differences or non-random mating between colour morphs. Population models over 

100 successive generations confirmed that melanism in this species is controlled by 

a dominant, neutral allele. Crossing tests using melanism as a paternity marker 

showed no distinct or consistent pattern in sperm use by dual-mated females. 

Adults mate many times in their reproductive lifetime, and 20 - 30 % of teneral 

females mate in late summer and autumn before entering reproductive diapause, and 

can produce viable eggs in spring without remating. Beetles did not select mates 

based on size, colour, parasite load or age. Males were more active within 

plantations than females, representing 90 % of beetles captured on sticky traps, 

despite no deviation from unity of the operational sex ratio over the same period. 

Significantly more males were caught on traps baited with conspecific beetles and 

host foliage than on traps that contained only host foliage, suggesting that volatiles 

are involved in mate location. 

Population genetic analysis using allozyme electrophoresis of specimens collected in 

New South Wales, Victoria and Tasmania suggested that gene flow in C. agricola is 

limited between populations and between regions (mainland Australia and 

Tasmania). Therefore, populations of C. agricola would be expected to be spatially 

predictable and susceptible to attack by natural enemies. Mainland Australian and 

Tasmanian C. agricola populations also differed in their egg parasitism rates, adult 

elytral colouration and collection frequency in autumn. 
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PREFACE 

In this thesis, I present data on the reproductive ecology of Chrysophtharta agricola 

(Chapuis) (Coleoptera: Chrysomelidae) in Eucalyptus nitens plantations in 

Tasmania. Within this topic, my thesis is divided into three closely aligned sections, 

each with a brief introduction. Section I (Chapters 2 to 6) includes the phenology, 

reproductive system morphology, overwintering biology and population structure of 

C. agricola. Section II (Chapters 7 to 9) provides treatise on oviposition in C. 

agricola, while Section Ill (Chapters 10 to 12) examines the species' mating system. 

The general discussion comprises the conclusions made from this work, and 

biological comparisons between C. agricola and C. bimaculata, Tasmania's major 

forestry pest to date (de Little 1989; Elliott et al. 1992, 1993, 1998), and 

recommendations to the forest industry based on the findings presented herein. 

Each chapter has been prepared as a publishable manuscript, but for the thesis all 

references are collated in a single list at the end, and acknowledgments at the 

beginning. Tables and figures have been re-labelled to fit into chapters. Where 

chapters have been published or are accepted for publication, a note is made before 

the abstract of each. Such chapters are cited in the text by their chapter number and 

publication reference. A list of conference presentations arising from this work, and 

additional publications during candidature appears in Appendix N. 
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CHAPTER 1: Introduction to Chrysophtharta agricola (Chapuis) 
(Coleoptera: Chrysomelidae: Paropsini) 

Submitted as Nahrung, H. F., Biology of Chrysophtharta agricola (Chapuis), a 
pest of eucalypt plantations in Tasmania and Victoria. Australian Forestry 

1.1 Eucalypt production in Tasmania 

The Tasmanian timber industry comprises approximately 20% of the Tasmanian 

workforce (Clarke 1997), and over one-fifth of the total hardwood (predominantly 

Eucalyptus species) plantations in Australia (Wood et al. 2001). Around 15 OOO ha 

of eucalypts are planted annually in Tasmania (Wood et al. 2001). Shining gum, 

Eucalyptus nitens (Deane and Maiden) Maiden, endemic to Victoria, was introduced 

to Tasmania as a commercial plantation species in the late 1970s. Eucalyptus nitens 

has a fast growth rate, especially in cooler, frost-prone, high altitude areas (de Little 

1989), and replaced the native hardwoods E. globulus Labill. in higher, colder areas 

and E. regnans F. Mueller as the predominant plantation species. About 62 OOO ha 

of E. nitens in Tasmanian plantations were growing in Tasmania in 1997 (Elek 

1997), and it is currently the preferred plantation species for high altitude sites in 

Tasmania (Baker et al. 2002). 

Constraints to the productivity of plantation forests include a variety of fungal 

(Keane et al. 2000), vertebrate (Bulinski & McArthur 1999) and invertebrate (Elliott 

et al. 1998) pests. The major pest of eucalypt production forests in Tasmania to date 

has been Chrysophtharta bimaculata (Olivier) (Coleoptera: Chrysomelidae) (de 

Little 1989; Elliott et al. 1992, 1993, 1998). Because of its pest status, C. 

bimaculata has been the subject of much research into its biology (e.g. Greaves 

1966; de Little 1983; Clarke 1998), ecology (e.g. Clarke et al. 1997, 1998a, b; 
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Congdon et al. 1997; Steinbauer 1998; Howlett et al. 2001; Bak.er et al. 2002), 

impact on hardwood production (e.g. Kile 1974; Candy et al.1992; Elliott et al. 

1993; Raymond 1995; Patterson et al. 1996; Elek 1997; Raymond 1998), natural 

enemies (e.g. Elliott & de Little 1980; de Little 1982; de Little et al. 1990; Mensah 

& Madden 1994; Shohet & Clarke 1997) and control strategies (e.g. Leon 1989; 

Elliott et al. 1992; Elek et al. 1998; Beveridge & Elek 2001) and has been the focus 

of several theses (e.g. Davies 1966; de Little 1979; Leon 1988; Li 1993; Candy 

1999; Howlett 2000). Its congener C. agricola (Chapuis) has recently become a pest 

of E. nitens plantations (de Little 1989). Chrysophtharta agricola and C. 

bimaculata share a very close phylogenetic relationship (B. D. Murphy, University 

of Canterbury, New Zealand, unpublished data). Unlike C. bimaculata which feeds 

only on adult foliage, C. agricola feeds on juvenile (de Little 1989; Elliott et al. 

1998) and adult foliage of E. nitens (Lawrence 1998; Ramsden & Elek 1998; 

Lawrence et al. in press), so plantations are susceptible to attack by C. agricola from 

an early age. Chrysophtharta agricola has similar life-history and development 

rates to C. bimaculata (Ramsden & Elek 1998), but may be less highly r-selected 

than C. bimaculata and is therefore thought to be displaced by it on some hosts (de 

Little 1979; Selman 1994b). Nevertheless, C. agricola is considered a significant 

risk to E. nitens plantation productivity (de Little 1989; Ramsden & Elek 1998). 

1.2 Taxonomy 

Chrysophtharta agricola was originally placed in the genus Paropsis Olivier and 

described by Chapuis in 1877. Blackburn (1899) realised that Chapuis' original 

description referred only to a rare melanic morph of C. agricola, and he 
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subsequently described the "ordinary form", which had been identified by Chapuis 

as C. bimaculata. Blackburn (1899) claimed that "it is difficult to find two 

specimens absolutely alike", which may reflect confusion between teneral and 

mature beetles, as described by de Little (1979) and Selman (1994b). Weise 

changed its generic placement from Paropsis to Chrysophtharta Weise in 1901, and 

also erected the tribe Paropsini to which Chrysophtharta belongs (Kelly & Reid 

1999). The type species for the genus was designated Paropsis (Chrysophtharta) 

nobilitata Erichson by Kelly & Reid (1999). A taxonomic key to species was 

produced by de Little (1979), which describes the common and melanic forms of C. 

agricola (see Figure 1.6). 

1.3 Geographical distribution 

I collated data from collection detail labels of adult C. agricola specimens held in 

several museum collections into map form (Figure 1.1 ). Records of C. agricola 

from mainland Australia include the New South Wales-Queensland border, Victoria 

and the Australian Capital Territory. Generally, it is believed to be most common at 

high altitudes (G. Maywald, CSIRO Entomology; C. A. M. Reid, Australian 

Musuem, pers. comm.). In de Little's (1979) extensive survey, C. agricola was not 

found further south than Bothwell (42°23'S 147°00'E), and in the 1980s its 

southern-most distribution was recorded at the Florentine Valley (42°39'S 

146°43'E) (D. Bashford, Forestry Tasmania, pers. comm.). Its current distribution 

includes recent plantations as far south as Geeveston, suggesting a movement rate of 

around 50 km each decade, coincident with E. nitens plantation establishment. 
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Figure 1.1: The geographic distributipn of Chrysophtharta agricola in Australia. 
Data were collated from collections held at the Victorian Museum, NSW State 
Forests, the Museum of South Australia, the Australian Museum, the Queensland 
Museum, Tasmanian Department of Primary Industries, Water & Environment, and 
the Australian National Insect Collection, from Burdon & Chilvers (1974), de Little 
(1979), Elliott et al. (1998), Ramsden & Elek (1998), my collection records, and 
those ofM. Matsuki, G. Maywald, N. Collett and S. Strauss. 
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1.4 Host range 

Twenty-four eucalypt and one acacia species are recorded as hosts or incidental 

hosts for C. agricola (Table 1.1). Many are collection records only and not all of the 

species listed may support reproduction and development Half of the eucalypt 

species in this list belong to the subgenus Symphyomyrtus, which may support a 

more diverse herbivore assemblage and suffer greater herbivory than Monoca/yptus 

species (Lowman & Heatwole 1987; Noble 1989; but see Wotherspoon 1998). For 

instance, Burdon and Chilvers (1974) recorded almost ten times as many C. agricola 

individuals on Symphyomyrtus species than on monocalypts, and de Little (1979) 

also collected it most frequently on Symphyomyrtus hosts. However, Li (1993) 

found no significant differences in the ·feeding response of C. agricola between 

Symphyomyrtus and Monocalyptus species, and attributed the host-range of C. 

agricola to leaf surface wax components. 

Glaucousness of juvenile eucalypt foliage is thought to constrain paropsine beetle 

attack by reducing their ability to cling to leaf surfaces (Edwards 1982; Edwards 

& Wanjura 1990). However, C. agricola feeds on the glaucous species E. 

globulus, E. nitens, E. gunnii, E. delegatensis, E. pauciflora, E. cypel/ocarpa, E. 

fraxinoides, E. perriniana, E. aromaphloia and E. tenuiramis (Table 1.1; see 

Brooker & K.leinig 1999). Some other paropsine species, C. variicol/is (Chapuis), 

Paropsis aegrota Boisduval, P. porosa Erichson and P. tasmanica Baly, also 

occur on glaucous juvenile E. nitens foliage (pers. obs). Chrysophtharta 

bimaculata feeds on the non-glaucous adult foliage of E. nitens (de Little 1989), 
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but unlike C. bimaculata, C. agricola can easily attach and crawl on glaucous 

juvenile foliage (Li 1993). 

Eucalyptus nitens is not endemic to Tasmania, and hence, has only become a host 

for C. agricola in Tasmania since its introduction as a plantation hardwood. Some 

paropsine oviposition strategies (viz. eggs in batches) suggest that they may have 

evolved on rare, dispersed or unpredictable host plants (see Vasconcellos-Neto & 

Jolivet 1994), which may in part explain the increase in C. agricola populations 

when suitable host plants became common in monospecific forestry plantations 

(sensu Steinbauer 1998). Indeed, de Little and Madden (1975) attributed the 

natural growth habit (i.e. mixed stands) of hosts to " ... effectively preventing 

serious and widespread outbreaks of C. agricola", foreshadowing its increase as 

Symphyomyrtus plantations were established. 
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Table 1.1: Host records of Chrysophtharta agricola in its native range in 
Victoria, New South Wales and Tasmania. Highlighted hosts indicate species 
with glaucous foliage. 
Tasmania Other States 

E. dalrympleana E. dalrympleana 

E. viminalis 

E. ovata* 
E. rubida* 

E. viminalis 

E. fastigata 1 

E. fraxinoides3 

E. globoidea 
E. pilularis 
E. radiata*3 

E. stellulata 

E. camaldulensis2 

Acacia dealbata* 

Sub- Source 
enul 
s Neumann 1993; de Little & Madden 

1975; de Little 1979; ANIC collection 
record; author's collection record 

S de Little 1979, 1989; Li 1993; Elliott et 
al 1998; Simmul & de Little 1999; 
author's collection record 

S de Little 1979, 1989; Li 1993; Neumann 
1993; Elliott et al. 1998; Ramsden & 
Elek 1998; Simmul & de Little 1999; 
author's collection record 

s 

M 
M 
s 
s 
s 
M 

M 
M 
M 
s 
s 
s 
s 
M 
M 
M 
M 
M 

M 

s 

Neumann 1993; de Little 1979; Li 1993; 
Elliott et al. 1998; Simmul & de Little 
1999; ANIC collection record; author's 
collection record 
de Little 1979; Li 1993; Neumann 1993 
Li 1993; ANIC collection record 
de Little 1979; Li 1993 
de Little 1979; Li 1993 
de Little 1979 
de Little & Madden 1975; de Little 1979; 
Li 1993 
de Little 1979; Li 1993 
Li 1993 
Li 1993 
ANIC record 
ANICrecord 
Neumann 1993 
ANIC record 
Neumann 1993 
ANICrecord 
Neumann 1993 
Neumann 1993 
ANIC & NSW State Forest Insect 
Collection record 
S. Strauss pers comm; ANIC record 

Harcourt et al. 2000 

Van den Berg 1982 

#Classification from Pryor & Johnson (1971); M = Monocalyptus, S = Symphyomyrtus. 
* also occurs in Tasmania/mainland Australia, but not recorded as a host of C. agricola there. 
1 non-preferred host (Neumann 1993/Li 1993). 
2 fed in laboratory trials only (Li 1993/Harcourt et al. 2000), no field record. 
3 collection record only. 
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1.5 General Biology 

ligg§ (Figure l.2a) of C. agricola are laid and cemented in an "untidy heap", usually 

at the tip of the leaf (Ramsden & Elek 1998), where ovipositing females can cling 

most strongly (Edwards & Wanjura 1989; Howlett 2000). The number of eggs per 

batch varies, with reports of 30 - 60 in the field (de Little 1979), and averages of 

21.9 (Ramsden & Elek 1998) and 29.2 eggs per batch in the laboratory (B.D. 

Murphy, University of Canterbury, New Zealand, unpubl.). The latter measurement 

surpasses C. bimaculata as the highest average egg batch size for paropsines (see 

Simmul & de Little 1999). Each egg is approximately 2.0 mm long and 0.7 mm 

wide (Ramsden & Elek 1998), grey-brown (de Little 1979) or yellow to light brown 

in colour (Ramsden & Elek 1998), or rarely orange (B.D. Murphy unpubl.; pers. 

ohs.). The egg chorion is evenly covered with short hairs (Ramsden & Elek 1998) 

that may reduce attack by egg parasitoids (B.D. Murphy unpubl.). Under scanning 

electron microscopy (SEM), these "hairs" appear as papilla-like projections on the 

chorion (Figure l.2b ), possibly produced by the colleterial glands (Selman i994a) or 

lateral oviducts (Hilker 1994) of the mother. 

Larvae (Figure 1.3) hatch head-first with the aid of hatching spines (Simmul & de 

Little 1999) from the centre of the dorsal chorion, consume the chorion (Ramsden 

& Elek 1998), and may also consume any surrounding infertile eggs (Selman 

1994a). Although egg bursters are usually poor generic or specific characters 

(Cox 1994b), the larvae of C. agricola are distinct from the larvae of other 

paropsine species because the eggburster sclerite is split into two (C. A. M. Reid, 

Australian Museum, pers. comm.). 
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There are four larval instars. The duration of each instar at different temperature 

regimens and on different hosts is provided by de Little & Madden (1975) and 

Ramsden & Elek (1998). Head capsule width measurements for each instar are 

given by de Little (1979), Ramsden & Elek (1998) and Nahrung et al. (2001) 

(Chapter 9). The first three larval instars are black, and the fourth instar may have 

an orange lateral stripe (de Little 1979). The final larval abdominal segment 

contains a retractable bi-lobed "foot" which aids in perambulation and adhesion to 

the leaf surface. Like several other paropsine species (see Simmul & de Little 

1999), larvae of C. agricola are strongly gregarious (de Little 1979), and possess a 

pair of eversible glands on the eighth abdominal tergite that secrete a liquid which 

probably contains hydrogen cyanide, benzaldehyde and glucose (Moore 1967). 

The size of the group can affect larval survival, especially on older foliage 

(Nahrung et al. 2001; Chapter 9). Gregariousness is maintained through all 

instars, although the group size is smaller in older larvae (Nahrung et al. 2001; 

Chapter 9). Groups comprising different paropsine species and/or larvae of 

different instars are common (e.g. Carne 1966; de Little 1979; pers. obs.). 

Larvae ate an average of 347 ± 20 mm3 of juvenile E. nitens foligae each during 

their larval lifetime in feeding trials (Appendix I): an amount equivalent to close 

to one average juvenile leaf (leaf pairs 1 - 3). The fourth instar alone contributed 

over one-half of the total larval foliage consumption (Figure 1.4). Larvae are 

thought to prefer juvenile E. nitens foliage to adult foliage (de Little 1989; 

Ramsden & Elek 1998), although they also consume young, adult foliage 

(Nahrung & Allen 2003b; Chapter 8). 
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Figure 1.4: Average (+ s.e.) foliage consumption (mm3
) of each instar of 

Chrysophtharta agricola on juvenile Eucalyptus nitens foliage (Appendix I). 

Larvae reach a maximum length of 14 mm (de Little 1979) before dropping to the 

ground (Carne 1966; Greaves 1966; Clarke et al. 1998a) to pupate in the leaflitter 

and soil (Ramsden & Elek 1998) following a short pre-pupal stage. 

Pupae (Figure 1.5) are glossy yellow-orange (Ramsden & Elek 1998), setose, 

tuberculate (Reid 1992) and exarate, and probably construct earthen cells in which 

they develop (Cumpston 1939; Carne 1966). Reid (1992) provided descriptions 

and a key for the pupae of nine common paropsine genera, including 

Chrysophtharta. The sex of pupae can be differentiated using morphological 

differences in sternites VII and IX, and male pupae are generally smaller than 

female pupae (Reid & Ohmart 1989). 
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Adults are grey-black with bright red prothoracic and elytral margins when newly 

emerged from pupation (de Little 1979) (Figure 1.6a). The red pigmentation is 

apparently absorbed (Selman 1985, 1994b), although Reid (1995) claimed this 

was a" ... speculative fairy story, based on absolutely no evidence". Mechanisms 

aside, as adults mature they change colour to dark brown :with light speckles and 

an opaque elytral margin (Ramsden & Elek 1998) (Figure l .6b ), or golden-brown 

in mainland Australia (Selman 1994b) (Figure l.6c). The black adults mature to 

attain entirely shining black elytra (de Little 1979) (Figure 1.6d). Such 

colouration is under genetic control (Nahrung & Allen in press; Chapter 10). 

Females are larger than males, and can be distinguished from males by differences 

in the first tarsal segment, which is narrow and elongate in females (Steven 1973; 

de Little 1979), and possesses a longitudinal suture (Baly 1862). The same 

segment is broad, flat, and undivided in males, which allows them to hold onto the 

smooth elytral surface of females during copulation (Selman 1994b ). 

Adults feed, and approximately 30% of females mate, before overwintering in leaf 

litter (Nahrung & Reid 2002; Chapters 3, 4), soil, or other sheltered places 

(Neumann 1993) including cutting grass, Gahnia grandis (Clarke et al. 1998b; 

pers. obs.). Overwintering adults emerge in October or November, and lay eggs 

between November and March (Ramsden & Elek 1998). Adults are darker

coloured during overwintering (Figure l.6e) than when reproductive, and the 

haemolymph colour of overwintering adults differs to that of newly-emerged and 

reproductive adults (Nahrung & Reid 2002; Chapter 3). 
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A 

Figure 1.2: Chrysophtharta agricola egg batch (A) in situ on eucalypt foliage; 
(B) showing chorion projections under SEM. Scale bars represent approximately 
5 mm and 200 µm, respectively . Photographs by B.D. Murphy and D. A. Steele. 

Figure 1.3: Chrysophtharta agricola larvae on Eucalyptus foliage. 
Scale bar represents approximately 2 mm. Photograph by G. R. Allen. 

Figure 1.5: Ventral view of Chrysophtharta agricola pupa. Scale 
bar represents approximately 5mm. 
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c 

Figure 1.6: Chrysophtharta agricola adults: (A) newly-emerged teneral adult; 
(B) "normal" colour morph from Tasmania; (C) "normal" morph from 
mainland Australia; (D) black morph; (E) normal Tasmanian morph during 
overwintering. Photographs A-D by B. D. Murphy. Adult beetles are 
approximately 9 mm long and 7.4 mm wide. 
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Adults feed on adult and juvenile foliage of E. nitens, with a feeding preference 

for the adult foliage (Lawrence 1998; Nahrung & Allen 2003b; Chapter 8), 

although de Little (1989), Bashford (1993), Elliott et al (1998) and Ramsden & 

Elek (1998) thought the species preferred juvenile foliage. Adults feed by 

scalloping the leaf margins (Ramsden & Elek 1998). Heavy defoliation removes 

new growth, resulting in a characteristic "broom-topped' appearance to trees 

(Leon 1989; Collett 2001; Figure 1.7). 

Figure 1.7: Feeding damage to a 3-year old Eucalyptus nitens tree caused by 
Chrysophtharta agricola. 

Chrysophtharta agricola is usually univoltine (Ramsden & Elek 1998; G. R. Allen 

and V. S. Patel, CRC-SPF, unpubl.), or occasionally bivoltine (Chapter 2) in 

Tasmania, and is bivoltine in Victoria (Neumann 1993; Collett 2001). Temporal 

peaks in oviposition may be confused with a second generation; for example, 

Greaves (1966) thought that C. bimaculata was bivoltine in southern Tasmania, but 

more recent studies suggested that there is only one generation each year (de Little 

1983; Clarke et al. unpubl.). Overwintering (and therefore voltinism) is controlled 

by photoperiod and temperature (Chapter 4). 
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1.6 Pest Status 

Initially, C. agricola was thought to feed preferentially on juvenile foliage of E. 

nitens (de Little 1989; Bashford 1993; Elliott et al. 1998; Ramsden & Elek 1998), 

which was hitherto described as being " ... virtually untouched by chrysomelids" 

(Edwards & Wanjura 1990). However, recent studies (e.g. Lawrence 1998; 

Lawrence et al. in press; Nahrung & Allen 2003b; Chapter 8) showed that adult 

beetles prefer adult foliage. Chrysophtharta agricola was identified as a problem in 

Tasmania (Bashford 1993; Elliott et al. 1998) and Victoria (Neumann 1993; Elliott 

et al. 1998; Collett 2001) only in the last decade, coinciding with an increase in 

planting E. nitens and E. globulus in each state, respectively. Although C. agricola 

is also found in New South Wales, it has not been specifically recorded as a pest 

there. Ohmart et al. (1983), Stone (1993), and Stone et al. (1998) recorded 

Chrysophtharta spp. as folivores in eucalypt forests in New South Wales, but did 

not include their specific identity. 

In northern Tasmania, C. agricola is estimated to cost $12 OOO annually to control 

(D. W. de Little, Gunns Limited, pers. comm.), and it can cause damage resulting in 

a loss of up to $870 per hectare in southern Tasmania (J. Elek, Forestry Tasmania, 

pers. comm.). In New Zealand, where the accidental introduction of paropsine 

beetles has caused considerable damage to eucalypt plantation productivity (Withers 

2001), C. agricola is listed as a regulated pest for imports from Australia, including 

pests potentially associated with bark, wood packing and sawn wood (Ormsby 

2001). 
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Currently, high populations of C. agricola in Tasmanian plantations are controlled 

by spraying with a pyrethroid-based insecticide ( a-cypermethrin) under an 

integrated pest management program developed for C. bimaculata (Elliott et al. 

1992; Beveridge & Elek 2001). The Bacillus thuringiensis ssp. tenebrionis Berliner 

(Btt)-based bioinsecticide, Novodor®, is effective against C. agricola (Beveridge & 

Elek 2001), although apparently not under all conditions (see Harcourt et al. 1996). 

Success®, a spinosad (naturalyte)-based insecticide is also effective against young 

C. agricola larvae (Elek & Ramsden 2002). Eucalyptus camaldulensis foliage 

expressing transgenic Btt was also toxic to C. agricola larvae (Harcourt et al. 2000). 

The neem, Azadirachta indica (Meliaceae), -based product, Nutri-Neem Cold 

Pressed Oil, is effective at low doses in suppressing oviposition, egg viability and 

leaf consumption by adult C. agricola (O'Brien et al. 2003). 
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1.7 Natural Enemies 

Natural enemies can contribute to a cumulative 95 - 97% egg - larval mortality of 

C. bimaculata (de Little et al. 1990), and likewise, have a significant impact upon 

C. agricola populations in the field (Chapter 2; Allen & Patel 2000). Generalist 

predators attack the eggs, larvae and pupae of several paropsine species (Table 

1.2). The ladybirds Cleobora mellyi (Mulsant) and Harmonia conformis 

(Boisduval) and the cantharid beetle Chauliognathus lugubris (Fabricius) are 

considered to be the most important predators of C. bimaculata (Elliott et al. 

1998), and they also predate C. agricola (pers. ohs.), although Bashford (1999) 

reported that predation of C. agricola eggs by coccinellids was rare. Field 

observations of C. agricola populations showed significant egg and larval 

mortality by an undescribed species of mirid bug (Orthotylinae), and significant 

larval predation by spiders (G. R. Allen & V. S. Patel (CRC-SPF) unpubl.; pers. 

ohs.). Reduviid and pentatomid bugs were also observed attacking C. agricola 

larvae during this study, and I have observed a male scorpion-fly presenting a late

instar larva as a nuptial gift to a female. 

Uncommon vertebrate predators of paropsines include the black currawong in 

Tasmania (de Little 1979; Selman 1994b), and starlings, sparrows and hedgehogs 

in New Zealand (Styles 1970), although paropsines are largely immune to 

predation by birds and mammals (Selman 1985). 
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Table 1.2: Generalist insect predators of paropsine chrysomelids and the stage(s) 
they attack (E = eggs, L = larvae, P = pupae) 
Predator Stage attacked 
Coccinellidae 

Cleobora mellyz (Mulsant) E, L 

Harmonia (Leis) conformis E, L 
(Boisduval) 

Cryptolaemus montruzieri (Mulsant) E, L 
Rhizobius (3 spp.) E, L 
Ha/mus sp. E 

Cantharidae 
Chauliognathus lugubris (F.) E, L, P 

Pentatornidae 
Oechalia schellenbergi E, L 

( Guerin-Meneville) 

Cermatulus nasalis (Westwood) L 

Mindae 
Porphyrodema (Zanessa) pictulifer E, L 

(Walker) 
Pseudopantilius australis (Walker) L 
Rayiera basifer (Walker) L 
Undescribed sp. E, L 

Chrysopidae 
Chrysopa edwardsi (Banks) E 

Acanthosomatidae 
Anischys sp. E, L 

Nabidae 
Nabftsp. L 

Vespidae 
Vespula germanica F. L 

Erythraeidae (Acari) E 
Abrolophus sp. 
Microsmaris sp. E 

Reference 

de Little et al. (1990); Mo & Farrow 
(1993); Mensah & Madden (1994); 
Cox (1996); Ohmart (1996); Elliott et 
al. (1998); Simmul & de Little (1999) 
Tanton & Khan (1978); de Little et al. 
(1990); Mo & Farrow (1993); Mensah 
& Madden (1994); Cox (1996); 
Ohmart (1996); Elliott et al. (1998); 
Simmul & de Little (1999) 
Tanton & Khan (1978) 
Tanton & Khan (1978); Cox (1996) 
Cox (1996) 

Mensah & Madden (1994); Shohet & 
Clarke ( 1997) 

Styles (1970); Tanton & Khan (1978); 
Bain & Kay (1989); Mo & Farrow 
(1993); Cox (1996); Simmul & de 
Little (1999) 
Styles (1970); Tanton & Khan (1978); 
Simmul & de Little (1999) 

de Little et al. (1990) 

de Little et al. (1990) 
Tanton & Khan (1978) 
Pers.ohs. 

de Little et al. (1990) 

de Little et al. (1990) 

de Little et al. (1990) 

Styles (1970); Simmul & de Little 
(1999) 
Tribe (2000) 

Tribe (2000) 
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Very low levels of C. agricola egg parasitism by Enoggera nasaui Girault 

(Hymenopetera: Pteromalidae) were detected in the field and in the laboratory, 

and one instance of egg parasitism by Neopolycystus sp. (Hymenoptera: 

Pteromalidae) has been recorded from Victoria (Nahrung 2002; Nahrung & 

Murphy 2002; Chapters 6,7). The paucity of egg parasitism under natural 

conditions may be because the projections on the egg chorion deter or prevent 

parasitism (B.D. Murphy, University of Canterbury, New Zealand, unpubl.). 

Larval parasitism is common from the tachinid flies Paropsivora spp. and an 

undescribed genus, and Eadya paropsidis (Huddleston & Short) (Hymenoptera: 

Braconidae) (A.D. Rice, CRC-SPF, unpubl., G.R. Allen & V.S. Patel, CRC-SPF, 

unpubl.; Nahrung 2002; Chapters 1, 6), which also parasitises C. bimaculata and 

P. atomaria (de Little 1982; de Little et al. 1990; Cox 1994c; Simmul & de Little 

1999). An ichneumonid wasp Mesochorus sp. and a pteromalid wasp Perilampus 

tasmanicus (Cameron) hyperparasitise the primary tachinid parasitoids (de Little 

1982; Tanton & Epila 1984; Cox 1994c). 

Nematodes (Mermithidae) were described by Selman (1989, 1994b) as being 

" ... the most important parasites of all in suppressing population explosions of 

paropsine beetles", although Reid (1995) was sceptical of this claim, and certainly 

nematodes ~e rarely recorded from paropsines in Tasmania (Davies 1966; de 

Little 1979; Chapter 2; Figure 1.8). Protozoa are recorded from P. atomaria 

(Tanton & Khan 1978), but most paropsine species have not been examined for 

unicellular or fungal associates. 
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Figure 1.8: Unidentified nematode species internally parasitising a 
Chrysophtharta agricola adult. Scale bar represents approximately 
2mm. 

Figure 1.9: Pathogenic fungi,(A) Beauvaria sp., (B) Entomophthora sp. 
infecting Chrysophtharta agricola. Scale bar represents approximately 
2mm. 
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Styles (1970) noted that an unidentified pathogen, probably a virus, was found 

attacking larvae of P. cha~bdis in New Zealand. The generalist pathenogenic 

fungi Beauvaria spp. and Metarhizium sp. can infect C. bimaculata (Elliott et al. 

1998) and C. agricola (V.S. Patel, CRC-SPF, pers. comm; Figure l.9a). Another 

insect pathenogenic fungus, Entomophthora sp. (identified by Yuan Zi Qing, 

CSIRO; Figure l .9b ), was also found infecting C. agricola cadavers during this 

study. 

Additionally, three parasitic mite species from the families Podopolipidae 

(undescribed genus; see Appendices I & III), Chyzeriidae (probably Chyzeria sp.) 

and Erythraeidae (Leptus sp.), (all identified by 0. D. Seeman, Department of 

Primary Industries, Water and Environment, Tasmania) were found inhabiting the 

dorsal surface of C. agricola beneath the elytra and hindwings during this study. 

The following chapters present the results of field and laboratory studies 

examining the reproductive ecology of C. agricola in Tasmania. Its phenology 

and the factors influencing its seasonal abundance, including reproductive 

diapause, fecundity, natural enemies and population movement are examined, as 

well as its mate location and mating behaviours. 
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SECTION I: PHENOLOGY, OVERWINTERING, AND POPULATION 

STRUCTURE OF CHRYSOPHTHARTA AGRICOLA (CHAPUIS) 

(COLEOPTERA: CHRYSOMELIDAE: P AROPSINI) 

Introduction 

The reproductive capacity of insects is an important biological trait, and 

contributes much toward their success in terms of abundance, persistence and 

population dynamics (Pedigo 1991). Indeed, fecundity is an inextricable 

component of abundance, fitness and persistence. High fecundity may have 

evolved in response to food availability (i.e., more offspring are produced if food 

is abundant) and/or to increase the chance of offspring surviving in environments 

where the probability of mortality is high (see Price 1997). Maximising the 

number and survival of offspring is defined by evolutionary fitness, and the life 

history traits that a species possesses may reflect this. 

Life history theory comprises three separate but interacting components (Nylin 

2001): 

1. Demography and population dynamics 

2. Fitness and optimality 

3. Life cycles and life history adaptations. 

Differences in life history strategies may confer differences in pest status within 

genera: for example, Chrysophtharta bimaculata (Olivier) is thought to be more of a 

pest than C. agricola because it is more highly r-selected than C. agricola (Chapuis) 

(de Little 1979; Selman 1994b). 
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Examination of the reproductive strategy of target orgamsms is an important 

component in the development of control methods, and to predict the timing of 

susceptible stages and attack in the field. For example, the biological insecticide, 

Bacillus thuringiensis var. tenebrionis (Btt) is most lethal to early instar larvae (Elek 

et al. 1998; Beveridge & Elek 2001), hence, a knowledge of the temporal 

appearance and duration of larvae in the field is required for effective application. 

Chapter 2 presents the results of three years of field-monitoring of C. agricola 

populations in Eucalyptus nitens plantations in Tasmania. The aim of this 

phenological study was to gain an understanding of C. agricola's population 

dynamics, the duration of life stages in the field, to estimate natural mortality and to 

determine patterns of voltinism and the onset of oviposition in the field. Cox 

(1994a) illustrated the importance of understanding the phenology and 

overwintering biology of target species: 

"Phenological studies, particularly those relating to diapause maintenance, 
termination and post-diapause development are vital to implementing 
modem pest management programs. The predictability of seasonal events 
in the life cycle of leaf beetle pests and weed biological control agents 
should be a goal of economic entomologists. Knowledge of the diapause 
characteristics of a species is valuable in anticipating such key events as a 
pests first appearance and disappearance during the year and in providing a 
physiological basis for exploring the observed phenomena. " (Cox 1994a). 

Diapause is a period of suppressed metabolism, development, and/or reproduction 

in the lifecycle of some arthropods that allows them to persist in unfavourable 

conditions (Pedigo 1991). It is a mechanism that allows "escape in time'', which, 

like migration ("escape in space") overcomes seasonally unfavourable conditions 

(see Southwood 1978; Tauber et al. 1986). Such escape in time has five major 

consequences: 
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A. Metabolic activity decreases, which allows tolerance of climatic extremes that 

would otherwise be unsuitable for growth or development (Denlinger 1986). 

For example, this is characteristic of insects that undergo reproductive 

diapause; although food remains abundant, temperature extremes are 

unsuitable for the development of immature stages (Pener 1992). 

B. The period of arrested development overcomes a lack of food frequently 

associated with climatic extremes. Development is resumed once conditions 

allowing growth (or regrowth) of host-plant or prey populations return (Yoder 

& Denlinger 1992). 

C. Diapause brings about synchronisation of the lifecycle, so that individuals of a 

population resume development together (Masaki 1980), thus enhancing the 

likelihood of locating a mate, but can also increase intra-specific competition 

for resources. 

D. Concealment and decreased metabolic activity reduce the risk of predation and 

parasitism at a time when alternative prey and hosts are scarce (Danks 1987). 

E. Insects in diapause are more tolerant to poisons, fumigants and chemicals 

compared with actively growing stages (Bell 1994). 

Danks (1987) listed the adult stage as the characteristic diapause stage for 

chrysomelid beetles, but eggs, larvae and pre-pupae also undergo diapause in 

different chrysomelid species (see Cox 1994a). Chrysophtharta agricola enters 

diapause as a non-reproductive adult after feeding and some mating (Ramsden & 

Elek 1998; Nahrung & Reid 2002). Similarly, ovaries of teneral C. bimaculata do 

not mature, but beetles feed and produce large fat bodies before dispersing to 
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overwintering sites (de Little 1983; Cox 1994a). Termination of diapause in 

Paropsis atomaria Olivier (Coleoptera: Chrysomelidae) did not occur until their 

fat reserves were almost exhausted, suggesting that day-length plays no part in 

termination for this species (Came 1966; Cox 1994a). 

Photoperiod is considered the most important and seasonally reliable factor that 

influences diapause in insects (Tauber & Tauber 1976; Tauber et al. 1986), and is 

a "token stimulus" (de Wilde 1962) because it serves as an indicator of 

seasonality, rather than directly affecting an insect's ability to resume 

morphogenesis. Diapause may be controlled by long-day or short-day 

photoperiodic responses (Danilevsky et al. 1970). Insects with long-day response 

enter diapause in response to day-length becoming shorter in late summer or 

autumn, diapause during winter, and reproduce and undergo morphogenesis under 

long-day conditions of late spring and early summer. Short-day response is less 

common, and is elicited in insects that grow and reproduce in short-day conditions 

and undergo diapause during the dry season (Tauber et al. 1986). 

Temperature is regarded as the second most influential environmental regulator of 

diapause (Tauber et al. 1986), and, unlike photoperiod, has a direct effect on an 

organism's growth and development. In some species, including Poecilometopa 

spilogaster Weideman (Diptera: Sarcophagidae) (Denlinger 197 4) and Isoperla 

obscura (Zetterstedt) (Plecoptera: Perlodidae) (0kland 1991), temperature is the 

major diapause-controlling factor. However, the interaction between photoperiod 

and temperature usually provides the greatest influence on diapause induction and 
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termination, but separating the effects of photoperiod from the effects of 

temperature is difficult because the two are usually related under natural 

conditions. Moisture, food availability and population density are other extrinsic 

factors that can affect induction and termination of diapause (Tauber et al. 1986). 

Diapause is implicitly related to voltinism: species with obligate diapause are 

univoltine, and species with facultative diapause are multivoltine (Andrewartha 

1952; Lees 1955; Tauber et al. 1986). However, there are a number of exceptions. 

Gastrimargus musicus (Fabricius) (Orthoptera: Acrididae) has populations that are 

either univoltine or bivoltine yet both lay diapausing eggs in autumn (Baker & 

Dysart 1992). Similarly, Melanoplus sanguinipes F. (Orthoptera: Acrididae) 

enters obligate diapause in the egg stage (Andrewartha 1952), yet two to four 

generations per year have been recorded (Hilbert et al. 1985). Furthermore, 

Acrosternum hi/are (Say) (Hemiptera: Pentatomidae) is univoltine but diapause is 

not obligatory (J avahery 1990), and Ceroplastes rubens Maskell (Hempitera: 

Coccidae) is univoltine without diapause (Blumerg 1934). 

Chrysophtharta agricola is usually univoltine in Tasmania (Ramsden & Elek 

1998) and bivoltine in Victoria (Neumann 1993; Collett 2001). In Chapter 4, I 

report on experiments examining the effects of temperature and photoperiod on 

the initiation and termination of reproductive diapause in C. agricola from 

Tasmania Chapter 3 describes the reproductive morphology and developmental 

changes between teneral, overwintering and reproductive C. agricola adults. 
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CHAPTER 2: Phenology of Chrysophtharta agricola (Chapuis) 
(Coleoptera: Chrysomelidae), a pest of Eucalyptus nitens (Deane 
& Maiden) Maiden plantations in Tasmania 

Submitted in part as Nahrung, H. F. and Allen, G. R. Tasforests 

Abstract 

The phenology of the southern eucalypt leaf beetle, Chrysophtharta agricola, was 
assessed at three Eucalyptus nitens plantations in Tasmania: The Florentine 
Valley, Frankford, and Blue Gum Knob. Five branches were sampled from each 
of twenty trees at each site every two weeks between November 1999 and March 
2000, between October 2000 and March 2001, and between October 2001 and 
March 2002. On each occasion, the number of egg batches, larvae of each instar, 
and adults were recorded from each branch. Adults were collected and dissected 
in the laboratory to ascertain their reproductive maturity, mated status and sex 
ratio. Egg-final instar mortality was estimated, and natural enemies present in the 
plantations were recorded. Day-degree (DD) models of development time under 
field conditions were plotted using development times and threshold temperatures 
obtained under laboratory conditions, and DD predictions were compared with 
field data. Beetles first appeared in the field in mid - late October and laid eggs 
between early November and February. Overall larval populations peaked in 
December, and egg - Liv mortality ranged from 85 - 99 %. Newly-emerged 
adults were present in plantations between January and March/ April, and mated 
with their own and parental generations. Sex ratios of parent new generation 
adults were rarely female biased. Peak defoliation scores coincided with late 
larval instars at the Florentine Valley, and with newly-emerged adults at 
Frankford. DD models were usually a good predictor of the appearance of 
developmental stages in the field. 

2.1 Introduction 

Hardwood plantations (mostly Eucalyptus spp.) covered over 135 OOO ha of land 

in Tasmania in 2001 (Wood et al. 2001). Eucalyptus nitens is currently the 

preferred plantation species at high altitude sites in Tasmania (Baker et al. 2002), 

because of its fast growth rate and cold tolerance. However, E. nitens is attacked 

by the eucalypt leaf beetles Chrysoptharta bimaculata (Olivier) and C. agricola 

(Chapuis) (Coleoptera: Chrysomelidae: Paropsini). Chrysophtharta bimaculata is 

a serious pest of E. nitens in adult-phase foliage (de Little 1989; Bashford 1993), 
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while C. agricola adults feed preferentially on adult foliage of E. nitens, the 

majority of oviposition (and. hence, larval feeding) occurs on juvenile foliage 

(Lawrence et al. in press; Nahrung & Allen 2003a; Chapter 8). 

In the field, C. agricola emerge from overwintering sites in October or November 

and lay eggs between November and March, usually completing one generation 

per season (Ramsden & Elek 1998). Eggs are laid in batches of 30 - 60 eggs per 

batch (de Little 1979) and there are four larval instars (de Little 1979; Ramsden & 

Elek 1998). The final two instars cause the majority of defoliation in C. 

bimaculata (Greaves 1966) and likewise for C. agricola (Chapter 1, Appendix I). 

The most vigorous feeding by adult paropsines occurs prior to overwintering, 

which may prevent foliage regrowth, leaving exposed shoots susceptible to 

damage by severe cold in winter (Simmul & de Little 1999). 

Knowledge of the phenology of insect pests may allow temporal prediction of 

attack, and provide the potential for manipulation to assist control. For example, 

the biological insecticide, Bacillus thuringiensis var. tenebrionis (Btt) is most 

lethal to early instar larvae (Elek et al. 1998; Beveridge & Elek 2001), hence, a 

knowledge of the temporal appearance and duration of larvae in the field is 

required for effective application. To date, although laboratory-based studies by 

Ramsden and Elek (1998) and de Little and Madden (1975) have provided some 

details on the biology of C. agricola, there are no data on its population dynamics 

in the field. Here, I present the results of three seasons of field monitoring at two 

sites, and two seasons of field monitoring at one site for C. agricola life stages, 
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abundance and natural enemies. I also estimate the feeding damage caused to new 

foliage in each field season. The aim of this study was to understand C. agricola's 

population dynamics, including the duration of life stages in the field, natural 

mortality levels, and patterns ofvoltinism and the onset of oviposition in the field. 

Field data were also compared with laboratory estimates of development times, 

lower temperature thresholds and day-degree estimates for C. agricola 

development. 

2.2 Materials and Methods 

2.2.-1 Phenology: I monitored three sites (Frankford, Blue Gum Knob, and 

Florentine Valley: Figure 2.1) every two weeks between November 1999 and 

March 2000, October 2000 and March 2001, and only two of these sites 

(Frankford and Florentine Valley) between October 2001 and March 2002 (Table 

2.1). 

0 
. ""' 
-~ 

Florentine 
Valley• - , 

· e Blue Gum Knob 

·• 
Figure 2.1: Map of Tasmania showing the approximate locations of three field 
sites sampled for Chrysophtharta agricola between 1999 and 2002. Scale bar 
represents approximately 80 km. 
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On each sampling occasion, five branches in juvenile foliage from each of twenty 

randomly selected trees were examined for egg batches, larval instars and adults of 

C. agricola. Trees were chosen by generating random number coordinates (x,y) 

that corresponded approximately with the number of metres along and into the 

plantation from one comer. Different trees were sampled on each occasion. The 

number of each larval instar on each branch was counted, and from this the 

average number of each life stage present per branch was calculated. 

Table 2.1: Sample dates for each of three field sites for the 1999-2000, 2000-2001 and 
2001 - 2002 field seasons for Chrysophtharta agricola monitoring. 
Florentine Valley 
1999-2000 
1November1999 
15 November 1999 
29 November 1_999 
13 December 1999 
27 December 1999 
10 January 2000 
24 January 2000 
31 January 2000 
14 February 2000 
28 February 2000 
14 March 2000 

2000-2001 
23 October 2000 
6 November 2000 
20 November 2000 
4 December 2000 
18 December 2000 
3 January 2001 
17 January 2001 
29 January 2001 
14 February 2001 
26 February 2001 
14 March 2001 

2001-2002 
15 October 2001 
26 October 2001 
12 November 2001 
26 November 2001 
10 December 2001 
24 December 2001 
7 January 2002 
4 February 2002 
18 February 2002 
4 March 2002 
18 March 2002 

Blue Gum Knob 
1999-2000 
1 November 1999 
15 November 1999 
29 November 1999 
13 December 1999 
27 December 1999 
10 January 2000 
24 January 2000 
31 January 2000 
14 February 2000 
28 February 2000 

2000-2001 
25 October 2000 
6 November 2000 
20 November 2000 
4 December 2000 
18 December 2000 
3 January 2001 
17 January 2001 
29 January 2001 

2001-2002 

Not sampled 

Frankford 
1999-2000 
3 November 1999 
17 November 1999 
2 December 1999 
15 December 1999 
30 December 1999 
12 January 2000 
26 January 2000 
2 February 2000 
16 February 2000 
1 March2000 
15 March 2000 

2000-2001 
30 October 2000 
13 November 2000 
27 November 2000 
11 December 2000 
27 December 2000 
8 January 2001 
22 January 2001 
5 February 2001 
19 February 2001 
5 March 2001 
19 March 2001 

2001-2002 
8 October 2001 
22 October 2001 
7 November 2001 
19 November 2001 
3 December 2001 
1 7 December 200 i 
2 January 2002 
14 January 2002 
29 January 2002 
12 February 2002 
25 February 2002 
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2.2.2 Site descriptions 

Florentine Valley ( 42°3 8S 146°29E) Elevation 400 m. Coupe F031 VI 

Eucalyptus nitens planted in 1996. Groundcover predominantly grass and annual 

weeds. The section of the plantation I used (approximately 32 400 m2
) was 

bordered by a road, native forest, older plantation trees and Acacia trees. Of the 

three sites monitored, this had the highest rainfall. Mean monthly rainfall between 

December 1999 and March 2002 was 96.7 ± s.e. 10.8 mm (range 24-241.3 mm). 

Mean maximum temperature from long-term data (40 years) 16.2 °C; mean 

minimum 5 .2 °C. 

Blue Gum Knob (42°50S 146°53E) Elevation 410 m. Coupe SX5IU 

Eucalyptus nitens planted in 1996 on steep slope of ex Pinus radiata plantation. 

A gully, Lett Road, older E. nitens plantations and native forest regrowth border 

the section I monitored (approximately 29 200 m2
). Groundcover comprised 

predominantly bracken and annual weeds, with some P. radiata regrowth. This 

site had the lowest rainfall between December 1999 and March 2002: mean 

monthly rainfall was 45.3 ± s.e. 6.2 (range 8.4 - 134.8). This site had the highest 

average temperatures. Mean maximum temperature from long-term weather data 

(110 years) 17.4 °C; mean minimum temperature 6.7 °C. 

Frankford (41°20S 146°45E) Elevation 240 m. Coupe FK1046 

Eucalyptus nitens planted in 1996 following a pre-plant spray of 

Simazine/Roundup® on degraded pasture land where a 1990 planting of E. 

globulus on the site had failed due to frost damage. E. nitens seedlings were 

fertilised with 100 g of DAP (B. Jordan, Gunns Ltd, pers. comm). Groundcover 
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predominantly grass. Monitored site (approximately 32 400 m2
) traversed by two 

small streams and bordered by Barhams Road, older E. nitens trees and, from late 

1999, new E. nitens seedlings on two sides. Mean monthly rainfall between 

December 1999 and March 2002 was 79.6 ± s.e. 9.5 mm (range 18.6-213.2 mm). 

Mean maximum temperature from long-term weather data (130 years) 16.9 °C; 

mean minimum temperature 4.6 °C. 

2.2.3 Reproductive development & sex ratios: Adults were hand-collected from 

foliage on each sample date (Table 2.1 ), killed in the field in an ethyl acetate 

killing jar, or placed individually into small plastic vials, and taken to the 

laboratory where they were frozen. Adult sex was ascertained using differences in 

the first tarsal segment of the foreleg, which is narrow, elongate and superficially 

divided by a longitudinal suture in females, and is broad, flat and undivided in 

males (Baly 1872; Steven 1973; deLittle 1979). The generation to which adults 

belonged was determined using elytral colouration: overwintered parental (old) 

beetles were brown (or black), while first-generation (new) beetles were dark grey 

with a bright red elytral rim (de Little 1979; Chapter 1). Females were dissected 

and their reproductive status was assigned to one of three developmental classes: 

immature, intermediate and mature (see Chapter 3); their mated status was 

determined by removing the spermatheca and squashing it on a glass microscope 

slide and viewing the contents under phase-contrast microscopy (x400). Sex 

ratios were analysed for deviation from unity using a Chi-square contingency table 

(Bonferroni adjusted, P < 0.002). Cochran's test oflinear trend was conducted on 

each seasons' data for each site, to determine whether sex ratios altered over time. 
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Only samples for which > 10 individuals were collected were included in 

analyses. Newly-emerged adults were divided into three developmental age 

classes (soft, medium and hard) based on the rigidity of their elytra, which was 

determined by compressing the elytra laterally between a pair of soft forceps. 

Reproductive development and mated status was compared between these age 

classes. 

2.2.4 Mortality in the field: The estimated loss between egg and final instar larvae 

was calculated to estimate overall field mortality rates. Mortality between each 

developmental stage was estimated using the total of each life stage censused 

during each season. Percent loss was calculated as the number of each 

successional stage over the number of the previous stage. 

2.2.5 Natural enemies: On each sample date, the presence of natural enemies 

within the plap.tations at the Florentine Valley and Frankford was recorded. To 

examine any change in the species composition over time, the season was divided 

into early (October - November), mid (December - January) and late (February

March), and natural enemies from each time period were identified to family or 

species. 

2.2.6 Damage caused by Chrysophtharta agricola in the field: The amount of 

damage to the current season's growth of each tree sampled on each occasion was 

awarded a score between zero (no damage) and five (complete defoliation). 

Scores were based on visual estimates of the area of foliage removed by C. 
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agricola feeding. Only new foliage was scored because adults and larvae feed 

preferentially on young foliage (Chapters 8, 9; Nahrung & Allen 2003b; Nahrung 

et al. 2001); damage to older foliage probably represents feeding from the 

previous season. Scores were averaged for each sample date (n = 20 per site per 

date), and peaks were related to lifestages and populations present in the field at 

the time. 

2.2. 7 Estimating foliage consumption: Using average eggs per day and longevity 

values obtained in laboratory experiments (see Table 2.2; Chapters 3, 8, 11; 

Nahrung & Allen 2003b ), larval foliage consumption estimates (Appendix I, 

Chapter 1 ), mean stage-specific mortality estimates (above), and adult foliage 

consumption estimates (Chapter 11), I calculated the approximate volume of 

juvenile foliage consumed by each male - female pair of C. agricola and their 

resultant offspring. 

Table 2.2: Values and sources used to estimate the total volume of foliage 
consumed by one pair of Chrysophtharta agricola adults and their resultant 
offspring. 
Estimate 
Adult longevity (days) 

Eggs/day 
Female foliage consumption per day 
(mnl) 
Male foliage consumption per day 
(mm2) 
Mean foliage thickness (mm) 
Mean egg - Li mortality 
Mean Li - L1i mortality 
Mean Lii - Liii mortality 
Mean Liii - Liv mortality 
Li foliage consumption (mm3) 
Lii foliage consumption (mm3

) 

Liii foliage consumption (mm3
) 

Liv foliage consumption (mm3
) 

Juvenile leaf (pairs 1 - 3) (mm3) 

Average 
73 

13 
190 

133 

0.22 
0.667 
0.572 
0.447 
0.386 
6.6 
58.3 
96.6 
185.9 
497.1 

Source Symbol 
Mean of values in Chapters 3, 8, 11 Lo 
& Ramsden & Elek (1998) 
" 
Chapter 11 

Chapter 9 
Chapter 2 

Chapter 1, Appendix I 

" 
" 
Chapter 11 

F 
A 

B 

T 
Lis 
Liis 
Liiis 
Livs 
z 
y 
x 
w 
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Surviving offspring from one pair was then estimated by: 
Eggs produced by one pair = Lo*F 

Eggs s~iving to Li = L *F*(l-Lis) =I 
Li surviving to Lii = 1*(1-Liis) = J 
Lii surviving to Liii = J*(l-Liiis) = K 
Liii surviving to Liv= K*(l-Livs) = L 

Total foliage consumption (mm3
) for one male and one female plus all surviving 

larval instars produced by one pair was estimated by: 

(A*T*Lo) + (B*T*Lo) + (l*Z) + (J*Y) + (K*X) + (L*W) 

2.2.8 Day-degree models of population phenology: G. R. Allen and V. S. Patel 

(CRC-SPF, unpublished data) determined lower temperature thresholds (LTT) and 

degree-day (DD) requirements for development of eggs - teneral adults for C. 

agricola (Table 2.3). In Chapter 4 I establish LTTs and DD requirements for first 

oviposition by teneral and overwintered females, and the DD duration of 

reproductive diapause. These data are used here to model the predicted first 

appearance of each developmental stage under field conditions. 

Table 2.3: Lower temperature thresholds (LTT) and degree-day (DD) requirements for 
each developmental stage of Chrysophtharta agricola. All measurements except the last 
are taken from linear regression (y = a+ bx), of (I/development time) at at least three 
constant temperatures between 9 and 25 °C, where LTT = -a/b and DD = lib. DD 
requirements for teneral - overwintenng was determined as the average development 
time of beetles at 18 and 21 °C. N/c =not calculated. 

Developmental stage 

Overwintering -
oviposition 
Egg 
Li 
Lii 
Liii 
Liv 
Prepupa/pupa 
Teneral - oviposition 
Teneral - overwintering 
Reproductive diapause 

Lower temperature threshold 
(OC) 

7.4 

8.4 
10.4 
8.8 
8.2 
5.2 
8.1 
7.7 
N/c 
6.7 

Development time 
(DD) 

61 

54 
31 
36 
42 
72 
159 
179 
544 
435 
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Temperature data (maximum and minimum daily temperature) were obtained 

from the Bureau of Meteorology (BOM) for the 1999 - 2000 season; from 

October 2000 at each site temperature data were recorded hourly using Tinytalk 

Gemini Data Loggers (TK-0063). BOM data and logger data between November 

2000 and February 2001 were compared using a paired t-test of daily mean 

temperatures. BOM data and site logger data did not differ significantly for the 

Florentine Valley (paired t-test, t41 = 0.78, P = 0.44), but did for Frankford (paired 

t-test, t89 = 3.0, P = 0.004). Hence, a correction factor was applied to BOM data 

for Frankford by conducting a linear regression of mean daily temperature 

readings from BOM and from loggers, and then solving the regression equation 

(y = 0.9583x + 0.2026) to adjust BOM data. 

For the 1999 - 2000 season in which only daily maximum and rmmmum 

temperatures were available, the number of DD per day was calculated as 

DD per day= [(Tmax+ Tmm)/2] - LTT 

Daily values > 0 were summed until the DD requirement for each lifestage (Table 

2.2) was reached to estimate the duration of each developmental stage in the field. 

For the 2000 - 2001 and 2001 - 2002 field seasons for which hourly logger 

readings were used, I estimated daily DD exposure for each lifestage as 

DD per day= L[(Ti-LTT)/24] 

where T1 = hourly temperature reading 
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Daily values > 0 were summed until the DD requirement for each developmental 

stage (Table 2.2) was reached. These data were used to model the predicted 

duration of each lifestage, and hence, the appearance of successive lifestages 

under field conditions for each season at the Florentine Valley and at Frankford. 

The population at the Florentine Valley was modelled continuously from the first 

observation of eggs in November 1999 until the conclusion of field monitoring in 

March 2002. For the Frankford site, the modelled population did not fit field 

observations as well, so the phenology model was re-started using the appearance 

of adults in the field for subsequent seasons. Predicted dates for subsequent 

developmental stages were then compared to observed dates from field 

monitoring. 

2.2.9 Spatial analysis of C. agricola distribution within plantations: An 

autoregressive spatial model was applied to spatial units of 1 Orn x 1 Orn to 

determine whether there was a spatial structure to the overall C. agricola 

distribution within plantations. Because trees sampled within plantations were 

randomly selected by generating random x,y coordinates, their approximate 

position could be matched (within the 100 m2 plot) with the census of C. agricola 

lifestages. Dutkowski et al. (2002) reported on spatial analysis methods used in 

forestry, and G. W. Dutkowski (CRC-SPF) performed the spatial analyses 

presented here. Data over the 1999 - 2000, 2000 - 2001, and 2001 - 2002 were 

included in the models for Frankford and the Florentine Valley. Counts for the 

number of egg batches, larvae and adults were square-root transformed and tested 
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for spatial structure using a model that incorporated season, sample dates within 

seasons, and trees within sample date. 

The standard model used the mixed model 

Traitijkl = yeari + yeari.weekj + yeari.weekl.treek +Plot+ eijkl 

where plot is the 1 Orn x 10 m spatial unit. Year was treated as a fixed effect, and 

all other effects were treated as random. Variances were estimated using 

restricted maximum likelihood. Using the likelihood ratio test, this model was 

compared with one in which an extra two dimensional separable first-order

autoregressive (ARl) model was applied to the plots. Models were fitted using 

ASREML (Gilmour et al. 1999). 

2.3 Results 

2.3.1 General site comparisons 

Frankford had the highest overall population size of C. agricola (eggs, larvae and 

adults censused) in 1999-2000 and especially in the 2000-2001 season, and Blue 

Gum Knob had the lowest. Because the population was so low at the Blue Gum 

Knob site, I discontinued monitoring there for the 2001 - 2002 season. In the 

2001 - 2002 season, the Florentine Valley site had a similarly large population to 

the Frankford site (Figures 2.2, 2.3, 2.4). 

Chrysophtharta agricola was the predominant paropsine species at all sites, 

representing over 94 % of paropsine adults captured on sticky traps (Chapter 8). 

Chrysophtharta bimaculata (Olivier), C. variicollis (Chapuis), C. nobilitata 

(Erichson), Paropsis aegrota Boisduval, P. tasmanica Baly, P. porosa Erichson, 
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P. charybdis Stal, P. delittlei Selman, Sterromela Weise sp., and Trachymela 

Weise sp. were also found in the plantations. Other phytophagous insects I 

recorded on E. nitens included Cadmus australis Boisduval (Coleoptera: 

Chrysomelidae), Gonipterus scutellatus Gyllenhal (Coleoptera: Curculionidae), 

Amor bus obscuricornis (Westwood) (Hemiptera: Coreidae ), Ctenarytaina 

eucalypti (Maskell) (Hempitera: Psyllidae), Gelonus tasmanicus (LeGuillou) 

(Hemiptera: Coreidae), Uraba lugens Walker (Lepidoptera: Noctuidae), 

Mnesampela privata (Guenee) (Lepidoptera: Geometridae), Pseudoperga lewisii 

(Westwood) (Hymenoptera: Pergidae), and Heteronyx Guerin-Meneville sp. 

(Coleoptera: Scarabaeidae ). 

2.3.2 Phenology: At the Florentine Valley, egg numbers recorded in the field 

peaked in late November (20 - 29) and ceased in February (14 - 28) in each 

season (Figure 2.2a). At Frankford, oviposition peaks were recorded in early 

December in the 1999 - 2000 season, in mid-November in the 2000 - 2001 

season, and in early November in the 2001 - 2002 season (Figure 2.2b). In the 

2000 -2001 and 2001 - 2002 seasons newly-emerged (from pupation) adults laid 

eggs; the second peaks in oviposition show where this occurred (Figure 2.2a). At 

Blue Gum Knob, the average number of egg batches per branch was less than half 

that recorded at the Florentine Valley and Frankford, peaking in early December 

in the 1999-2000 and 2000- 2001 seasons (Figure 2.2c). 
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Figure 2.2: Average± s.e. number of Chrysophtharta agricola egg batches per 
branch for each of three seasons at (A) the Florentine Valley, (B) Frankford, and 
for two seasons at (C) Blue Gum Knob. 
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First-instar larvae peaked in late November at the Florentine Valley in all three 

seasons, and the second - fourth instars peaked earlier in the 2000 - 2001 season 

than in the 1999 - 2000 and 2001 - 2002 seasons (Figure 2.3a). The 2000 - 2001 

season was the only at the Florentine Valley in which newly-emerged adults laid 

eggs. At Frankford, first and second instar numbers peaked in early November, 

third instars peaked in late November, and fourth instars in early December in all 

three seasons (Figure 2.3b ); the timing of all these peaks were earlier than at the 

Florentine Valley. Larval instar populations for Blue Gum Knob were lower than 

at Frankford ~d the Florentine Valley (Figure 2.3c). 

The proportion of branches occupied per tree per sample date peaked at the 

Florentine Valley in coincidence with peak populations of first instars in the 1999 

- 2000 season, first and second instars in the 2000 - 2001 season, and with eggs 

and first instars in the 2001 - 2002 season (Figure 2.4a). At Frankford (Figure 

2.4b ), the highest level of branch occupation in the 1999 - 2000 season occurred 

in coincidence with the peak in egg and first instar larvae. In the 2000 - 2001 

season, the highest proportion of occupied branches occurred when the third and 

fourth instar larvae were at their highest: this was also the season with the lowest 

egg and first instar mortality (Table 2.4). A second branch occupancy peak 

occurred in the 2000- 2001 and 2001 -2002 seasons when newly-emerged adults 

were laying eggs. 
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Figure 2.4: Proportion of branches (n = 100) occupied by any developmental 
stage of Chrysophtharta agricola for each of three seasons at (A) the Florentine 
Valley, and (B) Frankford. 
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2.3.3 Reproductive development & sex ratios: Sex ratios were generally 1 : 1 in 

both generations (Figures 2.5; 2.6). For the Florentine Valley site, Cochran's test 

of linear trend showed that in the 1999 - 2000 and 2001 - 2002 seasons, sex ratios 

became more skewed to female-bias as the season progressed (x2
8 = 18.7, P = 

0.02; x2
10 = 19.2, P = 0.04, respectively), but remained approximately normal 

during the 2000 - 2001 season (x2
8=8.6, P = 0.38). At Frankfurd, sex ratios were 

stable in the 1999-2000 and 2000-2001 seasons (X26=7.8, P = 0.25, x2
5= 6.4; P 

= 0.27, respectively), but tended towards female-bias in the 2001 - 2002 season 

(X29= 32.4, P < 0.001). Jn the laboratory, males and females shared equal 

longevity (Chapter 8; Nahrung & Allen 2003b). Females may have been more 

readily collected from foliage because they were more apparent on branches while 

ovipositing, whereas males were more mobile (Chapter 11). 
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Figure 2.5: Percentage of female parent (old) Chrysophtharta agricola adults 
hand-collected from foliage for each of three seasons at (A) the Florentine Valley, 
and (B) Frankford. Open symbols denote samples for which the sex ratio differed 
significantly from unity (Chi-square analysis, Bonferroni adjusted, P < 0.002). 
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Overlap in adult generations (i. e. parent beetles and their adult offspring present 

together in the field) occurred at the Florentine Valley and Frankford in each 

season. At the Florentine Valley, the duration of overlap was 6 - 8 weeks in each 

season, while at Frankford adults of two generations were present simultaneously 

for 4 - 10 weeks. Mating occurred between the parental and offspring generations 

(Chapter 11, Appendix III). 

All parent (old) females dissected from either site in all seasons were 

reproductively mature (n = 1 168), but only in the 2000 - 2001 season did first

generation (new) adults attain reproductive maturity at both Frankford and the 

Florentine Valley. In the 2001 - 2002 season, new adults underwent reproductive 

development and laid eggs only at Frankford (see Chapter 4). No "soft" females 

from either site in any season had mated or undergone any reproductive 

development (n = 297). Chapter 4 describes the relationship between temperature 

and elytral hardening, which is therefore a function of beetle age. The proportions 

of new adults with "soft", "medium" and "hard" elytra in the 2000 - 2001 and 

2001 - 2002 seasons at Frankford and the Florentine Valley shows the emergence 

and development of teneral adults after emergence from pupation (Figure 2. 7). 

The proportion of parental generation females that had mated was high at the start 

of each season and quickly rose to 100 % (Figure 2.8). First-generation females 

that mated remained less that 50 % in each season, and declined as the season 

progressed (Figure 2.8). Mating behaviours in each generation are examined more 

closely in Chapter 11. 
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2.3.4 Mortality in the field: Estimated mortality between egg and Liv at each 

lifestage varied according to .instar (Table 2.4). The highest mortality levels were 

recorded between eggs and first instars at the Florentine Valley and Frankford in 

each season. At Blue Gum Knob, however, mortality was highest during the first 

or second larval instars. These data do not reflect emergence of larval parasitoids, 

because larval parasitoids usually do not emerge until the fourth instar (A. D. 

Rice, CRC-SPF, pers. comm.) 

Table 2.4: Estimated seasonal mortality (% loss) at each immature life stage of 
Chrysophtharta agricola in the field at three sites. Li =first instar, Lii = second instar, 
Liii = third instar, Liv = fourth instar. 

Florentine Frankford Blue gum 
Life stage Valley Kno 

99-00 00- 01 01 - 02 99-00 00-01 01-02 99 - 00 00-01 

Egg-Li 83.2 83.8 75.5 82.9 57.l 76.4 68.4 14.1 
Li-Lil 38.6 49.5 66.1 49.9 25.9 68.2 79.8 79.3 
Lii-LiiI 59.2 26.9 39.9 33.0 30.8 18.8 84.4 64.5 
Liii- Liv 36.8 9.5 57.9 56.l 36.2 43.4 35.5 -
Overall 
egg - Liv 97.3 94.6 97.9 97.5 85.9 96.5 99.9 93.3 
mortality 

2.3.5 Natural enemies: Many natural enemies were present in plantations for the 

duration of the field season (Table 2.5): nematodes, egg parasitoids and European 

wasps were least common. As well as those observed attacking C. agricola, adult 

and larval Neuroptera and syrphid flies, and adult asilid flies were also observed 

within plantations, but I did not see them consuming any life stages of C. agricola. 

I was unsuccessful in rearing syrphid larvae on C. agricola eggs or larvae in the 

laboratory (data not presented). Syrphid and asilid flies, and the Neuroptera are 

recorded as predating other chrysomelid beetle eggs and larvae (Cox 1996). Adult 

C. agricola infected with pathenogenic fungi Beauvaria bassiana, and 

Entomophthora sp. were also recorded during this study (Figure 1.9). 
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Table 2.5: Natural enemies observed attacking Chrysophtharta agricola in the 
field at the Florentine Valley (FLO) and Frankford (FRA), Tasmania throughout 
three field seasons 1999-2000, 2000-2001, 2001-2002 (early season: October-
November; mid-season: December-January; late season: February-March). + = 
species present, - = species not observed. 

earl~ mta lat!:; 
Natural enemies site 99-00 00-01 01-02 99-00 00-01 01-02 99-00 00-01 01-02 
Eggl!arval 11redators 
Coccinellidae 
Cleobora mellyi FLO + + + + + + + + + 
(Mulsant) FRA + + + + + + + + 

Harmonia conformis FLO + + + + + + + + + 
(Boisduval) FRA + + + + + + + + 
Cantharidae 
Chauliognathus lugubris FLO + + + + + + + 
(F.) FRA + + + + + + + 

Miridae (undescribed sp.) FLO + + + + + + + + + 
FRA + + + + + + + + 

Spiders FLO + + + + + + + + + 
FRA + + + + + + + + 

Pentatomidae FLO + + 
FRA + + 

Vespidae 
Vespula germanica FLO + 
F. FRA + + 

Reduviidae FLO + 
FRA + + 

Larval 12aras1toids 
Tachinidae 
Tachinid sp. 1 FLO + + + + + + + + + 

FRA + + + + + + + + + 

Paropsivora sp. FLO + + + + + + + + + 
FRA + + + + + + + + + 

Braconidae 
Eadya paropsidis FLO + + + + + + + + + 
(Huddleston & Short) FRA + + + + + + + + + 
Egg 12arasitoids 

Enoggera nassaui FLO 
(Girault) FRA + + 
Adult I!arasites 
Nematodes FLO + + 

FRA 

Podapolipidae FLO + + + + + + + + + 
Gen. et sp. nov FRA + + + + + + + + + 

Erythraeidae FLO + + + + + + + + + 
Leptus sp. FRA + + + 
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2.3.6 Damage caused by Chrysophtharta agricola in the field: At the Florentine 

Valley, peak defoliation scores coincided with the peak of third and fourth larval 

instars in each season (Figure 2.9a), and occurred within a week of each other in 

each season. At Frankford, peak defoliation scores were higher and occurred later 

in the season than those at the Florentine Valley, coinciding with first-generation 

adult feeding (Figure 2.9b ). On branches that had been severely defoliated, larvae 

and newly-emerged adults fed on soft green stems. 
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Figure 2.9: Average + s.e. defoliation scores of feeding damage by 
Chrysophtharta agricola over three field seasons at (A) the Florentine Valley, and 
(B) Frankford. 
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2.3. 7 Estimating foliage consumption: Each male-female pair of C. agricola adults 

and their resultant lifetime offspring (adjusted for stage-specific mortality) 

consume approximately 30940 mm3 of juvenile E. nitens foliage. This estimate 

does not include feeding by teneral beetles to build up fat body before 

overwintering, and equates to about 62 average juvenile E. nitens leaves (pairs 1 -

3). 

2.3.8 Day-degree models of population phenology: Predictions based on the 

development stages presented in Table 2.2 and field temperatures fit the observed 

field phenology of C. agricola very well for the Florentine Valley site (Figure 2.10 

a). Figure 2.lOa was generated using the first sample of first instar larvae from the 

field in the 1999 - 2000 season, and modelled continuously until the end of the 

final field season in 2002. However, the Frankford site predictions fit field 

observations less well (Figure 2.1 Ob ), and I had to begin each field season 

separately using data from the first sample of each season. Because of warm 

autumn temperatures, the predicted emergence date of adults following 

overwintering in the 2000 season was late May, almost six months sooner than 

actual emergence time, but data for the 2001 season provided a better fit, 

predicting beetle emergence in September. I investigate the termination of 

reproductive diapause in detail in Chapter 4. Furthermore, because my field 

samples were taken at two-week intervals, the recorded lifestage "peaks" and 

"first appearances" may have occurred sooner than I observed. Most predicted 

first appearances occurred within two weeks of their recorded occurrence in the 

field. 
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2.3.9 Spatial analysis of C. agricola distribution within plantations: 

Chrysophtharta agricola lifestages were randomly distributed between 10 x 10 

metre plots throughout plantations, with no evidence of spatial clumping, 

patchiness, or "edge effects". The lack of a significant log-likelihood increase, or 

no convergence (Table 2.6), indicates that the pattern of variation of the trait 

showed no evidence of spatial structure. 

Table 2.6: Log-likelihood increase for autoregressive spatial analysis of 
Chrysophtharta agricola lifestages over three field seasons at Frankford and the 
Florentine Valley. Such low values, and no convergence of the models indicates 
no spatial structure to the population. 
Site Eggs Larvae Adults 
Frankford 0.84 0 0.65 

Florentine Valley No convergence No convergence 0.82 

The monitored C. agricola populations at Frankford and the Florentine Valley 

were very high. Sites that have lower C. agricola abundance could exhibit 

patchiness in spatial distribution if females do not move far from oviposition sites. 

Spatial patchiness of C. agricola in plantations may also depend on the adult-

juvenile foliage phase of trees because eggs and larvae are more common on 

juvenile foliage than on adult foliage (Chapter 8; Nahrung & Allen 2003b ). Only 

juvenile foliage was sampled in these surveys and this may have influenced the 

apparent homogeneity of intra-plantation distribution. Furthermore, the spatial 

resolution obtained using 100 m2 plots may not have been adequate to detect 

patchiness within plantations. 
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2.4 Discussion 

Chrysophtharta agricola adults are active in plantations between mid-late October 

and March (Ramsden & Elek 1998; this study), and overwinter in leaf litter 

between late February and October (Chapter 4). Egg numbers generally peaked in 

the field in mid-late November, and the highest field mortality occurred during the 

egg to first instar stages (see also Chapter 9). Egg and early-instar predation by 

ladybirds, mirids, cantharids and spiders was high, but mortality was also high 

during the first instar stage in the absence of natural enemies for C. agricola (see 

Ramsden & Elek 1998; Chapter 9) and for C. bimaculata (Baker et al. 2002). In 

addition to natural enemies, plant attributes also contribute to larval mortality. For 

example, leaf toughness affects the survival of early instar paropsine larvae 

(Steven 1973; Ohmart et al. 1987; Larsson & Ohmart 1988), and likewise affects 

the establishment of C. agricola (Chapter 9; Nahrung et al. 2001). Manna, a 

saccharine secretion exuded rapidly in response to damage, is produced by E. 

nitens (Steinbauer 1996). Feeding by C. agricola can result in its production 

(pers. obs.). The exudate forms crystalline nodules at the site of damage and 

inhibits larval access to the feeding site, as well as miring young larvae, resulting 

in death. Manna is also a carbohydrate source utilised by natural enemies 

(Steinbauer 1996), and the larval parasitoids of C. agricola feed on it in the field 

and laboratory (A. D. Rice, CRC-SPF, pers. comm.; author's pers. obs.), although 

whether the presence of manna increases attack on C. agricola by natural enemies 

is unknown. 
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Defoliation scores peaked at the Florentine Valley in coincidence with the peak of 

third and fourth instar larvae in each season, while at Frankford the highest 

defoliation occurred when newly-emerged adult numbers were highest. Feeding 

by new adults is likely to have a large impact on tree growth because damage later 

in the season may prevent foliage regrowth, leaving exposed shoots susceptible to 

damage by severe cold in winter (Simmul & de Little 1999). Higher levels of 

defoliation also occurred during seasons in which newly-emerged adults laid eggs 

because of feeding from the resultant larvae (Figure 2.9). 

Oviposition by newly-emerged adults is dependent upon the photoperiod at the 

time they emerge from pupation (Chapter 4), and when they emerge from pupation 

is dependent upon the temperatures experienced by immature stages. This is 

illustrated clearly in a comparison between seasonal development at the Florentine 

Valley site: in the 2000 - 2001 season, Lii - Liv peaks each occurred earlier than 

in the other two monitored seasons, and this was the only year in which newly

emerged adults laid eggs. 

Modelling the phenology of C. agricola usmg laboratory estimates of DD 

requirements and developmental temperature thresholds and field temperatures 

provided a good estimate of when each developmental stage might be first present 

in the field. Maddox (1995) found that the body temperature of the paropsine 

beetle Paropsisterna tigrina Chapuis increased by up to 8 °C above ambient 

temperature through basking behaviour. However, this would result in actual 

development times being shorter than predicted times, and may explain the 
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discrepancy between actual and predicted events in the field reported here for the 

2001 - 2002 season at the Florentine Valley, and the 2000 - 2001 and 2001 -

2002 seasons at Frankford. More likely though, the long times (2 weeks) between 

my samples resulted in inaccurate records of "first" and "peak" appearance of 

lifestages in the field. The need to reset the phenology model to the actual 

appearance of post-overwintering adults for Frankford each season may also be 

the result of the two-week sample interval in combination with increased heat 

accumulation by newly-emerged adults basking on leaves. 

Candy (1999) describes sampling methods and population models for C. 

bimaculata for predicting developmental stages in the field as a forest 

management decision tool to assist pre-control population monitoring and 

insecticidal control operations. Similar methods could be adopted for monitoring 

C. agricola field populations using the DD development estimates and 

developmental threshold temperatures reported here. The spatial distribution of C. 

agricola between 10 x 10 m plots within plantations was found to be random; 

thus, in designing a monitoring protocol for this species any trees still in juvenile 

foliage can be monitored with an equivalent chance of finding C. agricola 

lifestages. Factors that affect the intra-plant distribution of adults, eggs and larvae 

on trees are investigated in Chapters 8 (Nahrung & Allen 2003b) and 9 (Nahrung 

et al. 2001). 
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The highest number of branches occupied per tree usually coincided with egg-Lii 

peak abundance, and reflects the high mortality rates between these developmental 

stages. An exception was during the 2000 - 2001 season at Frankford, when 

mean branch occupation was highest during third and fourth larval instar peaks. 

This season experienced the lowest mortality of egg and early instars, and lowest 

overall mortality, although there was no difference in natural enemy species 

composition compared with other seasons (Table 2.5). 

The high field mortality rates presented here are similar to those for C. 

bimaculata: de Little et al. (1990) found a cumulative 95 - 97 % egg - larval 

mortality attributable to natural enemies. However, C. agricola and C. 

bimaculata population levels in plantations and beetles' high fecundity mean that 

even 3 - 5 % survival can result in severe tree defoliation. Long-term 

measurements of the effect of defoliation on E. nitens need to be conducted to 

determine the effect on growth rate and wood quality of C. agricola feeding. Elek 

(1997) reported a significant loss of growth and wood volume over two years in 

three year-old E. nitens trees from which> 50 % of current season's foliage had 

been removed. 

Feeding estimates reported here of 62 juvenile leaves consumed by the surviving 

lifetime offspring and adult feeding of one adult pair over the field season might 

allow prediction of seasonal foliage loss if the adult population can be estimated. 

Foliage consumption estimates here were not made for newly-emerged adults. 

The amount of foliage required for male and female C. agricola to build up 
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sufficient fat body for overwintering needs to be determined to more accurately 

predict the effects of defoliation, especially as late-season (pre-overwintering) 

feeding is more likely to impact on tree growth (Simmul & de Little 1999). 

Dissections of adult beetles showed that females mate soon after emergence from 

overwintering and carry sperm in their spermatheca for the entire season. The 

mating behaviour of C. agricola is explored in detail in Chapters 11 and 12, but 

this study showed overlap of parental and new generation adults of at least 4 - 10 

weeks. Sex ratios were generally normal, and where deviations from unity 

occurred were in favour of females. In the laboratory, males and females shared 

equivalent longevity (Chapter 8), and males persisted throughout the field season. 

Females may have been collected more readily than males because of their 

increased apparency whilst ovipositing on foliage, while males, in contrast, were 

much more mobile (Chapter 11 ). The proportion of mated parent (old) generation 

females increased rapidly to 100 % after emergence from overwintering. Mating 

behaviour is investigated in more detail in Chapters 11 and 12, and Appendix ill. 

61 



CHAPTER 3: Reproductive morphology and development of 
Chrysophtharta agricola (Chapuis) (Coleoptera: Chrysomelidae) 

Published in part as Nahrung, f!. and Reid, C. (2002) Reproductive morphology 
and development of the Tasmanian eucalypt-defoliating beetles Chrysophtharta 
agricola (Chapuis) and C. bimaculata (Olivier) (Coleoptera: Chrysomelidae: 
Paropsini) The Coleopterists Bulletin 56: 84-95. 

Abstract 

The reproductive development of the eucalypt-defoliating beetle Chrysophtharta 
agricola was examined by dissecting male and female teneral, overwintering, and 
reproductive adults. The colouration and size of the testes, and the length of 
ovarioles differed between developmental stages. Females had ciliated lateral and 
common oviducts and no accessory glands. The male aedeagus underwent 
approximately 180° longitudinal rotation during adult maturation, and was 
correlated with male size. The haemolymph of both sexes differed between 
developmental stages. Twenty to twenty-five percent of females had mated prior 
to overwintering. The effect of mating before or once after overwintering on 
female longevity, egg production, egg hatch rate, oviposition patterns and sperm 
storage was tested. Average lifetime egg production was doubled for females that 
mated once after overwintering compared with those that mated before 
overwintering, but longevity was unaffected. Unfertilised eggs were usually laid 
singly rather than in batches. 

3.1 Introduction 

Paropsine beetles are common and serious defoliators of native hardwood forests 

in Australia. Chrysophtharta bimaculata (Olivier) (Coleoptera: Chrysomelidae) 

has long been recognised as a serious pest of eucalypt plantations in Tasmania 

(Came 1966; Greaves 1966; de Little 1979, 1983), and with a recent shift to 

Eucalyptus nitens as the preferred plantation eucalypt species (Elek 1997), C. 

agricola (Chapuis) has been identified as another potential threat to hardwood 

productivity (de Little 1989; Ramsden & Elek 1998). 

Both species ove~inter as adults, emerge in October-November, and are usually 

univoltine in Tasmania (de Little 1983; Ramsden & Elek 1998; but see Chapter 2), 
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although C. bimaculata may be occasionally bivoltine in central Tasmania 

(Greaves 1966) and C. agricola is bivoltine in Victoria (Neumann 1993; Collett 

2001). Chrysophtharta bimaculata is more fecund and long-lived than C. 

agricola. The former produces 224 - 1706 eggs per female and lives for 28 - 139 

days (de Little 1983), whereas the latter produces 139 - 915 eggs per female, and 

lives for 13 - 69 days (Ramsden & Elek 1998), at 23 °C and 20 °C respectively. 

However, both species produce similar-sized egg batches: an average of 26.1 eggs 

per batch for C. bimaculata (Greaves 1966) and 22.6 for C. agricola (Ramsden & 

Elek 1998). 

The elytra of newly-emerged C. agricola possess a red rim which fades to golden

brown as the beetle ages (Selman 1994b ). In the field, teneral beetles feed and 

overwinter, then emerge in the spring to feed and reproduce. However, little is 

known of the reproductive morphology at each of these stages, and how this may 

affect the timing of oviposition in the field. Here, I investigate and describe the 

reproductive development and morphology of C. agricola. Understanding the 

timing of emergence from overwintering, receptivity to mating, and oviposition 

may also help with the timing of monitoring and to predict the timing of 

defoliation in the field. 

3.2 Materials and Methods 

3.2.l Reproductive morphology: Sixty-four overwintering beetles were collected 

from the leaf litter of a 9-year old E. globulus plantation at Parkham in northern 

Tasmania (41°25S 146°37E) in July 1999. Beetles were taken to the laboratory 
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and were stored at 4 °C for two days. Beetles were sexed by examining the first 

tarsal segment of the forelegs, which is broad and flat in males, and narrow and 

elongate in females (Steven 1973; de Little 1979). Additionally, female fore-tarsi 

possess a central longitudinal suture (Baly 1862). 

Three male and three female beetles were dissected, and three males and three 

females were left at 4 °C in constant darkness and dissected four weeks after field 

collection as a control. Twenty-four males and twenty-four females of the 

remaining beetles were randomly allocated into two clear, plastic containers (26 x 

33 x 24 cm) (twelve of each sex per container), provided with approximately 

equal quantities of fresh adult- and juvenile-phase E. nitens foliage and held at 21 

± 2 °C, 16L: 8D photoperiod. Foliage was replaced and three female and three 

male beetles were randomly chosen and dissected to record changes in 

reproductive development over a period of three weeks, on days 3, 7, 10, 14, 17 

and 21. Six pairs of teneral adults, and six pairs of egg-laying adults from a 

laboratory culture that had been maintained at 21 ± 2 °C, 16L:8D, with adult and 

juvenile E. nitens foliage replaced weekly, were also dissected to compare their 

reproductive development with that of the overwintering adults. 

The colouration of the haemolymph (observed by puncturing the pronotum) and 

elytra were noted prior to dissection. Beetles were dissected in Ringer's solution 

(8.6 g NaCl, 0.3 g KCl, 0.33 g CaCh in lL distilled water) to minimise colour loss 

and distortion of structures. Ovariole length, aedeagus length, and testes diameter 

(± 0.02 mm) were measured under a dissecting microscope (x 45) using an 
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eyepiece micrometer. Spermathecae and testes were removed, squashed under a 

coverslip and viewed under a phase contrast light microscope (x 400) to assess the 

presence and maturity of sperm. The proportion of females that had mated prior 

to overwintering was determined. I also described the appearance of the hindgut 

because the obstruction of the terminal portion of the alimentary canal may be 

diagnostic of overwintering in C. bimaculata (Davies 1966). 

Seven pairs of beetles in copula were dropped into liquid nitrogen and dissected to 

observe the internal morphology of the aedeagus (endophallus). This structure is 

usually membranous and withdrawn withln the median lobe when at rest in most 

Coleoptera (Flowers 1999). The structure of the egg chorion was observed under 

scanning electron microscopy (SEM), following the sputter-coating of egg batches 

with gold (performed by D. A. Steele, Central Sciences Laboratory, University of 

Tasmania). Spermatozoa recovered from the spermatheca of a female C. agricola 

were also examined using an environmental SEM of fresh material. 

3.2.2 Effects pre- and post-overwintering mating: Overwintering C. agricola 

adults were collected from the leaf-litter of a 9-year old E. globulus plantation 

near Parkham, Tasmania. The sex of each beetle was determined based on 

differences in the first tarsal segment, and males and females were stored 

separately in a cold-room at 4 °C until use. Forty females selected without 

conscious bias were transferred to individual, moist filter-paper lined petri dishes 

containing one fresh leaf of young E. nitens foliage and placed in a constant 

temperature room at 21 ± 2°C 16L:8D photoperiod. Beetles were monitored daily 
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for feeding, frass and oviposition, and all eggs were counted and kept to determine 

the number of larvae that hatched from them. Beetles that died without producing 

eggs were dissected and their mated status was determined by removing and 

squashing the spermatheca and examining its contents for sperm under a phase-

contrast compound microscope (x400). Data from such beetles were included in 

the data set to determine the proportion of females that had mated prior to 

overwintering, but discarded from mating treatments. Remaining females 

comprised the mating treatments detailed below. 

i) unmated: females that produced eggs which failed to hatch were left 
uninated (n = 20). 

ii) mated pre-diapause: females that produced eggs that hatched were not 
remated (n = 10). 

iii) mated once post-diapause: females that produced eggs which failed to 
hatch were mated once under _observation (n = 10). 

Eggs were counted and collected twice a week until females died. Egg batches 

collected from each female were held separately and the number of larvae that 

emerged from them was recorded. Average longevity, fecundity (number of eggs 

produced) and fertility (hatch rate) was determined for each mating treatment. 

After death, the length of females was measured using a digital caliper (± 0.1 mm) 

and females were dissected to assess the condition of their reproductive system. 

Spermathecal squashes were performed as above to check for the presence or 

absence of sperm. Percentages were arcsine-square-root transformed, and 

analyses were conducted using ANOV A. Non-normal data were log transformed 
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and significant differences were detected usmg Fisher's Protected Least 

Significant Difference (PLSD) test at P < 0.05. 

3.3 Results 

3.3.1 Reproductive morphology: Two colour morphs of C. agricola were 

collected: one in which the beetles were coloured almost entirely black, and which 

was quite rare (2.6% [n = 64] of individuals collected for these experiments; see 

also Chapter I 0), and one in which beetles were coppery-maroon. The elytral rim 

changed colour from bright red in teneral beetles to translucent light brown in 

mature beetles (and black in mature black adults). The background of the elytra 

was translucent gr~y in newly-emerged beetles, such that the hindwings were 

visible through them, and changed from brown-copper to brown-green in 

overwintering and egg-laying adults respectively. Spots on the dorsal surface 

remained a grey-green colour in both mature and overwintering adults, but were 

not visible in newly-emerged beetles. The most diagnostic change in elytral 

colouration between each of the developmental stages occurred in the narrow 

margin between the elytral rim and the body. This was red in newly-emerged 

adults, pink-purple in overwintering adults and brown in mature adults. The 

hindwings of mature, laboratory-reared beetles and overwintering, field-collected 

adults had an extensive patch of pink-purple colouration, originating in the 

remigial region (Rr) of the hindwing (see Suzuki 1994) and extending anteriorly 

and distally. The hindwings of teneral adults had no pigmentation. 
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The haemolymph of both sexes of C. agricola changed colour during adulthood. 

Haemolymph was pink-purple in overwintering adults and clear-yellow in newly

emerged and reproductive adults (Tables 3.1 & 3.2) and proved to be a diagnostic 

feature for identifying beetles that were overwintering. It was also possible to 

detect the colour of the haemolymph by viewing the underside of beetles beneath a 

dissecting microscope. Colouration could be seen through the integument in the 

gula region beneath the head and through intersegmental membranes. 

The amount of fat body between egg-laying, newly-emerged and overwintering 

adults was also distinctive. Newly-emerged adults had almost no fat body. 

Overwintering adults contained very large amounts of fat body in which the 

accessory glands of the males and the spermathecae of the females were 

embedded. Adults that had emerged from overwintering contained little or no fat 

body (Tables 3.1 & 3.2), although the spermatheca remained surrounded by fat in 

many female specimens. 

The hindgut of teneral adults contained a white chalky material, in all 

overwintering adults it contained a posterior blockage of creamy material, and the 

hindgut wall of most overwintering adults was coloured pink. The hindgut of 

reproductive adults contained green leaf material (Tables 3.1 & 3.2). 

Male Reproductive System: The aedeagus was lightly sclerotised in newly

emerged males and well-sclerotised in overwintering and post-overwintering 

males (mean length = 2.57 ± s.e. 0.01 mm; range 2.5 - 2.65 mm); its length did 
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not change during development. Aedeagus length was correlated with male body 

length (Pearson correlation, R = 0.64, P < 0.001). The aedeagus was curved, and 

anchored by filaments and tendons that allowed its eversion during copulation. 

The posterior section of the aedeagus was splayed. The aedeagus underwent 

clockwise 'retoumement' (Verma 1994) a few days after adult emergence from 

pupation. In dorsal dissections of newly-emerged males, the aedeagus was 

oriented with its outward curvature facing ventrally; in overwintering and older 

males, the aedeagus was 180° to this alignment. From dissections of males killed 

in liquid nitrogen whilst mating, the internal structures of the aedeagus 

(endophallus) were visible (Figure 3.1). The ejaculatory duct entered the aedeagus 

and was continuous with the penile flagellum, which was exerted through the 

flattened end of the aedeagus during copulation, along with a membranous sac. 

The length of the flagella/sac protrusion from the aedeagus was approximately 

1.67 ± s.e. 0.04 mm (range 1.61 - 1.72 mm). 

The testes (Figure 3.2) were paired and situated laterally in the upper abdomen. 

Each testis comprised a pair of dorso-ventrally flattened mandarin-shaped lobes, 

each lobe containing between 18 and 25 follicles. The paired lobes in a testis 

were connected by a small tube that differentiated into the vas deferens, to which 

long, coiled accessory glands were attached. A yellow-orange peritoneal sheath 

extended from the testes over the sperm tubes, covering the vas eferens and part of 

the vas deferens. In overwintering adults, the accessory glands were small and 

surrounded by fat body. The testes changed from pale yellow or orange in newly

emerged males to deep orange in mature males. Testis lobe diameters were 
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significantly different betWeen developmental stages (ANOV A, F2, 27 = 28.4, P < 

0.001). Motile sperm were present in the testes of overwintering and post-

overwintering males. Spermatozoa were approximately 150 µm in length, and 

densely clumped within females' spermathecae, bearing no distinct morphological 

features including a discemable head. Under E-SEM, spermatozoa were likewise 

featureless, but took on a helical appearance (Figure 3.4). 

Table 3.1: Comparison between three developmental classes of male 
Chrysophtharta agricola. 
Develop- Hind gut 
ment stage content Fat body 
(n)I colour 
Teneral (6) white, negligible 

chalky 

Haemo
lymph 
colour 
clear 

Testes 
colour 

yellow 

Testis lobe 
diameter 
(mm± se) 
0.97±0.08 
(0.83-1.3) 

Sperm in 
testes 

small, 
immotile 

Over- creamy extensive pink-purple dark yellow 1.22±0.01 mature, 
wintering 
(12) 

Repro
ductive 
12) 

green small clear
yellow 

orange 

(0.95-1.35) motile 

1.36±0.02 
(1.25-1.53) 

mature, 
motile 

1'Teneral' adults were dissected 1 - 2 days after emergence from pupation. 'Overwintering' adults 
were collected from leaflitter in the field. 'Reproductive' adults were feeding, producing frass and 
mating. 

Female Reproductive System: Ovaries (Figure 3.3) were paired and connected 

laterally to the abdominal wall above the hindgut. Each ovary comprised 18 - 29 

ovarioles that were associated with a common calyx. The ovaries and calyx of 

teneral and overwintering females were colourless or white. hnmature ovarioles 

were colourless and unconstricted. As the reproductive system matured after 

overwintering, ovarioles constricted and vitellogensis began at the bases of the 

constrictions, and the oviducts and calyx turned pink. Mature ovarioles were 

large, and contained well-developed, orange eggs. Ovariole lengths were 
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significantly different to each other between developmental stages (ANOVA, F2,30 

= 133.56, P < 0.001) (Table ~.2). Mature oocytes were also present in the calyses 

and in the lateral oviducts of egg-laying females. 

The calyx was colourless in immature and overwintering females and pink-orange 

in mature females. The lateral and common oviducts were yellow-brown in 

newly-emerged and overwintering females, and a deep purple colour in egg-laying 

adults and lined internally with dense, posteriorly-directed cilia ( ~ 65 µm long) in 

all reproductive developmental stages. Oviduct colouration in egg-laying adults 

resulted from maroon-coloured liquid within them, which resembled the substance 

with which eggs were attached to substrate (and to each other) in batches. No 

accessory glands were found. 

The spermatheca was sock-shaped and thin-walled. It was surrounded by fat in 

overwintering and mature adults, and opened into the common oviduct at the 

anterior of the bursa copulatrix. Twenty percent of spermathcae in overwintering 

females (n = 15) contained live sperm. The egg chorion was covered with papilla

like projections (Figure l.2b ). Remarkably, despite being coated with gold and 

subject to vacuum during the SEM procedure, the eggs hatched a few days later. 
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Table 3.2: Comparison between three developmental classes of female 
Chrysophtharta agricola. 
Develop-
ment 
stage (n)1 

Teneral 
(6) 

Overwint-
ering 
(15) 

Repro
ductive 
(10) 

Hindgut 
content 
colour 
white 
chalky 

creamy 

green 

Fat body 

negligible 

extensive 

small 

Haemo-
lymph 
colour 
clear 

pink-
purple 

clear
yellow 

Calyx Oviducts 
colour colour 

colourless yellow-
brown 

colourless yellow-
brown 

pink- purple 
orange 

Ovariole 
length 

(mm± s.e.2 
0.51 ± 0.02 
(0.45-0.52) 

0.7 ± 0.04* 
(0.5 - 0.87) 

1.44 ± 0.04 
(1.25 - 1.55) 

% 
mated 

0 

20 

100 

1'Teneral' adults were dissected 1 - 2 days after emergence from pupation. 'Overwintering' adults 
were collected from leaflitter in the field. 'Reproductive' adults were feeding, producing frass and 
mating. 
* Ovariole lengths of mated and unmated overwintering females did not differ (t-test, t13=0.08, P = 
0.94) 

The haemolymph of adults held at 4 °C remained pink-purple, and females did not 

oviposit, mate, or undergo any ovarian maturation. Haemolymph began to change 

colour sooner in males than in females (t-test, t8 = 6.74, P < 0.001). The first 

males with clear-yellow haemolymph were recorded seven days after exposure to 

21 ± 2 °C and 16L:8D, and all males had clear-yellow haemolymph after 10 days. 

Females first had clear-yellow haemolymph after 14 days, and the colour change 

was complete by 17 days (Figure 3.5). After 10 days at 21 °C, ovarioles within 

the ovaries of females were enlarged and contained small quantities of yolk. 

Some females dissected after 14 - 17 days contained mature eggs. Mating was 

first observed in cages 14 days after field-collection at 21 ± 2 °C 16L:8D, and the 

first egg batch was laid after 15 days. 
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Figure 3.1: Internal aedeagus 
structure of Chrysophtharta 
agricola. Scale bar represents 
approximately 0.5 mm. 

Figure 3.2: Male reproductive system of 
Chrysophtharta agricola, showing testis (t), 
accessory glands (ag) and aedeagus (a) . 
Scale bar represents about 0.5 mm. 

Figure 3.4: E-SEM of spermatozoa 
of Chrysophtharta agricola. Scale bar 
represents about 20 µm . 

Figure 3.3: Female reproductive system of 
Chrysophtharta agricola, showing ovarioles 
(o), calyx (c), lateral oviducts (lo), common 
oviduct (co), bursa copulatrix (be) and 
spermatheca (s) . Scale bar represents about 
0.5mm. 
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Figure 3.5: Days at 21°C, 16L:8D for 100% of Chrysophtharta agricola males 

(dashed lines) and females (solid lines) to obtain clear-yellow haemolymph ( +) 

and small fat body(•) and for females to attain mature ovarioles (•). 

3.3.2 Effects of pre- and post-overwintering mating: Twenty-five per cent of 

females had mated before overwintering and laid fertile eggs without remating. 

Females that had mated prior to overwintering did not begin laying eggs sooner 

than unmated females (t-test; t = 0.72; P = 0.49) (Table 3.3). The first eggs were 

laid after eight days, and all females, mated and unmated, were ovipositing after 

17 days (Figure 3.6). 
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Figure 3.6: Time taken for overwintering Chrysophtharta agricola females to 
initiate feeding (solid line) and ovipositing (dashed line) after exposure to high 
temperature and long photoperiod (n = 40). 

Female longevity recorded here for all mating treatments was higher than that 

obtained by Ramsden and Elek (1998) at 20 °C with constant exposure to males 

(Table 3.3). There was no significant difference in female longevity between 

mating treatments (ANOVA, F2,31= 1.4, P = 0.25). However, females that mated 

once after overwintering produced on average twice as many eggs as unmated 

females and females that mated before overwintering (Table 3.3). There was no 

correlation between female length and the number of eggs produced by unmated 

and pre-overwintering mated females (Pearson correlation, R = -0.03, P = 0.88), or 

for females that mated after overwintering (Pearson correlation, R = 0.06, P = 

0.87). 
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Table 3.3: Mean± s.e. egg production, hatch rate (range in parentheses), and the 
percentage of eggs laid in batches for Chrysophtharta agricola females that were 
unmated, and mated before or after diapause. Letters in each column denote a 
significant difference between treatments at P<0.05 (ANOVA, Fz 37 ). 

Treat- n Total eggs Eggs/day % eggs in Hatch(%) Longevity 
ment batch (days) 
Unmated 20 329.3 ± 51.7 3.9 ± 0.4 18.0 ± 4.8 none 79.4 ± 6.3 

(79-962) (1.8 - 7) (0-67) (31-147) 
a a a a a 

Mated 10 309.8 ± 77.0 5.3 ±I.I 83.6 ± 5.5 66.0 ± 8.8 55.8 ± 5.0 
before (24-744) (0.5 -9.5) (45.8 - 98.3) (4.2- 94.9) (31- 89) 
diapause a a b b a 

Mated 10 718.0±192.5· 8.8 ± 1.2 84.6 ± 6.2 73.4 ± 6.6 80.8 ± 22.3 
after (47 -1735) (5.9-15.6) (39.8- 99.1) (36-100) (8-199) 
di a pause b b b b a 

The hatch rate of the eggs of females that mated before overwintering was similar 

to that for females that mated after overwintering (2-way ANOV A, mating time 

Fi,66=2.14, P = 0.15), and although the average hatch rate of eggs of mated 

females began to decline after five weeks (Figure 3.7), it did not vary significantly 

(2-way ANOVA, week: F1,66= 1.58, P = 0.16). After death, 80 % of females that 

had mated before overwintering still had sperm stored in their spermatheca, 

compared with 50 % of females that had mated after overwintering, although this 

difference was not significant (2-way contingency table, x.,21 = 1.9, P = 0.16). 

Females whose sperm store ran out were the longest-lived in each treatment, apart 

from one female that lived for 90 days and still contained sperm upon death. 
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Figure 3.7: The average ± s.e. egg-hatch rate over time of Chrysophtharta 
agricola females that mated before (black) and after (grey) overwintering. 

3.4 Discussion 

3.4.1 Reproductive morphology: Overwintering in C. agricola was characterised 

by a blockage of the terminal portion of the alimentary canal, similar to C. 

bimaculata (Davies 1966). Hindwing colouration was used by de Little (1979) as 

a character for distinguishing between newly-emerged (from pupae) and 

overwintered, mature C. bimaculata. Coloured hindwings were also found here in 

mature, laboratory-reared C. agricola that had not overwintered, but hindwing 

colouration was nevertheless a useful character in determining the age of post-

teneral beetles. The most reliable, non-destructive physiological indicator of 

overwintering in both species was the colouration of haemolymph, which was 

deep pink-purple in overwintering adults and faded to clear-yellow as 
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development proceeded. Behavioural indicators of overwintering in the laboratory 

included lack of feeding, frass production, mating and oviposition. In the field, 

overwintering beetles were inactive, sheltering on the undersurface of individual 

leaves in litter on the forest floor. 

The amount of fat body was related to the reproductive developmental stage of C. 

agricola. Overwintering adults contained large quantities of fat that reduced 

gradually as development proceeded. The overwintering generation of Paropsis 

atomaria Olivier (Coleoptera: Chrysomelidae) similarly accumulates large fat 

reserves before entering reproductive diapause as sexually immature adults, and 

diapause termination and reproductive maturation is dependent upon the decline 

of fat body (Carne 1966; Tanton & Khan 1978; Cox 1994a). The fat body is the 

primary site of synthesis of haemolymph proteins (Chapman 1998), some of 

which are associated with overwintering (Koopmanschap et al. 1992; Salama & 

Miller 1992; Chapman 1998). Such proteins may also be responsible for the pink

purple colouration of the haemolymph in C. agricola. Decline of fat body is 

probably temperature-dependent: Davies (1966) found that overwintering C. 

bimaculata reached reproductive maturity faster at higher temperatures. 

The morphology and reproductive development of male and female C. agricola 

are similar to those of other chrysomelid beetles. Wellso (1972) described the 

developmental morphology of the cereal leaf beetle, Oulema melanopus (L.), 

which also undergoes reproductive diapause. The lateral and common oviducts of 

0. melanopus contain spines that facilitate the passage of eggs and are probably 
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similar in structure and function to the cilia reported here from the oviducts of C. 

agricola. No female accessory glands were found in C. agricola, suggesting that 

egg adhesive is probably produced by colleterial glands (Selman 1994a) associated 

with the walls of the oviduct (Wellso 1972; Chapman 1998). The pink-purple 

colour of the oviducts is caused by liquid within them, which may be associated 

with egg adhesion. Likewise, colleterial glands or the lateral oviducts may 

produce egg chorion structures (Hilker 1994; Selman 1994a). Male accessory 

glands opening into the vasa deferentia were present in C. agricola. 

'Retournement', a longitudinal ~ 180° rotation, of the aedeagus is prevalent in the 

Chrysomeloidea (Verma 1994), and was evident in C. agricola. 

The internal structure of the aedeagus may be involved in delivering sperm close 

to the site of storage and fertilisation (see Thornhill & Alcock 1983; Dickinson 

1997), or to remove rival sperm during copulation (Simmons 200lb). 

Chrysophtharta agricola females mate many times, and store sperm from several 

males in their spermatheca (Chapters 11, 12). Therefore, males that can place 

their sperm close to the site of fertilisation, or can manipulate their ejaculate to 

favour fertilisation may father more offspring; how (or whether) the internal 

aedeagus structure of C. agricola facilitates this process is unknown. 

3.4.2 Effect of pre- and post-overwintering mating: Bashford (pers. comm. in 

Ramsden & Elek 1998) thought that teneral C. agricola adults mate before 

overwintering, but this investigation showed that only 20 - 25 % of females 

carried sperm through overwintering. This strategy did not result in earlier 
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commencement of oviposition after overwintering, and lifetime fecundity was 

lower than that of females that mated once after overwintering. Mating stimulates 

egg production in many insect species (e.g. Sherwood & Levine 1993), and the 

long period (> 6 months) between mating and oviposition in C. agricola that 

mated before overwintering may reduce their fecundity to a similar level to that of 

unmated females (Table 3.3). 

Mating before overwintering may benefit females by eliminating the need to 

locate males on emergence from overwintering before fertile eggs can be 

produced, and may benefit males because their genes will be passed on even if 

they do not survive overwintering (sensu Stevens & McCauley 1989). Some 

Paropsis charybdis Stal females are also fertilised before overwintering (Steven 

1973). In the chrysomelid beetle, Plagiodera versicolora Laich, a significant 

number of females lay infertile eggs after overwintering, while some mate more 

than once before entering diapause (Stevens & McCauley 1989). Chrysophtharta 

agricola males terminated overwintering sooner than females and already had 

mature sperm, so receptive males may be present in the field when females 

emerge from overwintering. 

Complete sperm depletion occurred in 35% of females (i.e. mated before and after 

diapause) but only for the longest-lived females in those treatments. In Ramsden 

and Elek's (1998) laboratory study the majority of egg batches was laid in the first 

two weeks after collection of their adult cultures, and most oviposition among 

populations in the field occurs within ten weeks of emergence from overwintering 
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(Chapter 2). Furthermore, the experiments reported here involved only one 

mating after overwintering: beetles mate many times in the field and laboratory 

(Chapter 12), so sperm depletion is unlikely to occur under field conditions. 

Indeed, dissections of field-collected females showed sperm stored throughout the 

field season (Chapter 2). Females are thought to additionally lay infertile eggs to 

act as nutritional supplements for neonate larvae that consume the chorion and 

surrounding eggs (Selman 1994a). The majority (over 80%) of infertile eggs of C. 

agricola were laid singly. Even mated females that initially laid in batches began 

to lay eggs singly as their sperm supplies ran out. Orgyia pseudotsugata 

(McDonaough) (Lepidoptera: Lymantriidae) likewise oviposits infertile eggs in 

aberrant patterns (Swaby et al. 1987). I report on further investigation of the 

mating behaviour of C. agricola in Chapters 11 and 12, while Chapter 4 examines 

the environmental factors involved m the initiation and termination of 

overwintering. 
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CHAPTER 4: Induction and termination of reproductive 
diapause in Chrysophtharta agricola (Chapuis) (Coleoptera: 
Chrysomelidae) 

Abstract 

Chrysophtharta agricola (Chapuis) spends 6 - 7 months of its lifecycle sheltering 
in leaf litter as an adult in reproductive diapause. Beetles emerge in October -
November to feed, mate and oviposit, sometimes undergoing two generations. In 
this chapter I manipulated photoperiod and temperature to test their effects on the 
induction and termination of reproductive diapause in the laboratory, and 
conducted field studies for validation of results, and to examine patterns of 
voltinism. 

A critical photoperiod >12 and <16 hours of light was required to initiate 
diapause, although 55 % of beetles entered diapause in response to low 
temperature (9 °C) alone. High temperature (21 °C) subverted diapause in about 
20 % of adults at short photoperiods (8L:16D). Both sexes entered diapause at the 
same rate. Field observations and dissections of adult reproductive systems 
indicated that the critical photoperiod for diapause initiation is around 14 hours 40 
minutes of daylight or shorter. Thus, voltinism in C. agricola is a seasonally 
plastic trait dependent on the emergence time of teneral adults. 

Termination of diapause was primarily influenced by temperature, although 
photoperiod also had an effect at low temperatures. The average threshold 
temperature for overwintering beetles to initiate feeding was calculated as 6. 7 °C, 
while the threshold for oviposition was 7.4 °C (82.2 DD after feeding). 
Overwintering beetle numbers in the field positively correlated with the volume of 
leaf litter on the plantation floor. Beetles overwintering in the field apparently 
accumulated DD as the season progressed, with beetles collected later in the 
season requiring fewer DD to initiate feeding in the laboratory than those collected 
earlier. The total number of DD to which beetles were exposed was similar 
between the laboratory and field, suggesting that diapause termination is 
dependent upon around 435 DD accumulation above 6.7 °C, rather than a specific 
environmental cue. 
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4.1 Introduction 

Diapause is a period of suppressed metabolism, development, and/or reproduction 

in the lifecycle of some arthropods that allows them to persist in unfavourable 

conditions (Pedigo 1991). In the Chrysomelidae, adult reproductive diapause is 

characteristic (Danks 1987), and may be influenced by photoperiod, temperature, 

food quality, and/or moisture (see Tauber et al. 1986; de Kort 1990; Pullin & 

Knight 1992; J ayanth & Bali 1993), or, as in Psylliodes chrysocephala L., have no 

apparent external mediation (Saringer 1984). Intraspecific variation in the 

intensity of the effect of these factors is common. Consequently, the number of 

individuals that enter diapause within a population may vary (e.g. Nair & Desai 

1972, 1973; Horton & Capinera 1988), with some populations containing diapause 

and non-diapause traits (e.g. Golden & Meinke 1991), or short and prolonged 

diapause traits (e.g. Neilson 1962; Levine et al. 1992a, b). Selective pressure for 

the adoption of diapause varies considerably according to seasonal conditions, 

with genetic diversity allowing populations to persist in different climates. For 

example, different populations of the Colorado potato beetle, Leptinotarsa 

decemlineata (Say) (Coleoptera: Chrysomelidae), differ in their response to 

diapause cues (see Cox 1994a). 

Simmul and de Little (1999) likened the process by which L. decemlineata 

achieved significant pest status in the USA to the emergence of paropsine species 

as pests of eucalypt plantations in Australia. Intensive cultivation of eucalypts for 

hardwood forestry within Australia has resulted in native insects emerging as 

significant pests of plantations. The most economically important forestry pest in 
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Tasmania is Chrysophtharta bimaculata (Olivier) (Coleoptera: Chrysomelidae: 

Paropsini) (de Little 1989; Elliott et al. 1992, 1993, 1998), which attacks 

Eucalyptus regnans, E. delegatensis and E. nitens (de Little 1989). Eucalyptus 

nitens plantations are also under threat of potentially serious defoliation by C. 

agricola (Chapuis) (de Little 1989; Elliott et al. 1998; Ramsden & Elek 1998). 

Both species exhibit similar life cycles and both undergo reproductive diapause as 

adults. Chrysophtharta agricola is usually univoltine in Tasmania (Ramsden & 

Elek 1998; but see Chapter 2) and bivoltine in Victoria (Neumann 1993; Collett 

2001). Reproductive diapause in C. agricola is characterised by the absence of 

oocyte development and oviposition by females, and in both sexes, the absence of 

feeding, of frass production, and the presence of large fat bodies (Chapter 3). In 

the field, adults in reproductive diapause inhabit leaf litter, rather than plants 

(Chapter 2). Came (1966) found that in another eucalypt-defoliating paropsine, 

Paropsis atomaria Olivier, adults enter reproductive diapause in response to 

shortening day length, and emerge in response to depleted fat body, which occurs 

faster at higher temperatures. 

Knowledge of the overwintering biology and phenology of insect pests allows 

temporal prediction of activity and attack in the field, and is important in the 

development of reliable, long-term management methods (Tauber et al. 1986). 

Insect diapause can be studied most effectively at its onset and termination (de 

Wilde et al. 1959). Here, I investigate the influence of photoperiod and 

temperature on the initiation and termination of reproductive diapause of C. 

agricola under laboratory conditions with the aim of predicting emergence, 
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feeding and oviposition in the field. The results of field monitoring and 

dissections of field-collected females at two sites are further used to validate 

laboratory findings on diapause induction and termination. 

4.2 Materials and Methods 

Initiation of diapause 

4.2.1 Manipulating photoperiod and temperature: Chrysophtharta agricola 

originating from the Florentine Valley, Tasmania (42°38'S 146°29'E) were reared 

in a laboratory culture maintained at 21± 2 °C, 16L:8D photoperiod, on juvenile 

E. nitens foliage. Pre-pupae were removed from the culture and placed in round 

plastic cages (approximately 10 cm diameter) in a constant temperature cabinet at 

18 °C, 12L: 12D, where they pupated. I removed teneral adults within 24 hours of 

emergence into single petri dishes (85 mm diameter) with a piece of moist filter 

paper (ea 1418 mm2
) and a fresh piece of young, juvenile E. nitens foliage. Petri 

dishes were placed in airtight plastic containers to slow desiccation and these were 

housed in constant temperature cabinets at different photoperiod and temperature 

combinations. Thirty adults were exposed to each treatment: 21 °C, 16L:8D; 21 

°C, 8L:16D; 8 °C, 16L:8D; 8 °C, 8L:16D; and 18 °C, 12L:12D. Petri dishes were 

cleaned twice each week and the filter paper and foliage was replaced. 

Experiments continued for forty weeks or until adults died, whichever was sooner. 

At each foliage replacement, replicates were monitored for feeding, frass 

production and oviposition, and the hardness of beetles' elytra was described (soft, 

medium or hard; measured by laterally compressing elytra with soft forceps). 

Beetles that died within 12 weeks of the start of the experiment were excluded 
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from analyses. Adults were deemed to be in diapause only if feeding ceased for at 

least 14 consecutive days. Teneral beetles did not begin feeding immediately in 

the colder temperature treatments. Hence, 'days to diapause' was calculated from 

when feeding had begun, instead from the start of exposure to treatment 

conditions. Data were analysed using a Kaplan-Meier curve (Kaplan & Meier 

1958) and non-parametric pairwise comparisons were made to determine 

differences between treatments at P < 0.05. 

4.2.2 Field validation: Pre-overwintering, teneral adults were collected every two 

weeks from two field sites, Frankford (41°20'S 146°45'E) in northern Tasmania, 

and the Florentine Valley in southern Tasmania between December and March 

1999-2000, 2000-2001 and 2001-2002. Teneral adults are easily distinguished 

from their parental generation because they posses a bright red elytral rim (de 

Little 1979). Each adult was collected into a separate plastic vial and brought to 

the laboratory where it was killed by freezing and then sexed. For the 1999-2000 

season, males and females were dissected to record the state of their reproductive 

systems and fat body, but for subsequent seasons, only females were dissected. 

Females' mated status was determined by conducting spermathecal squashes 

under a phase-contrast compound microscope (x 400), and the condition 

(immature, intermediate, or mature) of their ovaries, and size (0 - 5 scale, where 

zero represented no fat, and five described maximum fat body size) of their fat 

body was noted. Ovarian development and fat body data were used to estimate the 

time at which reproduction ceased and overwintering began, and hence, to 

estimate the critical photoperiod in the field. 
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A field sample taken on 25 February 2002, when adults were first entering 

diapause, comprised 92 C. agricola collected from leaf litter (overwintering) and 

131 adults from trees (pre-overwintering). The haemolymph colour of a sub-

sample (n = 10) of each was observed by puncturing the pronotum. I also 

compared the maximum length (measured from mid-point of clypeus to posterior 

tip of elytra using a digital caliper (± 0.1 mm)) of males and females, and the 

average fat body size and mated status of females between pre-overwintering and 

overwintering stages. Mating status was determined by removing the spermatheca 

and squashing it under a glass coverslip on a microscrope slide and viewing the 

contents under phase-contrast microscopy (x 400). 

4.2.3 Modelling oviposition by teneral females: Day-degree (DD) development 

for the duration of pre-oviposition period was calculated using data for females 

from the 21 and 9 °C, 16L:8D treatment in the above section. Cumulative DD 

calculations using field temperature data from the Florentine Valley and Frankford 

were used to determine the pre-oviposition period of newly-emerged adults using 

the following formula: 

DDt = [(max1 + min1)/2]-K 

Where t = daily temperature (°C) 
K = threshold temperature (Table 4.2) 

Pre-oviposition period was thus determined by summing daily DD until the 

required number of DD (Table 4.2) was reached. 
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Using the hypothesised critical photoperiod (determined from field data as above) 

and field temperatures from the Florentine Valley and Frankford, the appearance 

of adults in the field, first and last oviposition, appearance of large fat bodies and 

the predicted first and last oviposition were plotted for three field seasons to see 

how well the predictions fit the field data. 

Termination of diapause 

4.2.4 Manipulating photoperiod and temperature: Overwintering adults were 

collected in July 2000 from the leaf litter of three eucalypt plantations: 3-4 year 

old E. nitens plantations at the Florentine Valley and Frankford, and a 10 year old 

E. globulus plantation at Parkham (41° 25' S 146° 37' E). Field-collections were 

supplemented with adults overwintering in an outdoor cage, which were provided 

potted E. nitens saplings under natural light and temperature conditions. I 

determined the sex of adults using tarsal differences and placed them as before 

into separate petri dishes with filter paper and foliage, which were divided 

between the same five light/temperature combinations described above for 

initiation experiments. Twelve replicates were conducted for each treatment, with 

4 - 8 of each sex per treatment, except the 21 °C, 16L: 8D treatment, for which 

only five replicates (3 r3, 2 ~) were conducted because Chapter 3 provides results 

of holding overwintering C. agricola adults at that temperature and photoperiod. 

Replicates were checked twice each week for feeding, frass production and 

oviposition, and the filter paper and foliage were chang~d on these occasions. 

Treatments continued until adults died, at which point I dissected them to observe 

their reproductive systems. 
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4.2.5 Threshold temperature for feeding and oviposition: The relationship 

between temperature and time for overwintering beetles to initiate feeding was 

examined using six temperatures (9 °C, 12 °C, 15 °C, 18 °C, 21 °C and 25 °C) at 

16L:8D photoperiod. Overwintering beetles were collected from the leaf litter of 

a E. nitens plantation at Frankford, on 28 August 2001, and returned to the 

laboratory and sexed. Five males and five females were held at 12 °C, 15 °C, 18 

°C, and 25 °C in separate petri dishes with fresh E. nitens foliage and moist filter 

paper, while five males were held at 9 °C and two females and four males were 

tested at 21' °C. Petri dishes were monitored daily for feeding and oviposition. 

Time to egg production was calculated as the number of days taken to produce 

eggs after feeding began (i. e. after diapause termination). The threshold 

temperature for egg production was determined by regressing 1/days to oviposit 

post-feeding against temperature. 

The relationship between temperature and diapause termination was also 

examined by holding overwintering beetles at a series of low temperatures to 

determine whether there was a threshold temperature below which day degrees 

(DD) accumulation ceased. Overwintering beetles were collected from the leaf 

litter of a E. nitens plantation at Frankford in May 2001. Nine beetles were each 

placed at 2 °C, 4 °C, 6 °C, and 9 °C in complete darkness. Because I was unable 

to provide light in the cold treatments, a control treatment of nine beetles at 9 °C 

with 16L:8D photoperiod was also established. After sixty days of exposure to 

treatment temperatures, the beetles at 2 °C, 4 °C, 6 °C and 9 °C in darkness were 

transferred to 9 °C 16L:8D and the number of days to feeding was recorded. 
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4.2.6 Emergence traps & field sampling: Three E. nitens plantations aged 3, 6 

and 9 years, each within 100 m of each other at Frankford, were sampled for 

overwintering beetles using emergence traps in 2001, and litter searching in 2002. 

Emergence traps comprised a 1 m2 plot over which was erected a gauze net 

pyramid, buried approximately 10 cm into the soil at the base. The gauze pyramid 

was about 90 cm high, and peaked at a 3 cm diameter L-shaped tube which led to 

a collection bottle. Insects emerging from the leaf litter within the quadrat 

climbed into the collection bottle and were preserved in 70 % ethanol contained 

therein. Five replicate traps were erected in each of the three plantations. 

Trapping commenced prior to beetle emergence in the field, and collection vessels 

were cleared and replaced with fresh ethanol every two weeks from early October 

2001 until beetle emergence ceased. 

Litter searches were conducted on 10 June 2002 in each of the three plantations. 

Random plots were assigned by throwing a plastic vial into the plantation, and 

using its landing place as the centre of a lm2 quadrat. The leaf litter within the 

quadrat was systematically searched for overwintering C. agricola and the 

approximate volume of litter was measured in 10 L buckets. Five replicate 

quadrats were conducted for each plantation age. The number of beetles 

recovered was compared between sampling methods and plantation ages. 

Field sampling the above E. nitens plantations at Frankford on 8 October 2001 

showed that some C. agricola adults were present on trees (post-overwintering), 

while some remained overwintering in leaf litter. Fifty-seven adults from trees 
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and 137 adults from litter were collected and returned to the laboratory where they 

were killed by freezing, and sexed. The maximum length of males and females 

was measured using a digital caliper (± 0.1 mm). All females were dissected to 

examine the development of their reproductive systems, size of fat body and 

mated status to test for differences between those that had emerged and those that 

still overwintered. 

4.2. 7 Predicting diapause termination: Using the estimated threshold obtained 

above, DD requirements for the time beetles took to feed and produce frass in the 

above experiments were calculated, using only those at l 6L: 8D to standardise the 

effect of photoperiod. The probe of a data-logger (Tinytalk TK-0063, Hastings 

Data Loggers) was placed in leaf litter of a 5-year old E. nitens plantation at about 

10 mm depth and temperatures were recorded hourly between March 19 and 

October 8, 2001. Threshold temperatures estimated from the above experiments 

were used to calculate the number of DD available in the field, and these data 

were used to estimate the timing of beetle emergence from overwintering in 

spnng. 

4.3 Results 

Initiation of diapause 

4.3.J Manipulating photoperiod and temperature: No beetles exposed to 21 °C 

16L:8D entered diapause, and all beetles exposed to 9 °C 8L:16D entered 

diapause (Table 4.1 ). There was no significant difference between males and 

females for the time to cease feeding within treatments (2-way ANOV A, F 1,61 = 
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0.19, P = 0.66), but the number of days spent feeding before entering diapause 

differed significantly among treatments (2-way ANOVA, F3,61 = 74.2, P < 0.001), 

with no significant interaction (F3,61 = 0.85, P = 0.47). Sexes were pooled for 

subsequent analyses. 

Table 4.1: Time taken (days) for teneral Chrysophtharta agricola adults to cease 
feeding and frass production(= diapause initiation), and the percentage of beetles 
in each treatment which entered diapause at five temperature/photoperiod 
combinations. Different letters denote significant differences at P< 0.05 (Fisher's 
LSD post-hoe test). 
Temp- Photo-
erature period 
(°C ) (L:D) 
21 16:8 

21 8:16 

18 12:12 

9 16:8 

9 8:16 

Mean ± s.e. days to 
cease 
feeding (range) 
did not cease 

39±4a 
(24-97) 
51±3 b 
(31- 87) 
114 ± 5 c 
(84-136) 
82±4d 
(56-112) 

% in diapause 
(total n) 

0 (23) 

80 (25) 

79 (28) 

56 (18) 

100 (17) 

% females laying 
without diapause 

100 

28 

0 

20 

0 

A Kaplan-Meier curve (Kaplan & Meier 1958) usmg the probability of not 

entering diapause over time was generated (Figure 4.1 ), which showed that more 

beetles at 8L:16D and 12L:12D photoperiods entered diapause sooner than those 

at 16L:8D. Non-parametic pairwise comparisons revealed that the probability of 

not entering diapause was not significantly different for beetles at photoperiods 

12L:12D and 8L:l6D, but that temperature also affected the time to enter 

diapause, with 21 °C 16L:8D and 9 °C 16L:8D significantly different from each 

other (Figure 4.1). Thus, photoperiod is the primary environmental factor 

involved in diapause initiation, but temperature has a secondary influence. 
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Figure 4.1: Kaplan-Meier curve showing the probability over time of 
Chrysophtharta agricola adults not going into diapause at five 
temperature/photoperiod combinations. Different letters denote significant 
differences at P<0.05. 

A similar pattern emerged for oviposition to that for the time to cessation of 

feeding. At 21 °C 16L:8D 100 % of females laid eggs; at 9 °C 8L:16D no 

females oviposited before entering diapause (Table 4.1 ). The oviposition response 

varied for the intermediate treatments, and no females held at 18 °C, 12L:12D laid 

eggs, although 18 °C is warm enough for oviposition (unpublished data). When 

the trial concluded, I transferred 5 females from the 18 °C, 12L:12D treatment to 

21 °C 16L:8D, and all commenced laying 'Yithin 14 days. Further, I adjusted the 
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photoperiod on the CT cabinet in which the 18 °C, 12L:12D treatment had been 

conducted to 16L:8D, and all remaining females then oviposited. Elytra became 

hard sooner at higher temperatures, and this was described by the linear response 

presented in Table 4.2. 

Table 4.2: Developmental thresholds and thermal requirements for new 
Chrysophtharta agricola adult~ to initiate ovipositing and to develop hard elytra. 
Development Regression R2 Lower Degree-
stage n equationa Significance temperature days 

threshold (0 C) 
New adults 
Time to lay 18 y = -0.0415 + 0.87 7.4 179 
(teneral ~) 0.0056x p < 0.001 

Teneral-hard 130 y = -0.0496 + 0.99 6.6 133 
elytra ( ~ & d') 0.0075x p = 0.005 

aTemperature range 9-25 °C. Linear regression model: y =a+ bx where y is rate 
of development (I/days), x is temperature (°C), a is the intercept, and bis the 
slope. 

4.3.2 Field validation: Dissections of field-collected beetles supported the 

laboratory results, witJ;i photoperiod identified as the key factor involved in 

diapause initiation for C. agricola. The longer the photoperiod at the time C. 

agricola emerged from pupation, the more likely females were to develop eggs 

(Table 4.3, Figure 4.2). Average daily temperatures between December 20 and 

March 20 for the three field seasons show that the 2001 - 2002 season was not as 

warm as the previous two (Figure 4.2). Nevertheless, a second generation was 

produced at Frankford in 2001 - 2002. The warmest season (2000 - 2001) was 

that during which new adults laid eggs at both sites. 
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Table 4.3: Dates of collection of teneral Chrysophtharta agricola adults and their 
eggs in the field at two sites over three summers, and corresponding photoperiod 
(hr:min) and temperature (°C). 
FRANKFORD 1999-2000 2000-2001 2001-2002 
Teneral adults first collected 26 Jan 27Dec 2Jan 
(photoperiod hr:min) (14:29) (15:09) (14:52) 

Teneral adults first laymg Didn't lay 8 Jan 29 Jan 
(photoperiod hr:min) (15:00) (14:24) 

Range of average daily temperatures 11.95 -23.5 10.4-22.5 7.8-15.6 
December (°C) 
Range of average daily temperatures 9.75 -23.3 13.7 -23.6 8.8 - 18.9 
January (0 C) 
FLORENTINE VALLEY 1999-2000 2000-2001 2001-2002 
Teneral adults first collected 31 Jan 17 Jan 4Feb 
(photoperiod hr:min) (14:28) (15:06) (14:16) 

Teneral adults first observed laying 'Didn't lay 17 Jan Didn't lay 
(photoperiod hr:min) (15:06) 

Range of average daily temperatures 8.4-21.0 8.6-20.4 5.7-14.7 
December (0 C) 
Range of average daily temperatures 8.7 -22.8 8.9-22.9 7.7-16.7 
January (0 C) 
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Figure 4.2: The average daily temperatures (black) and photoperiods (grey) 
(approximate hours of light) for (A) the Florentine Valley and (B) Frankford 
between 20 December and 20 March, 1999 - 2002. 

Dissections of field collected females showed when (or whether) reproduction 

occurred in each season, and when fat bodies became enlarged under field 

conditions. The age of teneral females collected in the 2000 - 2001 and 2001 -

2002 field seasons was divided into three age-classes: soft, medium and hard, 

depending on the rigidity of their elytra, which was tested by compressing the 

elytra laterally between a pair of forceps. Around 133 DD are required for beetles 

to attain hard elytra (Table 4.2), and soft beetles represent those which have most 

recently emerged from pupation. No soft beetles had any ovarian development, 

and none had mated (n = 297). Age-classes were presented as a proportion of the 

total teneral females collected on each sample date in Chapter 2, and the 

proportion of "hard" females that contained mature ovarioles with mature oocytes 
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on each collection date reduced as the season progressed (Figure 4.3). The 

percentage of females with mature oocytes peaked later at the Florentine Valley 

than at Frankford. Photoperiods were slightly longer at the Florentine Valley than 

at Frankford because of the Florentine Valley's greater latitude; whether this 

would be enough to delay the initiation of diapause is unclear. 

The comparison between pre-overwintering and overwintering beetles collected in 

February 2002 showed that overwintering C. agricola had deep purple 

haemolymph and pre-overwintering beetles had yellow-brown haemolymph (n = 

10 each; see Chapter 3). The mean fat body size of beetles collected from trees 

was significantly smaller than that of beetles collected from litter (Table 4.4) (t

test, t116 = 10.4, P < 0.01). There was no difference between the proportions of 

pre-overwintering and overwintering beetles that had mated (2-way contingency 

table, -/1= 0.23, P = 0.6). There was no significant difference between the size of 

pre-overwintering and overwintering females (t-test, t115 = 0.3, P = 0.76) or males 

(t-test, t104 = 0.2, P = 0.86), but males were significantly smaller than females (t

test, t221 = 7.6, P < 0.01) (Table 4.4). 
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Table 4.4: Mean body lengths (± s.e.) of males and females, and fat body size 
and proportion mated for females of Chrysophtharta agricola collected 25 
February 2002 from trees (pre-overwintering) and the leaf litter (overwintering) 
of Eucalyptus nitens plantation at Frankford. Different letters across rows denote 
significant differences at P < 0.05 (see text). 

Length of males (mm) 
(range) 
n 

Length of females (mm) 
(range) 
n 

Mean female fat body size (range) 

% females mated 

100 

90 

80 

Ill 70 Cll 
Cl 
Cll 
.r:. 60 -'i 

50 Ill 
Cll 
iii 
E 40 
.e 
~ 0 30 

20 

10 

0 

Pre-overwintering 
8.3 ± 0.7 a 
(6.7-9.5) 
65 

8.8 ± 0.7 b 
(7.6-9.9) 
66 

2.6 (0-5) a 

34.4 a 

Overwintering 
8.3 ± 0.7 a 
(7.4- 9.2) 
41 

8.9 ± 0.6 b 
(7.9- 10.0) 
51 

4.8 (3-5) b 

39.2a 

• Frankford 00-01 
• Frankford 01-02 
.._ Florentine 00-01 

4-Jan 14-Jan 24-Jan 3-Feb 13-Feb 23-Feb 5-Mar 15-Mar 25-Mar 

Figure 4.3: The percentage of mature (hard) Chrysophtharta agricola adult 
females from the first larval generation with mature ovarioles for field seasons and 
sites at which such adults laid eggs. 
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4.3.3 Modelling oviposition by teneral females: There was no significant 

difference between the time for teneral beetles and overwintering beetles to 

produce eggs after feeding at 21 °C, 16L:8D (t-test, t17 = 0.7, P = 0.49), so the 

mean threshold temperature for oviposition was estimated at 7 .6 °C (Table 4.2), 

and this was used for DD calculations. About 180 DD were needed for egg 

production. To estimate the critical photoperiod for diapause initiation, I took the 

mid-point of the two apparent minimum photoperiods for oviposition or no

oviposition by teneral females (see Table 4.3) (i.e., beetles emerging around 14h 

28min daylight did not lay; but those emerging around 14h 52min did lay, so I 

assumed the critical photoperiod to be around 14h 40min), and used this to model 

the diapause response in the field. Using the first appearance of teneral adults in 

the field, the actual and predicted times for oviposition were mapped (Figure 4.5). 

Predictions were based on the accumulation of DD in the field above the 

thresholds calculated in the previous experiments. The collection dates on which 

beetles with large fat bodies were first present (based on dissections of field

collected beetles) were also plotted for each field season. Predictions usually fell 

within a week of the actual dates (Figure 4.5), with the exception of fat body 

build-up at the Florentine Valley in 1999 - 2000, the prediction of which was 12 

days out, and for oviposition at the Florentine Valley in 2000 - 2001. The latter 

deviation was because teneral adults were already ovipositing on the first date that 

they were collected, suggesting they were detected in the field later than they first 

appeared. 
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Termination of diapause 
4.3.4 Manipulating photoperiod and temperature: Males and females did not 

differ in the time taken to initiate feeding within treatments (2-way ANOVA, F1,36 

= 0.06, P = 0.81), so sexes were pooled for subsequent analyses. There were 

significant differences in the time taken to initiate feeding between 

light/temperature treatments (1-way ANOVA, F4,41 =51.2, P < 0.001) (Table 4.5). 

The three. warmer temperatures did not differ significantly from each other for the 

time taken for beetles to begin feeding, but the 9 °C treatments were significantly 

different (Fisher's LSD post-hoe test) suggesting that temperature and photoperiod 

both influence diapause termination. Nevertheless, there was a large variation in 

response times within treatments. 

Table 4.5: Average time (days)± s.e. for overwintering Chrysophtharta agricola 
to initiate feeding and frass production at five photoperiod/temperature treatments 
(range in parentheses). Different letters denote significant differences at P < 0.05. 
Temperature Photoperiod n Days to initiate feeding 
°C L:D 
21 
21 
18 
9 
9 

16:8 
8:16 
12:12 
16:8 
8:16 

5 4.4± 1.6 (3 - 10) a 
10 8.0 ± 2.4 (3 - 24) a 
12 6.1 ± 1.2 (3 - 14) a 
10 49.9 ± 6.8 (15 - 80) b 
10 72.9 ± 6.1 (39-98) c 

I further examined the effect of photoperiod and temperature using a 2-way 

ANOV A for just the 9 and 21 °C treatments. This showed that temperature and 

light affected diapause termination (temperature: F1,30 = 96.7, P < 0.001; light: 

F1,3o = 5.2, P = 0.03; interaction: F 1,3o = 3.5, P = 0.07). Although at warmer 

temperatures photoperiod appeared not to affect the time to feeding (Table 4.5), 

shorter photoperiods slightly increased termination time, while at 9 °C beetles 
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took significantly longer to emerge from diapause at a short photoperiod 

compared with those at a long photoperiod. 

Once feeding began, the time to produce eggs varied greatly between individuals 

within the five temperature/photoperiod treatments, but only the 18 °C 12L:12D 

treatment differed from the rest (I-way ANOVA, F4,12 = 7.1, P = 0.004; Fisher's 

LSD post-hoe test) (Table 4.6). However, pre-oviposition period calculated from 

the first day of exposure to the treatments was significantly different between 

other treatments (1-way ANOVA, F4,12 = 7.9, P = 0.002; Fisher's LSD post-hoe 

test) (Table 4.6). For the 9 and 21 °C treatments, temperature and light separately 

influenced the time to oviposit from exposure (2-way ANOVA, F1,s = 38.9, P < 

0.001; F1,8 = 10.7, P = 0.011, respectively), but there was no interaction between 

them (F1,s = 0.35, P = 0.57). Females held at 18 °C, 12L:12D produced 

significantly fewer eggs than those in the other treatments (1-way ANOVA, F4,12 = 

3.7, P = 0.04) (Table 4.6). 
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Table 4.6: Pre-oviposition times and fecundity of female Chrysophtharta agricola at different light/temperature treatments, calculated from 
cessation of overwintering (i.e. feeding & frass production). Different letters in each column denote significant differences at P < 0.05. Data are 
presented as mean ± s.e., with the range in parentheses. 

Treatment n 
21 °C 16L:8D 2 

21 °C 8L:16D 4 

18 °C 12L:12D 5 

9 °C 16L:8D 3 

9 °C 8L:16D 3 

Days to lay from start of experiment 
14 ± 0 (14) 

a 

44.5 ± 9 .4 (24 - 63) 
ac 

97 ± 17.2 (56 - 122) 
b 

78.3 ± 13.9 (67 -101) 
be 

119.8 ± 12.7 (98 - 150) 
b 

Days to lay after feeding 
7.5 ± 4.9 (4-11) 

a 

24.7 ± 7.4 (14-35) 
a 

91.2 ± 16 (53 - 119) 
b 

30 ± 9.2 (21 -45) 
a 

39.0 ± 14.6 (14- 73) 
a 

Lifetime fecundity/female 
235 ± 192 (100-371) 

a 

208.5 ± 74 (41 -351) 
a 

27.2 ± 6.3 (12 - 39) 
b 

321 ± 105 (211 -490) 
a 

168.3 ± 72.2 (68 -272) 
a 



To further examine the duration of overwintering in C. agricola the length of time 

that beetles from the initiation experiments in the previous section spent in 

diapause was also determined (Table 4.7). Here, the effects of photoperiod and 

temperature were less apparent but still suggest that photoperiod and temperature 

each influence the time spent in diapause. 

Table 4.7: Average time (days) ± s.e. that Chrysophtharta agricola spent not 
feeding (i.e. in diapause) at five photoperiod/temperature treatments (range in 
parentheses). Different letters denote significant differences at P < 0.05. 
Temperature Photoperiod n Days in diapause 
°C L:D 
21 
21 
18 
9 
9 

16:8 
8:16 
12:12 
16:8 
8:16 

23 0 
21 38.9 ± 3.7 (14 - 72) a 
23 54.6 ± 4.5 (17-91) b 
9 47.4 ± 8.4 (21 - 84) ab 
17 57.1±4.6 (25 - 84) b 

4.3.5 Threshold temperatures for feeding & oviposition: There was a significant 

positive relationship for the time taken for beetles to initiate feeding, and for 

females to oviposit at temperatures of9 °C and above (Table 4.8). 

Table 4.8: Developmental thresholds and thermal requirements for overwintering 
Chrysophtharta agricola females to initiate feeding and oviposition. 
Development stage Regression R2 Lower 

Time to feed from 
overwintering 

Time to lay from 
overwintering 

Time to lay from 
feeding (post
overwintering) 

n equationa Significance temperature 

25 

25 

25 

y = -0.0816 + 
O.Ol36x 

y=-0.0496 + 
0.0075x 

y = -0.1194 + 
0.0163x 

threshold (0 C) 
0.89 6.0 
p = 0.004 

0.98 6.6 
p < 0.001 

0.95 7.4 
p = 0.001 

Degree
days 

74 

133 

61 

aTemperature range 9 - 25 °C. Lmear regression model: y = a +bx where y is rate of 
development (1/days), x is temperature (0 C), a is the intercept, and bis the slope. 
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However, heat unit accumulation altered when beetles were exposed to very low 

temperatures, as there was no significant relationship between the time to initiate 

feeding and temperature for beetles held at 2, 4, 6 and 9 °C for sixty days (linear 

regression, R2 = 0.7, P = 0.17). There was no significant difference in the time to 

start feeding once transferred to 9 °C between beetles kept at initial temperatures 

2, 4, and 6 °C for sixty days, or between beetles kept initially at 9 °C in the light 

or dark, but the time to start feeding for those held at 6 °C or lower differed 

significantly from those held at 9 °C since field collection (ANOVA, F4,33 = 55.3, 

P < 0.001) (Fisher's LSD post-hoe test, Figure 4.6). DD accumulation did not 

occur at these low temperatures because beetles held at 6 °C or lower took the 

same length of time to begin feeding after transfer to 9 °C. However, these beetles 

(held at 6 °C or less) terminated diapause nearly twice as fast at 9 °C than beetles 

held at 9 °C since field collection, suggesting that some changes took place during 

exposure to low temperatures. 
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Figure 4.6: Average(+ s.e.) days for overwintering Chrysophtharta agricola to 
feed at 9 °C at 16L:8D (L) and complete darkness (D) following field collection. 
All beetles were collected from the field on the same date. The 2, 4, 6 °C 
treatments comprised beetles held at those temperatures in darkness for 60 days 
before transferral to 9 °C 16L:8D. Different letters above bars denote significant 
differences at P < 0.05 . 

4.3.6 Emergence traps &field sampling: Beetle appearance in emergence traps 

was first recorded on 8 October 2001 , and continued over a long period until early 

December, peaking in early November (Figure 4. 7). Significantly more beetles 

emerged from the litter of the 9-year old E. nitens plantation than from the litter of 

3-year old and 6-year old plantations (ANOVA, F2,12 = 6.8, P = 0.01). The same 

pattern emerged from litter samples (ANOVA, F2,12 = 6.8, P = 0.01), and the 

number of beetles collected using either collection method did not differ (t-test, t28 

= 0.2, P = 0.85) (Figure 4.8). Significantly more leaf litter was collected from the 

9-year old plantation than from the younger plantations (ANOVA, F2,12 = 16.6, P < 
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0.01), and the volume oflitter was correlated with the number of beetles collected 

from within a 1 m2 quadrat (P~arson correlation, R = 0.83, P < 0.01). 
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Figure 4.7: Emergence trap catches of Chrysophtha.rta agricola adults following 
overwintering from 3, 6 and 9-year old Eucalyptus nitens plantations at Frankford 
between 8 October 2001 and 2 January 2002. 
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Figure 4.8: Mean+ s.e. number of overwintering Chrysophtharta agricola adults 
collected from adjacent 3, 6 and 9-year old Eucalyptus nitens plantations using 
emergence traps (black) and litter sampling (white), and the average± s.e. volume 
of leaf litter collected from a 1 m2 quadrat from each plantation. Different letters 
denote significant differences between plantations for bars and lines at P < 0.05 
(see text). 
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Size did not affect the time to terminate reproductive diapause. The collection of 

beetles in mid-spring showed no significant difference between the length of 

beetles collected from leaf litter (overwintering) or from trees (post-

overwintering) (females, t-test, t19 = 0.7, P = 0.5; males, t-test, tio7 = 1.5, P = 0.15) 

(Table 4.9), but males were significantly smaller than females (t-test, tiss = 5.7, P 

< 0.01). There were equivalent proportions of overwintering and post-

overwintering males and females (2-way contingency table, x2
1= 1.9, P = 0.16). 

The mean fat body size of overwintering females was significantly higher than 

that of post-overwintering females (t-test, t79 = 9.6, P < 0.01), and significantly 

more post-overwintering females had mated than overwintering females (2-way 

contingency table, x2
1= 20.2, P < 0.01). The gut of all females collected from 

trees contained fresh leaf material, whereas the guts of all females collected from 

leaf litter was blocked with a pellet of creamy mush (see Chapter 3; Nahrung & 

Reid 2002). 

Table 4.9: Mean body lengths (± s.e.) of males and females, and fat body size 
and proportion mated for females of Chrysophtharta agricola collected 8 October 
2001 from leaf litter (overwintering) and trees (post-overwintering) of Eucalyptus 
nitens plantation at Frankford. Different letters across rows denote significant 
differences at P < 0.05 (see text). 

Overwintering Post-overwintering 
Length of males (mm) 7.9±0.5 a 8.04 ± 0.5 a 
(range) (6.4- 8.6) (7.0-9.0) 
n 72 37 

Length of females (mm) 8.4 ± 0.2 b 8.55 ± 0.1 b 
(range) (7.1 - 9.2) (6.9- 9.7) 
n 61 20 

Fat body size (range) 2.2 (1-4) a 0.5 (0-1) b 

% females mated 28 a 85 b 
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4.3. 7 Predicting diapause termination: The time taken for field-collected, 

overwintering beetles to terminate diapause differed depending on collection time, 

although the total DD to which beetles were exposed (field + laboratory) was 

similar (Table 4.10). 

These data suggest that overwintering beetles accumulate DD during 

overwintering (i.e. beetles in diapause do not represent a developmental zero), and 

therefore the temperatures experienceu by ove1wintering beetles affect their time 

to termination in laboratory experiments. Comparisons of laboratory development 

times therefore require the assumption that beetles collected from the same site 

hav~ experienced similar overwintering temperatures. The average number of DD 

between the beginning of diapause in the field and termination in the laboratory 

after field-collection ( 432) (Table 4.9) is close to the number of DD in the field 

between March and October ( 487), suggesting that beetles simply require around 

that number of DD to initiate feeding. 
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Table 4.10: Estimated lower temperature thresholds and DDs for termination of diapause in Chrysophtharta agricola collected from the field at 
different times and held at long photoperiods and a range of temperatures. The estimated number of DD that beetles were exposed to in the field 
prior to collection is presented in the final column, where the number in parentheses is the estimated total ofDD experienced. 
Collection date n Regression equationa R2 Lower temperature Degree-days DD in field 

May2001 
(cold t'ments) 

July 2001 
(termination 
experiment: 16L:8D and 
12L:12D) 

August2001 
( 6 temperature/ 
threshold experiment) 

September 2001 
(mating experiment: see 
Chapter 11) 

15 

24 y = - 0.1315 + 0.016x 

51 y=-0.0731 +0.0138x 

43 = - 0.1733 + 0.0261x 

Initiation experiment (16:8 32 
and 12:12) 

Significance threshold to feed prior to collection (total DD) 

163.2 264 (437) 

0.93 8.2 62.5 333 (395.5) 
p < 0.001 

0.94 5.3 72.4 377 (449.4) 
p < 0.001 

0.99 6.6 38.3 406 (444.3) 
p < 0.001 

393.5 (393.5) 

aTemperature range 9 - 25 °C. Linear regression model: y =a+ bx where y is rate of development (1/days), x is temperature (°C), a is the 
intercept, and b is the slope . 
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Figure 4.9: Average daily temperature in the leaf litter, and the hours of daylight 
at a Eucalyptus nitens plantation at Frankford between March 19 and October 4, 
2002. The dotted line shows the approximate threshold temperature below which 
DD accumulation ceases. 

4.4 Discussion 

Initiation of diapause 
Photoperiod was identified as the most important cue for induction of 

reproductive diapause in C. agricola, and temperature had an additional 

modifying effect on diapause initiation. This response is typical of "long day" 

species, which enter diapause after exposure to a critically short photoperiod (Cox 

1994a), diapause during the winter and reproduce and undergo morphogenesis 

under long-day conditions of late spring and early summer (Danilevsky et al. 

1970). Photoperiod is considered the most important and seasonally reliable 

factor that influences diapause in insects (Tauber & Tauber 1976; Tauber et al. 

1986), and is regarded as a "token stimulus" (de Wilde 1962) because it serves as 
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an indicator of seasonality rather than directly affecting an insect's ability to 

resume morphogenesis. Temperature is considered the second most influential 

environmental regulator of diapause (Tauber et al. 1986) and, unlike photoperiod, 

has a direct effect on an organism's growth and development. Paropsis atomaria 

Olivier, another species of paropsine chrysomelid beetle that feeds on eucalypts, 

also enters reproductive diapause in response to shortening day-length (Carne 

1966). 

While in some species the larval or pupal stage is sensitive to environmental cues 

for diapause induction, teneral adults are the responsive stage for C. agricola. 

Likewise, newly-emerged P. atomaria adults were the stage responsive to 

photoperiod cues for its reproductive diapause (Carne 1966). The laboratory trials 

presented here suggested a critical photoperiod between 12 and 16 hours of light 

for C. agricola, and field monitoring placed the critical photoperiod at 

approximately 14 hours 40 minutes oflight: around 18 - 24 January in Tasmania. 

The critical photoperiod may vary with latitude, as for Colorado potato beetle 

(Tauber et al. 1988) since C. agricola is bivoltine in mainland Australia 

(Neumann 1993; Collett 2001). The critical photoperiod identified in Tasmania 

occurs sooner in mainland Australia (e.g. 5 January at Riddell, Victoria) or not at 

all (e.g. the longest photoperiod at Picadilly Circus is 14h 33 min of light). 

Differences in voltinism in response to developmental temperature and su~sequent 

timing of emergence of teneral adults with respect to critical photoperiod may also 

occur in C. bimaculata within Tasmania. Greaves (1966) reported that the species 

was bivoltine in southern Tasmania, whereas de Little (1983) found only one 
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generation in the year that he monitored populations in north-west Tasmania. 

Paropsis atomaria adults that emerged from pupation in February attained 

reproductive maturity, whereas those that emerged after the first week of March 

entered diapause without undergoing any reproductive development (Carne 1966). 

Although the extreme temperature-photoperiod combinations (i.e. hot-long and 

cold-short days) resulted in 100 % of beetles either ovipositing or entering 

diapause, constant exposure to low temperature alone led to diapause in 55 % of 

beetles, while around 20 % of beetles were prevented from diapause under short 

photoperiod by high temperature. Such variation in response to environmental 

cues has been recorded from several other chrysomelid beetle species (e.g. Tauber 

et al. 1988; Cox 1994a; Ishihara 2000; Xue 2002). For C. agricola that elicited a 

response to photoperiodic cues in laboratory experiments, the time taken to feed 

and build up sufficient fat body for overwintering was affected by temperature: 

beetles took longer at colder temperatures to enter diapause than at warmer 

temperatures at the same photoperiod. 

Because of the temporal spread of oviposition and larval devel~pment in the field 

(Chapter 2) and the influence of summer temperatures, the first teneral adults may 

emerge under conditions that lead to reproductive development (i.e. long 

photoperiod and warm temperature). Adults emerging later in the season do so 

after the critical photoperiod and therefore enter diapause after feeding,. without 

producing eggs (Figure 4.6). The temporal spread of teneral beetle emergence 

also explains the high proportion of females that had mated in the sample taken in 
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late February 2002. In Chapter 3 I found less than 30 % of overwintering females 

had mated, and the beetles t~at emerge later iri the season and do not mate before 

overwintering reduce the overall mated proportion to less than 30 % (Chapter 2). 

The timing of emergence of teneral C. agricola in the field, and whether beetles 

go on to lay eggs before overwintering has important pest management 

implications. Eucalyptus nitens trees attacked later in the season (i. e. late summer 

- autumn) are more vulnerable to the impact of foliage loss than those attacked in 

summer when growth is stronger (Simmul & de Little 1999). Although the 

offspring of new adults suffer very high mortality (Chapter 2), larval and adult 

feeding damage at this time of year has a significant impact. Whether teneral 

adults oviposit before overwintering, or emerge and overwinter without 

reproducing, their pre-overwintering feeding damage to foliage can be severe 

(Chapter 2). Teneral beetles fed for a minimum of three weeks before 

accumulating sufficient fat body to overwinter. Monitoring larvae and field 

temperatures would allow prediction of the timing of emergence of teneral adults 

in the field, and, hence, whether a second-generation will be produced. 

Termination of diapause 

Temperature had the most significant effect on diapause termination m C. 

agricola, although photoperiod also had an effect on beetles held at lower 

temperature treatments. Tauber and Tauber (1976) reported that insects usually 

show a progressive loss in their sensitivity to photoperiod as diapause proceeds. 

Chrysoptharta agricola adults terminated diapause under constant dark 

114 



conditions, equal light:dark phase, at short photoperiods and at long photoperiods, 

suggesting that the effect of photoperiod on diapause termination is secondary to 

that of temperature. Carne (1966) reported that photoperiod plays no part in the 

termination of diapause in P. atomaria, but that it is brought about by depletion of 

a metabolite produced ,by the fat body which proceeds more rapidly at high 

temperatures. 

The linear relationship between diapause termination (time to feed) and 

temperature at constant photoperiods in C. agricola also suggests that fat-body 

depletion (and hence, diapause termination) is related to temperature. To test the 

hypothesis that a change in DD accumulation or receptivity to temperature occurs 

during diapause, collections of overwintering adults from the field need to be 

undertaken at different times during the year and placed at a constant temperature 

to compare development time as overwintering progresses. Results presented here 

(Table 4.9) suggested that the longer that beetles were in the field, the shorter their 

development time once transferred to the laboratory. However, dissections of 

beetles collected in July (i.e. after 3 - 4 months of overwintering; Chapter 3) had 

no visible difference in the size of their fat body or the colouration of their 

haemolymph compared with those collected from overwintering in February. 

These experiments were not designed to examine a change in development over 

time: I had assumed that whilst beetles were inactive in leaf litter, containing large 

fat body and purple haemolymph that they represented a "developmental zero", 

regardless of collection time, but Table 4.9 shows that this is not the case. The 

time to terminate diapause was shorter for beetles collected later in their 
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overwintering, but the summation of DD experienced in the field with DD under 

laboratory conditions was similar (Table 4.9), suggesting that beetles accumulate 

DD throughout overwintering. Although this suggests that no specific cue triggers 

termination, overwintering in C. agricola fits the criteria outlined by Leather et al. 

(1993) for diapause: viz. "(i) a preparatory phase .. .initiated by a temperature

independent factor, e.g. photoperiod, which involves metabolic changes; (ii) the 

insect does not feed during the winter; and (iii) the return of favourable conditions 

does not terminate diapause immediately. Rather, a complex series of events e.g. 

the accumulation of heat units .. .is required before the insect terminates diapause 

and begins to emerge from its overwintering state". 

Although in Chapters 3 and 11 C. agricola males emerged from diapause sooner 

than females, the field sampling I conducted here showed no evidence for a 

difference between sexes in emergence time. Pener (1992) found that despite 

male diapause being controlled by the same environmental cues as for females, 

male diapause was less intense than and terminated before that of females. 

Significantly more post-overwintering females had mated than overwintering 

females at the start of the season (early October), suggesting that sexual 

receptivity by males and females begins soon after diapause termination. In 

Chapter 11 I investigate further the refractory periods for receptivity to mating 

after overwintering. 

Understanding the timing of emergence of C. agricola in the field is important for 

predicting when feeding and oviposition will commence in spring. Warmer 
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autumn temperatures will hasten decline of fat body and termination of 

overwintering, but whether fat body decline and diapause termination occurs 

following a critical photoperiod is unclear from these experiments. The data 

presented here suggest that beetles simply require around 424 DD to terminate 

diapause; recording autumn and winter temperatures would therefore allow 

prediction of beetle emergence in spring. Monitoring plantations for the first 

appearance of adults in spring will allow prediction of the timing of first 

oviposition in the field: approximately 195 DD (threshold 7.4 °C) for post

overwintering females to produce eggs. Nevertheless, more research is required 

on diapause termination in C. agricola to fully understand the environmental 

conditions necessary for overwintering beetles to initiate feeding. 
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CHAPTER 5: Geographical variation, population structure and 
gene flow between populations of Chrysophtharta agricola, a pest 
of Australian eucalypt plantations 

Published as Nahrung, H. F. and Allen, G. R. Bulletin of Entomological Research 
93: 137-144. 

Abstract 

Chrysophtharta agricola (Chapuis) (Coleoptera: Chrysomelidae) is a pest of 
commercial eucalypt plantations in Tasmania and Victoria. Vagility of pest 
populations may result in difficulty predicting temporal and spatial pest Ol,ltbreaks, 
and influence genetic resistance to chemical control and transgenic crops. Here, I 
estimated gene flow in this pest species to assess predictability of attack, the 
potential efficacy of natural enemies, and the likelihood of resistance build-up. 
Ten geographic populations of C. agricola (six from Tasmania, one from ACT, 
one from NSW and two from Victoria) were examined for genetic variation and 
gene flow using cellulose acetate allozyme electrophoresis. Six enzyme systems 
(PGI, PGD, PGM, IDH, HEX and MPI) were consistently polymorphic and 
scorable and were used to quantify estimated gene flow between populations. FsT 
values and analysis of molecular variance indicated that gene flow was restricted 
between populations. Chrysophtharta agricola exhibited high levels of 
heterozygosity, probably because of high allelic diversity, and because all loci 
examined were polymorphic. The southern-most population was the most 
genetically different to other Tasmanian populations, and may also have been the 
most recently colonised region. Limited gene flow implies that outbreaks of C. 
agricola should be spatially predictable and populations susceptible to control by 
natural enemies. These results also imply that genetic resistance to chemical 
control may occur under frequent application of pesticide. However, testing 
population movement between plantations and native forest also needs to be 
conducted to assess gene flow between forest types. 

5.1 Introduction 

The balance between genetic drift, natural selection and gene flow determines the 

genetic structure of populations. Stochastic forces including genetic drift and 

founder effects lead to genetic differentiation of populations, while natural 

selection may increase or decrease genetic differentiation and gene flow tends to 

homogenise the genetic structure of populations (Peterson & Denno 1998). Gene 
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flow in natural insect populations is restricted by dispersal, age, host-plant 

patchiness, and host-plant longevity; where no such isolating factors act, 

homogeneity of genetic diversity results (Mopper 1996). For example, despite 

mountains providing very effective barriers to gene flow in chrysomelid beetles 

(Knoll et al. 1996), different populations of Chrysophtharta bimaculata (Olivier), 

a serious pest of eucalypt plantations in Tasmania, are genetically 

indistinguishable from a single, interbreeding population (Congdon et al. 1997). 

In pest species, gene flow is important in the evolution of pesticide resistance and 

adaptation to local environmental conditions. Understanding gene flow is 

important because a species' pest potential is partially a consequence of its ability 

to invade and reproduce in novel habitats (Daly 1989), and to determine the 

spatial scale at which management practices should be implemented (Congdon et 

al. 1997). Gene flow can be indirectly estimated using allozyme electrophoresis, 

a technique that provides basic genetic and biochemical information and 

quantifies the effect of gene flow on the genetic composition of different 

populations by examining the non-random spatial association of neutral alleles 

(Richardson et al. 1986; Rowell-Rahier 1992; Costa 1998). Many herbivorous 

insects show significant genetic variation at small spatial scales, possibly because 

of host plant patchiness (Rank 1992). Patchiness or sub-division of suitable 

habitat is largely responsible for the semi-isolation of populations, which thereby 

comprise an array of local breeding populations potentially connected by gene 

flow (Wade & McCauley 1988; McCauley 1993). 
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Highly vagile pest populations may present temporal and spatial difficulties in 

predicting outbreaks, and may be less susceptible to control by natural enemies 

(Drake 1998). Furthermore, genetic resistance to chemical control and transgenic 

host plants can occur more rapidly in populations where gene flow is limited or 

absent. Thus, determining the mobility and dispersal of pests using allozyme 

electrophoresis may provide information on predictability of attack, the potential 

efficacy of natural enemies, and the likelihood of insecticide resistance build-up. 

However, for most agricultural pest species, spatial variation in pesticide 

application, plant genotypes, and biocontrol agents are likely to result in local 

adaptation only under extreme selective differences (Peterson & Denno 1998). 

Agricultural insect pests typically show high levels of gene flow relative to 

species occurring in natural habitats, although species' endemism does not 

influence gene flow (Peterson & Denno 1998). 

Congdon et al. (1997) conducted a large electrophoretic study to test for genetic 

variability in C. bimaculata populations throughout Tasmania, comparing 

different geographic regions and different host eucalypt species. Chrysophtharta 

agricola, like C. bimaculata, is pest of eucalypt plantations in Tasmania (de Little 

1989; Elliott et al. 1998), and Victoria (Elliott et al. 1998; Collett 2001). 

However, C. bimaculata forms large aggregations of thousands of individuals 

(Howlett et al. 2001), often observed flying as loose aggregations (Clarke et al. 

1997), while C. agricola forms "moderately dense aggregations" (Howlett 2000), 

and is not known to undergo such large-scale flights. Because gene flow is 

enhanced by mobility (Peterson & Denno 1998), we might expect C. bimaculata 
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to be more genetically homogeneous than C. agricola, and I test this hypothesis 

within Tasmania. Furthermore, Bass Strait is predicted to provide a barrier to 

gene flow (Cranston & Naumann 1991) and I test this by comparing the genetic 

structure of C. agricola populations between mainland Australia and Tasmania. 

Here, I report the results of allozyme electrophoresis to examine genetic 

population structure of C. agricola using ten geographic populations from 

Tasmania and mainland Australia. 

5.2 Materials and Methods 

Chrysophtharta agricola were collected from six localities throughout Tasmania, 

and four from mainland Australia (Figure 5.1). Collections in mainland Australia 

were made from native forest, whereas collections from Tasmania represented 

populations resident in commercial eucalypt plantations. Up to 48 adults were 

collected from each site; however, for sites at which large numbers of adults were 

not present, egg and larval batches were collected (Table 5.1). Such batches were 

held individually in vials or petri dishes and reared to adulthood in the laboratory. 

Only one adult from each batch per site reared thus was used in electrophoresis. 

Adults obtained in this manner, and those collected from the field, were starved 

for 24 h, then killed and stored in a - 70 °C freezer until analysis. 
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Figure 5.1: Map of soµth-eastem Australia, showing mainland Australian and 
Tasmanian sites from which Chrysophtharta agricola were collected for 
electrophoresis. Sites are coded as in Table 5.1. 
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Table 5.1: Sites and hosts from which Chrysophtharta agricola were collected 
for electrophoretic study. The number, life stage (E = eggs, L = larvae, A = 
adults) and sex of collected individuals is presented in the last three columns. 

Site Code Host species Collected as (total Males Females 
frozen 

Picadilly Circus, PIC Eucalyptus 26A, 22 reared 24 24 
Australian Capital dalrympleana fromE, L (48) 
Territory 

Jindabyne-Tbredbo JIN E. dalrympleana 7 A, 29 reared from 15 21 
Road, New South E, L (36) 
Wales 

Mt Buller, Victoria BUL E. viminalis 21A, 27 reared 20 28 
from E, L ( 48) 

Marysville, Victoria MAR E. viminalis lOA, 23 reared 15 18 
fromE, L (33) 

Ridgely, Tasmania RGY E. nztens 48A (48) 18 30 

Scottsdale, sco E. globulus IA, 39 reared from 15 25 
Tasmania E, L (40) 

Frankford, FRA E nztens 48A (48) 24 24 
Tasmania 

Florentine Valley, FLO E. nitens 48A (48) 20 28 
Tasmania 

Ellendale, Tasmania ELL E. nitens 48A (48) 22 26 

Geeveston, GEE E. globulus 33 reared from E, L 15 18 
Tasmama (33) 

Frozen beetles were bisected longitudinally using a scalpel blade that was washed 

with warm water and detergent, and rinsed twice in distilled water between uses. 

One half of each beetle was ground in 100 µL of grinding buffer (1.22 g Trizma 

base; 0.185 g EDTA-free acid; 2.68 g NF4Cl; 9.9 g glucose in 500 mL distilled 

water) in a 1.5 mL eppindorf tube. The homogenates were centrifuged in an 

Eppindorf Centrifuge 541 7R at 14 OOO rpm for 6 minutes at 4 °C. Upon removal, 

tubes were stored in ice, and 10 µL of the supematent was pipetted into wells of a 
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Helena Laboratories sample plate, also held on ice. Samples were run on 

cellulose acetate plates using either Tris-Citrate pH 7.0, 75mM running buffer 

(45.4 g Tris; 25.3 g citric acid in 5 L distilled water) or Tris-Glycine pH 8.5, 50 

mM running buffer (15 g Tris, 64.4 g glycine in 5 L distilled water). Plates in TC 

buffer were run at 150 V, 5 mA/plate; plates in TG buffer were run at 200 V, 1.5 

mA/plate. Running times and conditions for enzymes tested are presented in 

Table 5.2. Enzyme stain procedures were those described by Hebert & Beaton 

(1989). Between 10 and 12 individuals were run on each cellulose acetate plate, 

with individuals from each population run simultaneously for each enzyme. 

Afterwards, several line-up plates were conducted for each enzyme, using 

individuals from different populations to double-check allele band positions 

between individuals and populations. 

Table 5.2: Results and running conditions for enzymes used for electrophoresis 
using Chrysophtharta agricola adults. 

Enzyme Abbreviation Running Buffer Running Time Polymorphism 
(EC code) 

Hexokinase HEX (2.7.1.1) 

Isocitrate IDH 
dehydrogenase (1.1.1.42) 

Mannose-phosphate MPI 
isomerase (5.3.1.8) 

6-phosphoglucose PGD 
dehydrogenase (1.1.1.44) 

Phosophoglucosemu PGM 
tase (2.7.5.1) 

Phosphoglucose PGI 
isomerase (5.3.1.9) 

TG lh 

TC 2h 

TG lh 

TC 2h 

TG 45min 

TC 2h 

Polymorphic 
(2 loci: 

4 & 2 alleles) 

Polymorplnc 
(4 alleles) 

Polymorphic 
(6 alleles) 

Polymorphic 
(3 alleles) 

Polymorphic 
(4 alleles) 

Polymorphic 
(3 alleles) 
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An average of 41 beetles (range 23 - 48) was scored for each site, for each of six 

enzymes. The mean number of alleles per locus and observed levels of 

heterozygosity were calculated for each population, and the mean and effective 

numbers of alleles, and heterozygosities were calculated for each locus. For each 

of these measurements, significant differences were detected using ANOV A, with 

post-hoe differences determined using Fisher's Least Significant Difference 

(LSD) test, with a= 0.05, in SYSTAT 10 (SPSS Inc 2000). 

Genetic data were analysed using GenAIEx (Peakall & Smouse 2001) and GDA 

(Lewis & Zaykin 2001). Fsr, and F1s values (Wright 1931), computed using all 

loci combined, comparing sites and regions were estimated using GDA, and 95 % 

confidence intervals for these values were determined using bootstrap analysis 

with 10 OOO permutations. Fsr measures the genetic variation between populations 

(Hsaio 1989). Fsrvalues that are significantly gre~ter than zero imply that distinct 

population structure exists between populations. Fsr can also be used to estimate 

the mean-per-generation number of migrants exchanged among populations, Nm, 

where Nm = (1- Fsr)/4Fsr (Avise 2000). This calculation assumes an island 

model of population structure, where a species is subdivided into populations of 

equal size N, all of which exchange alleles with equal probability (Wright 1931). 

F1s provides a measure of the degree of inbreeding in individuals relative to the 

population to which they belong (Giles & Goudet 1997). F1s values that do not 

differ significantly from zero imply that random mating occurs within 

populations. I also computed F1s values for each site separately. F-statistics were 

also computed for each enzyme separately using GenAIEx. Analysis of molecular 
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variance (AMOVA) (Excoffier et al. 1992) using 999 permutations was used to 

determine differences between regions (mainland Australia and Tasmania) and 

sites for each enzyme. Nei (1972) genetic distance was estimated in GDA for all 

enzymes combined. Mantel correlations were performed using GenAlEx (999 

permutations) for enzymes that showed significant genetic variation between 

populations to examine the relationship between linear geographic and linear 

genetic distance. The percentage of genetic variation between regions, among 

populations within regions and within populations was determined for each 

enzyme. The number of permutations performed was the maximum possible for 

each software package: 999 and 10 OOO for GenAlEx and GDA, respectively. 

5.3 Results 

The mean number of alleles per locus did not differ significantly between regions 

(mainland Australia and Tasmania) (t-test, t68 = 0.4, P = 0.7) or between 

populations within regions (ANOV A, F9,6o = 0.23, P = 0.9) (Table 5.3). Likewise, 

there was no significant difference between the average observed levels of 

heterozygosity between regions (t-test, t68 = 0.7, P = 0.5) or between populations 

(ANOVA, F9,6o = 0.14, P = 0.9). 
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Table 5.3: Mean± s.e. ·number of alleles per locus and observed heterozygosity 
across six enzymes in each of six Tasmanian and four mainland populations of 
Chrysophthata agricola. Site codes are labelled as for Table 5.1. There was no 
significant difference between populations or regions for either parameter. 
Site Number of alleles/locus Observed heterozygosity 
GEE 3.0 ± 0.5 0.40 ± 0.13 
sco 3.1±0.6 0.46 ± 0.12 
FRA 3.4 ± 0.5 0.52 ± 0.12 
FLO 3.1±0.4 0.48 ± 0.12 
ELL 3.3 ± 0.4 0.45 ± 0.12 
RGY 3.6 ± 0.5 0.49 ± 0.13 
Tasmania overall 3.3 ±0.2 0.50 ±0.04 
PIC 3.6 ±0.6 0.49 ± 0.12 
BUL 3.4 ± 0.4 0.55 ± 0.12 
MAR 3.3 ±0.6 0.53 ± 0.12 
JIN 3.4 ± 0.5 0.50 ± 0.13 
Maznland overall 3.4 ±0.2 0.50 ±0.05 

The averages for actual and effective number of alleles and average observed 

heterozygosity per locus was calculated (Table 5.4). The actual and effective 

numbers of alleles were significantly different between loci (ANOVAs, F6,63= 

70.2, P < 0.001; F6,63= 55.4, P < 0.001, respectively), with Mpi and Idh the only 

enzymes that were consistently higher than all others for both parameters (Fishers 

LSD post-hoe tests, Table 5.4). Mean heterozygosity was also significantly 

different between loci (ANOVA, F6,63= 80.95, P < 0.001). Idh had significantly 

the highest level of heterozygosity, whilst Pgi and Hex2 had the significantly 

lowest levels ofheterozygosity (Fishers LSD post-hoe test, Table 5.4). 
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Table 5.4: The average (± s.e.) number of alleles, effective number of alleles and 
heterozygosity for each locus over all Chrysophtharta agricola populations. 
Different letters for each me~ within rows represent significant differences at P < 
0.05. 

Pgd Pgm Hex I Hex2 Idh Mf!.l Pgi 
Number of 2.8 ± 0.1 3.3 ± 0 2 3.1±0.2 2.0± 0 0 3.9 ± 0.1 5 6 ± 0.2 2 5 ± 0.2 

alleles de c ce f b a d 

Effective 1.5±0.l 2 0 ± 0.1 2.3 ± 0.1 17±0.1 2.9 ± 0.1 3.4 ± 0.23 1.1±0.03 
number of d c c d b a e 

alleles 

Hetero- 0.3 ± 0.03 0.5 ± 0.1 0.5 ± 0.03 0.3 ± 0.04 0.96 ± 0.02 0.8 ±0.04 0.1±0.02 

zy~os1ty d c c d a b e 

FsT values calculated using allozymes combined (Table 5.5) were significantly 

greater than zero, and FsT values calculated for allozymes separately (Table 5. 7) 

were all positive, indicating that significant population structure of C. agricola 

exists between populations as a result of restricted gene flow. Frs values were not 

significantly different to zero in both analyses with sites combined, and were 

likewise not significantly different to zero for sites examined separately (Table 

5.6). 

Table 5.5: FsT and Frs values (95 % confidence limits in parentheses) across 
seven loci for Chrysophtharta agricola populations from different regions 
(Tasmania and mainland Australia). 
Comparison 
Tasmania vs Mainland 

Tasmanian sites only 

Mainland sites only 

All sites combined 

FsT 
0.02 

(0.005 - 0.04) 
0.03 

(0.01 - 0.04) 
0.02 

(0.003 - 0.04) 
0.03 

(0.02 - 0.05) 

Frs 
-0.02 

(-0.206 - 0.141) 
-0.01 

(-0.21 - 0.174) 
-0.09 

(-0.25 - 0.08) 
-0.04 

(-0.222 - 0.124) 
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Table 5.6: Fis values (95 % confidence limits in parentheses) across seven loci for 
Chrysophtharta agricola from ten sites. Sites are coded as in Table 5.1. 
Site Fis 
GEE 0.01 (-0.26-0.27) 
sco 0.02 (-0.14-0.24) 
FRA -0.05 (-0.21 -0.12) 
FLO -0.006 (-0.3 - 0.25) 
ELL 0.04 (-0.2 - 0.26) 
RGY -0.07 (-0.26-0.11) 
PIC -0.00 (-0.19- 0.22) 
BUL -0.12 (-0.3 - 0.07) 
MAR -0.17 (-0.36 - -0.01) 
JIN -0.11 (-0.27 - 0.07) 

Table 5.7: FsT and Fis values for six 
populations of Chrysophtharta agricola. 

PGD PGM HEXl HEX2 

FsT 0.08 0.04 0.04 0.02 
Frs 0.14 0.07 0.04 0.19 

allozymes between ten geographic 

IDH MPI PGI Mean 

0.01 0.05 0.02 0.04 
-0.45 -0.08 -0.02 -0.02 

Furthermore, the results of AMOVA (Table 5.8) illustrate significant differences 

between populations. Analysing each locus separately showed significant 

differences at four loci (Pgm, Idh, Mpi and Pgi) between mainland Australia and 

Tasmania, and at four loci (Pgd, Pgm, Hex] and Mpi) between populations within 

regions. These differences between regions, and between populations within 

regions suggest that there is restricted gene flow at both spatial scales, resulting in 

differences in the population structure of C. agricola. For two enzymes (Mpi and 

Pgi) at which significant differences were observed, Mantel correlation showed 

that geographic distance was correlated with genetic distance, but genetic 

differences between the remaining loci were not explained by geographic 

distance. 
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Table 5.8: Results of analysis of molecular variance (AMOVA) for seven loci for 
Chrysophtharta agricola at regional (mainland Australia (M) and Tasmania (T)) 
and population levels, and results of Mantel correlation for each, where n is the 
number of individuals tested for each locus. 

Pgd Pgm Hexl Hex2 Idh Mp1 Pg1 
Region P= I, p = 0.03, P= I, P= 0.06, p = 0.01, p = 0.001, p = 0.001, 
(M&T) Ph1=0 Phi= 0 02 Phi= 0.00 Phi= 0.00 Phi= 0.02 Phi= 0.07 Phi= 0.07 

Popns p = 0.001, p = 0.001, p = 0.001, p = 0.1, p = 0.05, p = 0 001, p =0.8, 
Within Ph1=0.I Phi= 0.05 Phi= 0.06 Phi= 0.02 Phi= 0.01 Phi= 0.06 Ph1=0 
Region 

Mantel Rxy= Rxy= Rxy= Rxy= Rxy= Rxy= Rxy= 
Corr. -0.03 0.01 -0.01 - 0.01 0.01 0.11 0.09 

p = 0.98 p = 0.17 p = 0.78 P= 0.66 p = 0.21 p = 0.001 p = 0 003 

ll 421 426 411 412 422 417 389 

The proportion of genetic variation between regions, among populations within 

regions, and within populations was calculated for each enzyme (Figure 5 .2). The 

greatest amount of genetic variation was attributable to between individuals 

within populations. 

100% 

90% 

80% 
c 70% 0 

~ 60% ·.:::: 
ns 
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Q) 

~ 
30% Q) 

c. 
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Pgd Pgm Hex1 Hex2 ldh Mpi Pgi 

Figure 5.2: Percent genetic variation between regions (white), between 
populations within regions (black) and between individuals within populations 
(striped) for seven loci over ten geographic populations of Chrysophtharta 
agricola. 
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Genetic distance estimates (Nei 1972) and shortest geographic distance for each 

pair of sites are presented in Table 5.9. These data show that C. agricola from Mt 

Buller exhibit the highest genetic distance estimates, and thus, differ most 

markedly from other populations. 

Table 5.9: Distance matrix for all sites. Geographic distance (km) is presented 
above the diagonal, genetic distance (Nei 1972) below. Populations are coded as 
in Table 5.1. 

GEE sco FRA FLO ELL RGY PIC BUL MAR JIN 
GEE 229 203 70 62 243 883 677 518 758 
sco 0.051 67 185 179 143 655 463 303 531 
FRA 0.036 0.023 146 145 82 689 474 315 564 
FLO 0.05 0.025 0.022 17 175 834 617 460 709 
ELL 0.055 0.012 0.033 0.015 182 831 618 460 706 
RGY 0.045 0.041 0.035 0.021 0.038 695 454 304 570 
PIC 0.031 0.057 0.037 0.036 0.046 0.031 289 396 125 
BUL 0.050 0.053 0.057 0.070 0.076 0.064 0.037 160 195 
MAR 0.031 0.038 0.050 0.037 0.036 0.025 0.024 0.039 275 
JIN 0.025 0.051 0.047 0.039 0.042 0.028 0.010 0.039 0.008 

The Geeveston population differed most significantly from other Tasmanian 

populations (Figure 5.3). However, removal of the Geeveston data from analysis 

of Tasmanian populations still showed significant population structure between 

remaining populations (FsT = 0.02, 95 % C.I. 0.005 - 0.034; F1s = -0.014, 95% 

C.I. -0.21 -0.175), suggesting that significant mixing between populations within 

Tasmania does not occur. 
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Figure 5.3: Dendogram for Tasmanian Chrysophtharta agricola populations generated in GDA, based on genetic distance/identity estimates 
obtained by allozyme electrophoresis. All nodes are significant at P < 0.05 . 



5.4 Discussion 

Chrysophtharta bimaculata is a highly vagile pest species which undergoes flights 

of large numbers of beetles (Clarke et al.1997; Howlett 2000), and whose host 

plants are continuously distributed across the central region of Tasmania 

(Congdon et al. 1997). It is therefore not surprising that the species exhibits little 

genetic differentiation between sub-populations. Chrysophtharta agricola has not 

been recorded or observed undergoing such large-scale flight patterns, and shows 

a stronger level of genetic differentiation between sub-populations, despite a 

continuous geographic distribution of suitable host species (author's unpublished 

data). Both species occur in young Eucalyptus nitens plantations, but apparently 

do not compete for resources, with C. bimaculata restricted to adult foliage, and 

C. agricola more common on juvenile foliage (Elliott et al. 1998; Chapter 8; 

Nahrung & Allen 2003b ). 

The C. agricola population collected from Geeveston (43° 11 'S) differed most 

significantly from other Tasmanian populations. Geeveston may represent an area 

colonised more recently by C. agricola with the introduction of eucalypt 

plantations in the south of the state in the 1990s (D. Bashford, Forestry Tasmania, 

pers. comm.). de Little's (1979) extensive survey did not locate any C. agricola 

further south than a latitude of 42° 23 'S, while Bashford (unpublished data) 

plotted its southerly distribution at 42° 39'S in the 1980s, with its most-southerly 

collection record being 42° 53'S in 1975 (Tom Weir, ANIC, pers. comm), about 

50 kilometres north of Geeveston. The Geeveston population exhibited the lowest 
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mean number of alleles and heterozygosity of the C. agricola populations in this 

study, and a low level ofheterozygosity is consistent with a founder effect. 

Chrysophtharta agricola had a higher level of heterozygosity and a higher mean 

number of alleles per locus than C. bimaculata, but I examined a larger proportion 

of polymorphic loci than did Congdon et al. (1997) for C. bimaculata. The high 

levels of heterozygosity observed here are the result of high allelic diversity: 

larger numbers of alleles would be expected to lead to high heterozygosity 

because of the increased number of possible allelic combinations. F-statistics and 

AMOV A suggest that C. agricola populations are genetically sub-divided 

between regions and populations. With the exception of the Geeveston 

population, the average Nei (1972) genetic distances between pairs of sites within 

regions was higher for inter-regional pairs than for intra-regional pairs (Table 5.9). 

The population age-gene flow hypothesis (see Peterson & Denno 1998) suggests 

that apparent gene flow is decreased among young populations compared to old 

populations: whether the high numbers of C. agricola in eucalypt plantations 

represent 'new' populations is arguable. Restricted gene flow might further be 

predicted from several aspects of C. agricola's biology. Overlap in generations; 

adults and larvae sharing the same host plants; woody host plants; no mobile 

aggregations; males and females sharing overwintering habitat can each 

potentially result in restricted gene flow (Rank 1992; Clarke et al. 1997; Congdon 

et al. 1997; Peterson & Denno 1998). However, a normal sex ratio, multiple 

mating, and well-developed wings and mobility are traits that C. agricola 

possesses that .can potentially lead to genetic mixing (Costa 1998; Peterson & 
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Denno 1998). Peterson and Denno (1998) also reported that agricultural pest 

species are more likely to exhibit greater levels of gene flow than their 

counterparts in natural habitats. 

Bass Strait is thought to provide a barrier to gene flow since it separated mainland 

Australia and Tasmania around 10 OOO years ago (Cranston & Naumann 1991), 

although some insects are documented crossing Bass Strait under favourable 

weather conditions (e.g. Drake et al. 1981). There was a striking difference in 

elytral colouration between C. agricola from mainland Australia and from· 

Tasmania which further suggests that gene flow is absent between these regions. 

However, the results reported here imply that migration (estimated at 12 

individuals per generation, based on the relationship between FsT and migration, 

where Nm~ (l-FsT)/4FsT (Wright 1931)) occurs between regions. Avise (2000), 

however, warned that this type of gene flow estimate fails to distinguish ongoing 

genetic exchange from the effects of historical associations among populations. 

Whether the FsT values presented here represent high contemporary gene flow, or 

past gene flow, or a mix of the two, is unclear. Furthermore, although complete 

isolation (Nm< 1) corresponds to FsT > 0.2, many studies with FsT < 0.2 but> 0 

nevertheless conclude restricted gene flow (see Knoll et al. 1996; Giles & Goudet 

1997).' Additionally, FsT and corresponding Nm estimates apply to an island 

model of population structure (Wright 1931). While this model predicts that 

extremely low migration between populations is enough to prevent population 

differentiation through genetic drift, Haldane (1930) argued that natural selection 

within a population could lead to genetic differentiation despite gene flow 
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occurring. However, the AMOV A results presented here also demonstrate 

restricted gene flow between populations within and between regions. 

The population originating from Mt Buller was most different genetically to all 

other C. agricola populations (Table 5.9) and also differed significantly from 

other populations in egg and larval parasitism rates (Chapter 6, 7; Nahrung 2002; 

Nahrung & Murphy 2002). Mountains provide very effective barriers to gene 

flow in the Chrysomelidae (Knoll et al. 1996): the Snowy Ranges and Central 

Highlands of Victoria may prevent significant gene flow between C. agricola 

populations. Similarly, Tasmanian populations may be genetically differentiated 

because of gene flow restriction attributable to mountains and the clearing of 

native eucalypt forests across northern Tasmania (Congdon et al. 1997). 

Furthermore, the abundant resources provided by monospecific stands of hosts in 

eucalypt plantations, and the high numbers of beetles within them means that 

beetles do not need to disperse to locate suitable food, mates, or overwintering 

sites. Peterson and Denno (1998) found that insects that feed on woody host 

plants exhibit low levels of gene flow, probably because of the temporal 

persistence of woody plants. 

Limited gene flow implies that outbreaks of C. agricola should be spatially 

predictable, and populations susceptible to control by natural enemies (sensu 

Drake 1998). The latter has been observed in the field, with over 90 % egg -

pupal mortality recorded (Chapter 2). Although C. agricola shows limited gene 

flow between populations, and genetic resistance to chemical control and 
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transgenic host plants may occur more rapidly under this scenano, I cannot 

conclude that this would be the case for C. agricola. Because I did not sample 

populations originating in native forest in Tasmania, I cannot provide data on 

beetle movement between native forest and plantations. Hence, whether 

resistance build-up might be likely to occur with regular application of insecticide 

in plantations cannot be predicted. Populations of C. agricola resident in 

plantations are much higher than those present in native forest (pers. ohs). Rapid 

population expansion under conditions of abundant resources, as in a plantation, 

may have an effect on the genetic structure of populations, similar to the 

population age-gene flow hypothesis described by Peterson and Denno (1998). 

This chapter showed that C. agricola populations exhibit significant population 

structure that suggests random mating between individuals within populations, but 

not between populations. The F-statistics values and AMOV A results presented 

here demonstrated significant differences between C. agricola populations, both 

between mainland Australia and Tasmania, and between populations within these 

regions. 
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CHAPTER 6: Biological differences between mainland 
Australian and Tasmanian Chrysophtharta agricola (Chapuis), a 
Eucalyptus leaf beetle 

Published as Nahrung, HF. (2002) The Tasmanian Naturalist 124: 56-64 

Abstract 

Chrysophtharta agricola collected from Tasmania and mainland Australia in 
December 2000 and January 2001, respectively, were compared for adult length, 
egg and larval batch size, and egg, larval and adult parasitism. Beetles originating 
from both regions were crossed and tlwir offspring were reared to adulthood and 
assessed for fertility to confirm that collections were conspecific. 100 years of 
collection data from several state collections were collated to observe the 
frequency of collection across seasons, and relate this to the species' differing 
voltinism in each region. Overall, the size of beetles, egg batches, larval batches 
and rate of larval parasitism did not differ significantly between regions. Larval 
parasitoids collected from Tasmania were the tachinid flies Paropsivora sp. and 
an undescribed tachinid species, and the braconid wasp Eadya paropsidis. The 
tachinid flies were also collected parasitising C. agricola larvae from mainland 
Australia. Egg parasitism rates differed significantly between mainland Australia 
and Tasmania: the pteromalid wasp species Enoggera nassaui and Neopolycystus 
sp. emerged from C. agricola eggs. Adult beetles were infected by the mites 
Leptus sp. and an undescribed genus of podapolipid mites in Tasmania, and by 
Chyzeria sp. in mainland Australia. Collection data revealed that the frequency of 
collection of adult C. agricola was similar between regions in spring and summer, 
but that beetles were collected more frequently in autumn in mainland Australia 
than in Tasmania. 

6.1 Introduction 

Chrysophtharta agricola (Chapuis) (Coleoptera: Chrysomelidae) is an endemic 

pest of commercial eucalypt plantations in Tasmania (de Little 1989; Ramsden & 

Elek 1998) and Victoria (Elliott et al. 1998; Collett 2001). Its geographic 

distribution extends from the eastern NSW-Qld border to southern Tasmania, and 

it is oligophagous, with a host range of more than 20 Eucalyptus species from two 

sub-genera (Table 1.1). In Tasmania, C. agricola usually has only one generation 
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each year (Ramsden & Elek 1998), while in Victoria the species undergoes two 

generations (Naumann 1991; Collett 2001). 

Specimens of C. agricola were collected from mainland Australia and Tasmania 

for a study using allozyme electrophoresis, one of the objectives of which was to 

determine whether genetic differences occur between Tasmanian and mainland 

Australian populations. These specimens also provided the opportunity to 

compare additional parameters between populations, the results of which are 

presented here. Additionally, an attempt was made to correlate data from 

collection records from mainland Australia and Tasmania with the recorded 

number of generations C. agricola undergoes in a year in each region. 

6.2 Materials and Methods 

Chrysophtharta agricola were collected from four sites in mainland Australia 

(Picadilly Circus (PIC) E. dalrympleana, Jindabyne (JIN) E. dalrympleana, 

Mount Buller (BUL) E. viminalis, and Marysville (MAR) E. viminalis) and 

Tasmania (Florentine Valley (FLO) E. nitens, Frankford (FRA) E. nitens, 

Geeveston (GEE) E. globulus and Scottsdale (SCO) E. globulus) in December 

2000 - January 2001 (Figure 6.1). Specimens wer:e collected as eggs, larvae and 

adults. Egg and larval batches were collected into separate vials or plastic bags 

and transported in a cooled esky to the laboratory. The number of eggs or larvae 

in each batch was counted, and each egg/larval batch was placed into a separate 

plastic petri dish, and egg batches were monitored for the emergence of beetle 

larvae or parasitoid wasps. The number of egg batches from which parasitoids 
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emerged was recorded. Field-collected larvae were fed fresh juvenile E. nitens 

foliage and petri dishes were cleaned and foliage added or replaced twice each 

week until parasitoid fly or wasp pupal cases, or beetle pupae developed. For 

larval batch size and larval parasitism rates, batch si~es of <6 and >20 were 

excluded from analysis to standardise the composition of instars. Larger batch 

sizes usually represented early instars that had not been exposed to parasitoids for 

as long as older larvae, and smaller batch sizes usually represented final instars 

(Chapter 9; Nahrung et al. 2001). Thus, batches used for analysis comprised 

mostly second and third instars. The number of parasitised larvae in each batch 

was determined, and the average intra-batch parasitism rate for each site was 

calculated. 
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Figure 6.1: Map showing the localities from which Chrysophtharta agricola 
were collected for this study from mainland Australia and Tasmania. 

Field-collected beetles were sexed based on tarsal differences (Baly 1862), and 

their maximum body length was measured using a digital calliper (± 0.1 mm). 

Adults exhibited a striking colour difference between mainland Australia and 

Tasmania. One male beetle collected from mainland Australia was mated with a 

previously unmated female from Tasmania, and one male beetle collected from 

Tasmania was mated with a virgin female beetle from mainland Australia. The 
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offspring of these crosses were reared, mated, and their offspring was reared to 

confirm that beetles from each region were the same species. 

Collection records for adult C. agricola were collated to try to determine a 

relationship between the number of specimens collected with the number of 

generations between mainland Australia and Tasmania. Collection details were 

sourced from the Australian National Insect Collection (ANIC), the Victorian 

Museum, NSW State Forests, NSW Agriculture, the Tasmanian Department of 

Primary Industries Water and Environment, de Little (1'979) and G. Maywald 

(Queensland Department of Primary Industies, Indooroopilly, pers. comm.). The 

proportion of collection records from spring, summer and autumn was compared 

between regions. Only collection dates, and not actual beetle numbers were used 

for the comparison because collections on each date were made by the same 

person. For example, if 3 beetles were collected on 14 January, and 1 on 4 

February, this was scored as two records for summer. 
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6.3 Results and Discussion 

Egg and larval batch sizes and adult body lengths did not differ significantly 

between sites or regions, but there were some differences in egg and larval 

parasitism rates (Table 6.1 ). 

Table 6.1: Mean ± s.e. field-collected egg and larval batch sizes and parasitism rates, 
and male and female sizes for Chrysophtharta agricola collected from four sites in 
mainland Australia and Tasmania. Egg parasitism rates are the percentage of parasitised 
batches per site. Different letters within columns denote significant differences between 
means at P < 0.05 (ANOVA for individual sites, t-test for regions; lower case letters 
refer to differences between sites, upper case letters refer to differences between regions 
(mainland Australia and Tasmania). n.d. =no data. 

Egg batch size %egg Larval batch % larval Male size Female size 
Site Earas1t1sm size Earas1tism {mm) fmm2 

P1cadi!ly 28.2 ± 5.9 55 11.6 ± 1 22.3 ± 5 8.1±0.1 8.9 ± 0.2 
Circus (14-39) a (6-20) (0-47) (7.4-8 9) (8.1 - 9.5) 

n=9 n= 17 ac n = 14 n = 12 

Jindabyne 26.9 ± 2.1 50 13.2 ± 0.9 32.5 ± 4.8 8.5 9 2 ± 0.1 
(14- 39) a (6-20) (0- 67) n=l (8.7 - 9.5) 

n = 18 n=20 be n=6 

Mt Buller 29.1±5.5 0 8.4 ± 0.7 34.6 ± 7.4 78±02 8.6± 0.2 
(18-57) b (6 - 12) (0-57) (6.4-8.7) (7.7 - 9.3) 

n=7 n=8 be n=9 n = 12 

Marysville 36.6 ± 3.5 33 nd n.d. 8.6 ± 0.2 8.9 ± 0.2 
(21 -54) a (8.4- 9) (8.1 - 9.5) 

n=6 n=4 n=6 

Mainland 30.3 ± 1 7 34.5 118±0.6 29.0±3.1 8.1 ± 0.1 8.8 ± 0.1 
overall A 

Florentme 32.6 ± 1.4 0 11.4 ± 1.1 * n.d. 8.2 ± 0.1 8.9 ± 0.1 
Valley (17-60) b (3-24) (67-9.2) (7.2-9.9) 

n =54 n=20 n=65 n=97 

Frankford 29.9 ± 1.2 1.6 n.d. n.d. 8.1±0.1 8.8 ± 0.2 
(13-67) b (7.5 - 9.3) (7.9-10.1) 

n=60 n=44 n=60 

Geeveston n.d. n.d. 12.7± 1.2 10±4.5 n.d. n.d. 
(6-20) (0-66) 
n= 18 a 

Scottsdale n.d. n.d 1 I 6 ± 0.9 33.9 ±4.8 n.d. n.d. 
(6 - 17) (6.7 - 71) 
n= 19 b 

Tasmania 31.1± 0.9 0.8 12.2 ± 0.7 23.2± 3.7 8.2± 0.07 8.8 ± 0.1 
overall B 

* data from Anthony Rice, CRC-SPF 
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In mainland Australia and Tasmania, egg batches were parasitised by Enoggera 

nassaui Girault (Hymenoptera: Pteromalidae), and one egg batch from Marysville 

contained Neopolysystus (identified by B.D. Murphy, University of Canterbury, 

New Zealand). Parasitoids that developed in C. agricola larvae from mainland 

Australia and Tasmania were the tachinid fly Paropsivora sp. and an unidentified 

tachinid species from an unidentified genus (identified by A.D. Rice, CRC for 

Sustainable Production Forestry). The braconid wasp Eadya paropsidis 

Huddleston & Short emerged from larvae collected only in Tasmania (Table 6.2). 

Table 6.2: Larval parasitoid complex of Chrysophtharta agricola at seven sites 
in mainland Australia and Tasmania from larval batches collected between 19 
December 2000 and 14 January 2001. +=species present, - =species absent. 
Site Tachimd SE 1 Parop_sivora SE Eady__a l!.aro[!_sidis 
Picadilly Crrcus + + 
Jindabyne + + 
Mt Buller + + 
Florentine Valley + + 
Frankford + + 
Geeveston + + 
Scottsdale + + + 

An undescribed species of podapolipid mite (Appendices II, III) was found 

infecting beetles from Frankford, while Leptus sp. (Erythraeidae) were found 

infecting beetles from the Florentine Valley and Frankford. Beetles from 

mainland Australia were infected only with a mite species from the family 

Chyzeriidae, probably Chyzeria sp. (all mites identified by O.D. Seeman, 

Department of Primary Industries, Water and Environment, Tasmania). The 

podapolipid mite data support the results of the allozyme electrophoresis study 

(Chapter 5; Nahrung & Allen 2003a) that examined geographic variation between 

populations separated by at least 20 km, and suggested that gene flow between C. 
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agricola populations is limited. Podapolipid mites were less common at the 

Florentine Valley than at Frankford (Appendix III). These mites spend their entire 

lifecycle on their host, and are only transmitted during copulation. Therefore, if 

beetle populations were mixing equally amongst each other, we would expect 

mites to be more evenly distributed throughout the sampled beetle populations. 

There was a significant difference in egg parasitism rates between mainland 

Australia and Tasmania (Chapter 7; Nahrung & Murphy 2002). Overall, egg 

batch size, larval batch size, larval parasitism rates and male and female beetle 

lengths did not differ between mainland Australia and Tasmania (t-tests, P<0.05). 

However, there were some differences in larval parasitism rates between sites 

(ANOVA, F4,77 = 5.6, P = O.OOl)(Table 5.1). 

Adult C. agricola collected in mainland Australia and Tasmania also differed in 

their elytral colouration: beetles from Tasmania were green-brown, while beetles 

from mainland Australia were yellow-green (Chapter 1, Figure 1.6). Black morph 

beetles are found in Tasmania and mainland Australia (Chapter 10; Nahrung & 

Allen in press), and one black female beetle was reared from a larval batch 

collected at Jindabyne. Adult beetles collected from mainland Australia and 

Tasmania mated with beetles of opposite origin, and produced viable, fertile 

offspring, providing further evidence confirming that they were the same species. 

The elytral colouration of mainland x Tasmanian progeny was more similar to the 

brown of Tasmanian beetles, although yellow colouration was apparent in some 

specimens. Pure lines of Tasmanian and mainland beetles maintained the elytral 
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colouration of their origin, although teneral beetles of either ongm were 

indistinguishable from each other (dark grey with red elytral margins). 

Within regions, C. agricola collected from Mt Buller contained no egg 

parasitoids. Data for sites within Tasmania are less comparable because of 

missing values from some sites, but Geeveston exhibited a significantly lower 

larval parasitism rate than Scottsdale. 

One hundred and nineteen independent C. agricola collection records from 

Tasmania and 623 from mainland Australia contained sufficient information to 

use in determining temporal collection :frequency. Collection records dated from 

1900 to 1999. Beetles were collected more frequently in autumn from mainland 

Australia than from Tasmania (Figure 6.2). This suggests that beetles begin 

overwintering later in mainland Australia than in Tasmania, or that there is indeed 

a second generation, or that adults in mainland Australia are longer-lived than 

their Tasmanian counterparts. However, conclusions drawn from data such as 

these can be misleading: differences in collection :frequencies may simply reflect a 

greater collection effort at one time of year over another. 
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Figure 6.2: Chrysophtharta agricola adult beetle collection frequency for spring, 
summer and autumn in Tasmania (A) and mainland Australia (B). 

Generally, C. agricola originating from Tasmania and mainland Australia shared 

a number of biological characteristics. Egg and larval batch sizes were similar 

between regions, as were adult beetle lengths and larval parasitism rates. 

Regional differences included egg parasitism rates and the elytral colouration of 

mature beetles. While two species of egg parasitoid were associated with C. 
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agricola eggs in mainland Australia, only E. nassaui was recorded from 

Tasmanian C. agricola. Larval parasitism by Ea. paropsides was not detected 

from mainland Australia in this study, but the parasitoid has previously been 

recorded from the ACT from Paropsis atomaria Olivier (Tanton & Epila 1984). 

The erythraeid mite species Leptus and the undescribed species of podapolipid 

mite was recovered only from Tasmania, while chyzerid mites were only found in 

association with C. agricola in mainland Australia. 
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SECTION II: OVIPOSITION IN CHRYSOPHTHARTA AGRICOLA 

(CHAPUIS) (COLEOPTERA: CHRYSOMELIDAE: P AROPSINI) 

Introduction 

Oviparity in the Chrysomelidae is usual, although some species are viviparous or 

ovov1v1parous (Selman 1994a). The Paropsini are oviparous, apart from 

ovov1v1parous species in Paropsisterna Motchulsky and Sterromela Weise 

(Selman 1994b) and Chrysophtharta lignea (Erichson) (de Little 1979), whose 

larvae hatch within minutes of egg deposition. Lifetime fecundity varies from 

very few to thousands of eggs per female in different species of chrysomelid 

beetles (see Selman 1994a; Jolivet 1999), and over 1000 eggs can be produced per 

female in the Paropsini (Simmul & de Little 1999; B. D. Murphy, University of 

Canterbury, New Zealand, unpubl.; Chapter 8). The spatial patterns and 

placement of paropsine eggs are variable, with different species ovipositing in 

rafts (C. bimaculata [Olivier]), piles (C. agricola [Chapuis]), spirals (Paropsis 

atomaria [Olivier]), on stalks (Trocholodes Weise), in strings (P. tasmanica 

Baly), on leaf tips (C. agricola), underneath leaves (P. charybdis Stal), around 

stems (P. atomaria) or under bark (Trachymela tincticollis [Blackbum]). Eggs 

may be laid in pairs or groups of three (e.g. P. rubidipes Blackbum and P. porosa 

Erichson) or in large batches of up to 60 eggs (e.g. C. agricola) (de Little 1979; 

Selman 1994b; B. D. Murphy, unpubl. data). Egg batch size and larval 

gregariousness are generally correlated, with species that lay between 2 and 20 

eggs per batch having solitary larvae, and species with 10 - 60 eggs per batch with 

gregarious larvae. 
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Although egg-clustering (and hence, greganous larvae) may increase defence, 

especially in groups with aposematism or repellent defence (Vulinec 1990; Sillen

Tullberg & Hunter 1996), there is also evidence that suggests host plant 

characteristics influence the evolution of egg-clustering. Egg-clustering may have 

evolved in response to high spatial patchiness of host plants and large distances 

between patches, a narrow host range, fast meristem production in host plants, low 

adult fecundity and dispersal, and high plant toughness (Young 1983). However, 

Courtney (1984) believed that egg-clustering may have evolved in response to 

selection for increased fecundity. I investigate the consequences of egg-clustering 

and larval gregariousness in C. agricola on young and old leaves in the absence of 

natural enemies in Chapter 9. Importantly, gregariousness is a trait that is 

associated with community dominance (Denno & Benrey 1.997), despite being rare 

(Hunter 2000), and species with gregarious larvae are over-represented within 

species that outbreak periodically (Denno & Benrey 1997). 

Apart from the protection afforded by the mode of oviposition, eggs can be 

protected by physical structures that deter or prevent predation, parasitism and 

desiccation. Some species of the Paropsini, including C. agricola, produce eggs 

that are covered with projections that may deter parasitoids, while others have 

smooth chorion and are more readily parasitised (B. D. Murphy, unpubl.). Other 

chrysomelid species protect their eggs with frass, chemical secretions, or parental 

care (Hilker 1994). Chapter 7 details the first records of egg parasitism for C. 

agricola from mainland Australia and Tasmania. 
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Like mating (Section Ill), oviposition is influenced by a number of extrinsic and 

intrinsic stimuli, including: 

A. Abiotic factors such as temperature (Selman 1994a), barometric pressure 

(Roitberg et al. 1993), solar radiation (Gossard & Jones 1977), and moisture 

(Logan 1997); 

B. Host plant deprivation (Fitt 1986), availability (Selman 1994b ), quality 

(Elliott et al. 1990), age (Thomas 1987), surface chemicals (Jallow et ul. 

1999) or species (Steinbauer et al. 1998a); 

C. Insect physiological state, including starvation, egg load (J allow & Zalucki 

1998), mated status (Peferoen et al. 1981; Jolivet 1999), and age (Gossard & 

Jones 1977); 

D. Presence of conspecific egg-batches or larvae (Hilker 1994), feeding damage 

(Fitt 1984), or oviposition deterring pheromones (Heard 1998) on host plants. 

Host selection behaviour is a complex area of study, often examined in pest 

species and potential biological control agents. In Chapter 8, I report on 

experiments investigating the effect of host plant foliage type on oviposition by 

female C. agricola, which allows prediction of the duration of plantation 

susceptibility. Chapter 3 (Section I) has already explored the effect of pre- and 

post-overwintering mating status on C. agricola oviposition, and Chapter 4 

(Section I) examined the effects of temperature and photoperiod on oviposition, as 

it relates to reproductive diapause initiation and termination. 
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CHAPTER 7: Differences in egg parasitism of Chrysophtharta 
agricola (Chapuis) (Coleoptera: Chrysomelidae) by Enoggera 
nassaui Girault (Hymenoptera: Pteromalidae) in relation to host 
and parasitoid origin 

Published as Nahrung, H F. and Murphy, B. D. (2002) Australian Journal of 
Entomology 41: 267-271. 

Abstract 

The first instances of egg parasitism of Chrysophtharta agricola, a pest of 
eucalypt plantations, are recorded. Enoggera nassaui was found parasitising C. 
agricola egg batches in Tasmania, ACT, NSW and Victoria: this is the first record 
of this parasitoid species from Victoria. One instance of Neopolycystus sp. 
parasitising C. agricola eggs in Victoria was also recorded. Parasitism of egg 
batches by E. nassaui ranged from 0 - 55 % between five geographic populations 
collected in mainland Australia (n = 45), and from 0 - 2 % between two 
populations collected in Tasmania (n = 300). For mainland sites at which 
parasitism was recorded, parasitism rates within sites differed significantly from 
either population in Tasmania. Reciprocal exposure experiments using one 
Tasmanian (Florentine Valley) and one parasitised mainland (Picadilly Circus, 
ACT) population were conducted in the laboratory to examine whether these 
different parasitism rates were attributable to egg or parasitoid origin. Parasitoids 
from the ACT parasitised C. agricola eggs of both origins more successfully than 
parasitoids from Tasmania, with up to 65 % wasp emergence compared with 33 % 
from Tasmania. Parasitoid origin significantly affected the number of wasps that 
emerged from exposed batches, but not the total loss from parasitism. 

7.1 Introduction 

Chrysophtharta agricola (Chapuis) (Coleoptera: Chrysomelidae) is a pest of 

Eucalyptus nitens plantations in Tasmania (de Little 1989; Ramsden & Elek 1998) 

and occasionally of E. globulus and E. viminalis in Victoria (Elliott et al. 1998). It 

has been collected from around 20 species of eucalypts throughout its geographic 

range, which extends from the eastern New South Wales (NSW) - Queensland 

(Qld) border to southern Tasmania. In Tasmania, C. agricola is usually univoltine 

(Ramsden & Elek 1998), while in Victoria it completes two generations per year 
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(Neumann 1993). In Tasmania, adults emerge from overwintering in October -

November and lay eggs from November to March in untidy batches of around 23 

eggs on leaf tips (Ramsden & Elek 1998). Predators, including ladybirds, soldier 

beetles and mirids, consume the eggs and larvae of C. agricola, while at least two 

species of tachinid flies and one species of braconid wasp parasitise the larvae 

(Chapter 2, 6; Nahrung 2002). However, there are no records of egg parasitism 

for C. agricola. 

Enoggera nassaui Girault (Hymenoptera: Pteromalidae) is an endemic Australian 

solitary egg parasitoid that has been recorded from. five genera - Paropsis Olivier, 

Chrysophtharta Weise, Trachymela Weise, Paropsisterna Motschulsky, and 

Trocholodes Weise - of eucalypt-feeding, paropsine chrysomelid beetles and from 

the psyllid genus Creiis Froggatt (Naumann 1991; Mo & Farrow 1993; Cox 

1994c; Tribe 2000). Enoggera nassaui has been recorded from Qld, NSW, the 

Australian Capital Territory (ACT) and Western Australia (WA) (Naumann 

1991). It was successfully introduced to New Zealand from WA for the biological 

control of Paropsis charybdis Stal (Kay 1990). Its congener, E. reticulata 

Naumann, also introduced from WA, established in South Africa as a biological 

control agent for Trachymela tincticollis (Blackbum), with a parasitism rate of 

96% (Tribe 2000). 

Although E. nassaui has been recorded from the eggs of five species of 

Chrysophtharta, viz. C. bimaculata (Olivier), C. decolorata (Chapuis), C. amoena 

(Clark), C. annularis Blackbum and C. variicollis (Chapuis) (Naumann 1991; Mo 

153 



& Farrow 1993; Cox 1994c; Tribe 2000), it has not been previously recorded from 

C. agricola. This study quantifies egg parasitism by E. nassaui of different 

populations of C. agricola in Tasmania and mainland Australia. I found 

significant differences in the occurrence of egg parasitism between mainland and 

Tasmanian populations. Therefore, I also tested whether host or parasitoid origin 

affected successful egg parasitism of C. agricola eggs using a reciprocal exposure 

experiment. 

7.2 Materials and Methods 

Chrysophtharta agricola egg batches were collected from roadside E. viminalis 

and E. dalrympleana from Picadilly Circus, ACT (35°21S 148°47E), the 

Jindabyne-Thredbo roadside, NSW (36°27S 148°27E), Mt Buller, Vic (37°06S 

146°25E) and Marysville, Vic (37°31S 145°43E) in early January 2001, and 

fortnightly from E. nitens plantations at Frankford, Tas (41°20S 146°46E) and the 

Florentine Valley, Tas (42°38S 146°29E), between November 2000 and March 

2001. The number of eggs per batch was counted and compared between sites. 

Egg batches were held individually in petri-dishes under ambient laboratory 

conditions (- 21 °C, natural photoperiod) until emergence of beetle larvae or adult 

parasitoids. Enoggera nassaui were identified by B. D. Murphy, University of 

Canterbury, New Zealand, using scanning electron microscopy, the key by 

Naumann (1991) and through comparison with Tasmanian specimens identified 

by Dr Stefan Schmidt (Australian National Insect Collection). The number of egg 

batches from which E. nassaui emerged was recorded. 
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Reciprocal exposure experiments: Because parasitism of C. agricola eggs was 

too low at both Tasmanian sites to obtain sufficient specimens for experiments, E. 

nassaui was collected in egg batches of Paropsis aegrota var elliotti (Selman) and 

P. charybdis from the Florentine Valley and reared through one generation on 

laboratory-reared P. aegrota eggs. All mainland E. nassaui used in testing 

originated from Picadilly Circus, ACT, ,but were first reared through on 

laboratory-reared P. aegrota eggs to standardise testing. Paropsis aegrota was 

used as the rearing host because it is frequently found parasitised by E. nassaui in 

field surveys (Naumann 1991; B. D. Murphy unpublished data). Parasitoids were 

held in ventilated vials at ambient laboratory conditions and provided with a dilute 

(~5 %) honey solution, P. aegrota egg batches less than 24 h old, and water. 

Exposed egg batches were removed after 2 - 3 days and monitored so that 

hatching beetle larvae were removed before they damaged parasitised eggs. 

Parasitoids emerging from these batches were allowed to feed and mate under 

ambient laboratory conditions ( ~ 21 °C, natural photoperiod) for 2 - 3 days prior 

to use in the reciprocal exposure experiment. 

The C. agricola eggs used in these experiments were obtained from adults 

collected from Picadilly Circus, ACT, and from adults collected from the 

Florentine Valley, Tasmania (Tas). Five male-female pairs of C. agricola from 

each source were placed in cylindrical plastic cages, provided with fresh E. nitens 

foliage and were held in a controlled temperature room at 21 ± 2 °C, 16L:8D 

photoperiod. Egg batches used in experiments were collected every 24 h. 
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To test the efficacy of E. nassaui from either geographic locality to parasitise C. 

agricola eggs from eithe~ locality, the four parasitoid origin/host origin 

combinations (i.e., ACT wasps with ACT eggs; ACT wasps with Tas eggs; Tas 

wasps with ACT eggs; Tas wasps with Tas eggs) were established as treatments, 

with 10 replicates of each. Because it is difficult to distinguish the sex of E. 

nassaui (Naumann 1991), each replicate commenced by introducing five host

inexperienced wasps into a petri dish containing a C. agricola egg batch of 

approximately 30 eggs. I watched each replicate until a female inserted her 

ovipositor into a host egg and then the remaining four wasps were removed and 

returned to the rearing culture. The ovipositing female was then left with the egg 

batch for precisely 2 hours, after which she was removed and killed in 70% 

ethanol. Replicates where none of the five wasps oviposited with the C. agricola 

eggs within 1 hour were then offered 30 P. aegrota eggs for one hour. If 

oviposition subsequently occurred, the test with C. agricola was recorded as zero 

parasitism as at least one female physiologically capable of parasitism was present 

and chose not to parasitise the C. agricola eggs; if no oviposition occurred in the 

P. aegrota eggs, the replicate was discarded. 

All egg batches exposed to E. nassaui were held individually in petri dishes and 

monitored for beetle larvae or parasitoid emergence. As beetle larvae and 

parasitoids emerged, they were removed from the petri dish, and parasitoids were 

killed in 70 % ethanol. Approximately ten days after emergence ceased, egg 

batches were dissected under a microscope and the number of unhatched eggs was 

recorded. Ten unexposed C. agricola egg batches from each origin were placed in 
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separate petri dishes and treated as controls for failure of eggs to hatch without 

exposure to E. nassaui. Data were square-root transformed and egg batch size 

was used as a covariate because egg batch size was not constant. The failure to 

hatch of eggs from control (unexposed) batches was not significantly different 

between the mainland and ~he Tasmanian populations (t-test; t18 = 0.33, P = 0.75): 

6.1 % of the mainland eggs and 7.4 % of the Tasmanian eggs failed to hatch. 

These proportions were used to adjust exposed egg batch numbers for each 

population respectively, so that the total loss from parasitism was calculated as: 

% total loss from parasitism = [(# wasps emerged + # unhatched eggs) - (egg 

batch size * proportion of unhatched eggs from unexposed batches) I egg batch 

size]*lOO 

The head capsule width(± 0.02 mm) of a subsample of parental E. nassaui (reared 

from P. aegrota eggs), and their offspring (reared from C. agricola eggs of both 

origins) were measured under a dissecting microscope (x45), but sexes were not 

considered separately because they are difficult to distinguish. Differences were 

detected using a one-way ANOV A and post-hoe comparisons were made using 

Fishers LSD test at P < 0.05. 

7.3 Results 

Forty-five C. agricola egg batches were collected from five locations in mainland 

Australia (Table 7.1). Enoggera nassaui emerged from 0 - 55 % (mean± s.e. = 

27.6 ± 13.2) of these egg batches, depending on site. Neopolycystus sp. emerged 
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from one egg batch collected from Marysville. No egg batches collected from 

Lake Mountain and Mount Buller were parasitised. 

Enoggera nassaui emerged from just three of the 298 egg batches collected from 

two sites in Tasmania. Only two egg batches collected on 27 December 2000 and 

one egg batch collected on 22 January 2001 from Frankford contained E. nassaui. 

No egg parasitism was recorded from the Florentine Valley. There was a 

significant difference in the proportion of parasitised egg batches between 

mainland and Tasmanian populations where parasitism occurred (e.g. Marysville 

vs Frankford two-way contingency table, x.21 = 16.9, Fisher's Exact Test P = 0.01), 

but not between sites at which parasitism occurred on the mainland (X,22 = 0.75, P 

= 0.69). Egg batch size was similar between mainland and Tasmanian sites 

(ANOVA, F6,336 = 1.8, P = 0.1) (Table 7.1). 

Table 7 .1: Occurrence of Enoggera nassaui in egg batches of Chrysoptharta 
agricola from seven geographic locations within Australia. Egg batch size did not 
differ between sites (ANOV A, F6 336 = 1.8, P = 0.1 ). 

Site n % of egg batches mean ± s.e. egg batch size 
paras1tised (range) 

Picadilly Circus, 9 55 28.2 ± 5.9 (14- 39) 
ACT 
Jindabyne, NSW 18 50 26.9 ± 2.1 (14-39) 
Mt Buller, Vic 7 0 29.1±5.5 (18- 57) 
Lake Mountam, Vic 5 0 34.2 ± 6.9 (19- 54) 
Marysville, Vic 6 33 36.6 ± 3.9 (21 - 54) 
Frankford, Tas 138 2 32.9 ± 0.8 (14 - 67) 
Florentine Valley, 160 0 34.1±0.8 (11 - 64) 
Tas 

Reciprocal exposure experiment: Parasitism occurred in each wasp/egg batch 

origin combination. There was no difference in the percentage of egg batches 
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from which E. nassaui emerged according to wasp or host origin (two-way 

contingency table, xl = 2.8, P = 0.09) (Table 7.2). For parasitoids that originated 

in the ACT, parasitism within batches of either origin (i.e. the percentage of eggs 

from a single batch that bore adult wasps) ranged from 0 - 65 % (n = 10), and for 

Tasmanian parasitoids the range was 0 - 33 % (n = 10). For both parasitoid 

populations, the highest wasp emergence was recorded from eggs laid by beetles 

from the opposite origin to that of the wasp. The numbers of wasps that emerged 

from egg batches was variable, but higher for ACT-originated parasitoids (Figure 

7.1). Total loss from parasitism ranged from 3 - 93 % for ACT wasps, and from 0 

- 94 % for Tasmanian wasps. Again, the highest loss from parasitism was 

recorded from eggs laid by beetles of the opposite origin to that of the wasp. 

Table 7.2: Percentage of Chrysophtharta agricola egg batches from which 
Enoggera nassaui emerged from each parasitoid/host origin combination (n = 10 
exposed batches per treatment). Female wasps were observed to oviposit in each 
egg batch. 

Mainland eggs 
Tasmanian eggs 

Mainland Enoggera 
100 
80 

Tasmanian Enoggera 
50 
60 

The ACT population of parasitoids was significantly more successful at 

parasitising C. agricola eggs of either origin than the Tasmanian (Florentine 

Valley) population of parasitoids (2-way ANOV A, F 1 = 11.29, P = 0.002). That 

is, parasitoid origin had a significant effect on the number of Fl adult parasitoids 

that emerged. However, neither host nor parasitoid origin affected the total loss 

from exposure to wasps (2-way ANOV A, F 1 = 2.4, P = 0.13). 
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Figure 7 .1: Percentage total loss from parasitism by Enoggera nassaui on eggs of 
Chrysophtharta agricola, (A), and the percentage of adult parasitoids that 
emerged (B). Total loss from parasitism includes the number of parasitoids 
emerging, plus the number of unhatched eggs. Different letters denote significant 
differences at P < 0.05 (see Results). 
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Parasitoids from the ACT had significantly wider head capsules than parasitoids 

from southern Tasmania (Table 7.3) (ANOVA, F5,78 = 151.1, P < 0.001), and the 

rearing host also significantly affected head capsule width. The average head 

capsule width of ACT E. nassaui reared on P. aegrota eggs was 0.58 ± <0.00 mm 

(n = 40), whereas the head capsule width of E. nassaui from the Florentine Valley, 

Tasmania, was 0.56 ± <0.00 mm (n = 15) when reared on the same host. 

Table 7.3: Head capsule widths of Enoggera nassaui from different geographic 
and host origins, reared from Chrysophtharta agricola eggs. Different letters 
denote significant differences for each parameter (P < 0.001). 

Parasitoid Egg origin n Mean head capsule width ± s.e. 
origin 
Mainland Tasmania 
Mainland Mainland 
Tasmania Tasmania 
Tasmania Mainland 

7.4 Discussion 

57 
77 
15 
32 

(mm). 
0.46 ± 0.01 a 
0.46 ± 0.01 a 
0.43 ± 0.01 b 
0.43 ± 0.01 b 

The occurrence of C. agricola eggs parasitised by E. nassaui in the field was 

significantly lower in Tasmania compared with several populations in mainland 

Australia. My field collection data for mainland populations were from native 

eucalypt bushland, whereas Tasmanian populations were collected from eucalypt 

plantations. Evidence suggests that natural enemies are less effective in 

monocultures than in mixed stands (e.g. Dazoj 2000) and this may partially 

account for the low field occurrence of E. nassaui in this survey. Furthermore, the 

role of plant volatiles in egg parasitoid searching behaviour is important (e.g. 

Honda & Walker 1996); the low occurrence of E. nassaui in C. agricola eggs in 
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Tasmania may be influenced by the relatively recent introduction of the host plant 

on which these collections were made. However, although E. nitens is an 

introduced tree species to Tasmania, a number of paropsine species occurring in 

sympatry with C. agricola are parasitised by E. nassaui (B. D. Murphy, Forest 

Research Institute, New Zealand, unpublished data), and parasitism of P. 

charybdis by E. nassaui in New Zealand on E. nitens can exceed 90% (Kay 1990). 

Enoggera nassaui from the ACT were larger than their Tasmanian counterparts. 

Larger size is related to higher fecundity in a number of species of egg parasitoids 

(e.g. Kazmer & Luck 1995), and may account for the higher parasitism rate 

observed in the field at the ACT site, compared with Tasmanian sites. The results 

of these reciprocal exposure experiments showed that E. nassaui from the ACT 

were more effective at parasitising C. agricola eggs than E. nassaui from 

Tasmania under laboratory conditions. 

Enoggera reticulata achieves up to 96% parasitism of T. tincticollis eggs in South 

Africa (Tribe 2000), and Tribe (2000) recorded an average of 80% parasitism by 

E. nassaui for the twelve paropsine species that he tested under laboratory 

conditions. Despite his wasps being left for 24 h with egg batches, only two host 

species recorded significant numbers of collapsed eggs. Tribe (2000) reported that 

collapsed eggs contained" ... parasite larvae ... but insufficient yolk ... for any larvae 

to complete their development". The proportion of collapsed eggs that I recorded 

from just 2 hours of exposure was up to 94%, suggesting that C. agricola eggs are 

less suitable for E. nassaui development than the eggs of other paropsine species. 
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Indeed, despite female wasps being observed to oviposit in almost all replicates, 

there were some egg batc11;es from which no adult wasps emerged. Maximum 

parasitoid emergence from C. agricola eggs in these experiments was 65% for E. 

nassaui from the ACT and 33% for parasitoids originating from Tasmania, 

compared with maximum parasitoid emergence of > 90% for eight paropsine 

species tested by Tribe (2000). Although this suggests that C. agricola may be a 

less suitable host for E. nassaui than other paropsine species, E. nassaui from the 

ACT nonetheless were more effective at using C. agricola as a host than E. 

nassaui from Tasmania. 

Apart from the greater ability of ACT E. nassaui to successfully parasitise C. 

agricola eggs of either origin, other factors may have affected the differing 

parasitism rates that I recorded. The spatial arrangement of eggs within batches 

may affect their accessibility to parasitoids (Hilker 1994), and larger batches may 

protect more eggs from parasitism than smaller batches. However, mean egg 

batch size did not differ between Tasmanian and mainland Australian sites. The 

number of host generations each year may affect the abundance of E. nassaui and 

for C. agricola, differences in voltinism may influence the parasitoid's efficacy. 

In Tasmania, C. agricola in usually univoltine (Ramsden & Elek 1998), but it is 

reportedly bivoltine in Victoria (Neumann 1993). Further investigation of the 

phenology of E. nassaui in the field in mainland Australia and Tasmania may 

increase our understanding of this host-parasitoid interaction. These experiments 

testing the efficacy of two geographic populations of E. nassaui were conducted 

under controlled laboratory conditions. It is possible that although E. nassaui 
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perfon;ned better under these conditions, they may not so successfully parasitise C. 

agricola at different temperatures. That E. nassaui of different origins may 

perform differently under different climatic conditions is being studied by Murphy 

and Kay (2000), introducing Tasmanian E. nassaui into New Zealand for 

biological control of P. charybdis in areas that the parasitoid is currently 

ineffective because of climatic intolerance. 

Here, I have identified potential "interstrain variation" between field populations 

of E. nassaui parasitising C. agricola eggs, and this difference persisted when 

wasps and hosts were reared under the same conditions in the laboratory. These 

are two of the five traits listed by Hopper et al. (1993) for identifying genetic 

variation in potential biological control agents. While the introduction of different 

"strains" in classical biological control has rarely succeeded (Clarke & Walter 

1995), it has seldom been tested using native systems such as the E. nassaui-C. 

agricola interaction. However, the possibility that the species identified here as E. 

nassaui from different geographic localities represent different sibling (or cryptic) 

species, rather than different "strains" requires consideration (sensu Clarke & 

Walter 1995) before further investigation is undertaken. 
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CHAPTER 8: Intra-plant host selection, oviposition preference 
and larval survival of Chrysophtharta agricola (Chapuis) 
(Coleoptera: Chrysomelidae: Paropsini) between foliage types of 
a heterophyllous host. 

Published as Nahrung, HF. and Allen, G. R. Agricultural and Forest 
Entomology 5: 155-162. 

Abstract 

Paropsine chrysomelid beetles defoliate commercial eucalypt plantations in 
Australia. Adults and larvae feed on the same host, with the larval food source 
determined by the oviposition choice of females. Most eucalypt species are 
heterophyllous, with their foliage undergoing distinct morphological and chemical 
change between adult and juvenile growth. The intra-plant foliage feeding and 
oviposition preference of adults and the larval development of Chrysophtharta 
agricola were examined using adult and juvenile foliage of a heterophyllous 
plantation species, Eucalyptus nitens. The foliage types differ in chemistry, 
toughness, waxiness and timing of production. In the field, feeding damage 
caused by adult beetles was 15 % more frequent on adult foliage than on juvenile 
foliage, yet egg batches were three times more common on juvenile than on adult 
foliage. Oviposition preference for juvenile foliage over adult foliage was 
confirmed in choice trials in the laboratory, with adult fecundity and longevity not 
significantly different between foliage types. Larval survival, development time 
and subsequent pupal weight were also unaffected by foliage type, suggesting that 
neither foliage type is nutritionally superior for adults or for larvae. However, 
adult foliage was significantly thicker than juvenile foliage and this may prove a 
physical constraint to larval establishment. Biotic and abiotic factors (including 
interactions with natural enemies, competition, micro-climate and mate location) 
that may affect patterns of host plant utilisation are discussed. 

8.1 Introduction 

The relationship between oviposition preference and offspring performance is 

central to understanding the evolution of host associations between phytophagous 

insects and plants (Thompson 1988; Courtney & Kibota 1990), especially for 

species whose neonates lack the mobility or host-selection behaviour to locate 

their own feeding sites. Such adult and larval preference/performance 
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characteristics influence how shifts onto new hosts occur, and thus, the 

distribution of insect species among plant species (Thompson 1988). 

Within individual plants, host selection by phytophagous insects can result from 

differential performance and oviposition preference. For example, the weevil 

Coelocephalapion aculeatum Fall displays an oviposition strategy that is finely 

tuned to the reproductive development of its host Mimosa pigra (Heard 1995). 

Steinbauer et al. (l 998b) found that nymphs of Amorbus obscircornis 

(Westwood) (Hemiptera: Coreidae) preferred coppicing hosts over non-coppicing 

hosts of the same plant species. A positive relationship between adult oviposition 

preference and larval performance of Mnesampela privata (Guenee) (Lepidoptera: 

Geometridae) between the two foliage types of its heterophyllous eucalypt hosts 

has also been demonstrated (Steinbauer 2002). Recent studies using Eucalyptus 

globulus showed that heteroblasty affected settling, oviposition, survival and 

feeding bypsyllids (Brennan et al. 2001; Brennan & Weinbaum 2001a, b). 

Most eucalypt species undergo distinct ontogenetic change between juvenile and 

adult foliage (Brooker & Kleinig 1999), and patterns of host use by insects can be 

influenced by this heteroblasty (e.g. de Little 1989; Lawrence 1998; Brennan & 

Weinbaum 200la, b; Steinbauer 2002; Lawrence et al., in press). Eucalyptus 

nitens (Deane & Maiden) Maiden was introduced to Tasmania as a forestry 

plantation species because of its cold tolerance and fast growth, especially in high 

altitude areas. In this species, adult leaves are petiolate, alternating, lanceolate, 

and glossy, whereas juvenile leaves are sessile, opposite, oblong, and glaucous 
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(Brooker & K.leinig 1999). Both foliage types can persist simultaneously on the 

same tree for long periods (Beadle et al. 1989). The oil yield and composition of 

each foliage type differ markedly (Li 1993; Li et al. 1994)', with juvenile leaf oils 

containing higher levels of 1,8 cineole, limonene, Y-terpinene, a-terpineol, 

sesquiterpenoids, monoterpenoids and a-phellandrene than adult leaf oils (Li 

1993). However, the evolution of distribution of insect species between the 

foliage types of heterophyllous eucalypt species has received little attention 

(Brennan & Weinbaum 2001a; Steinbauer 2002), despite leaf production 

phenology and foliage age classes having a substantial impact on insect 

population dynamics (Mopper & Simberloff 1995; Moreau et al. 2003). 

Eucalyptus nitens was first grown in plantations in Tasmania in the late 1970s 

(Wood et al. 2001) and, thus, represented a novel host for insects native to 

Tasmania. Significant insect attack on E. nitens was first observed in the early 

1980s, with the major pest identified as the paropsine chrysomelid 

Chrysophtharta bimaculata (Olivier) (Coleoptera: Chrysomelidae: Paropsini) (de 

Little 1989). By the late 1990s, C. agricola (Chapuis) was also considered a 

significant pest of E. nitens plantations in Tasmania (Elliott et al. 1998; Lawrence 

1998; Ramsden & Elek 1998). These two species were thought to be restricted to 

adult and juvenile foliage, respectively (Elliott et al. 1998). Although C. agricola 

was initially thought to feed preferentially on juvenile foliage of E. nitens (de 

Little 1989; Bashford 1993; Elliott et al. 1998; Ramsden & Elek 1998), a recent 

study by Lawrence (1998) demonstrated that adult beetles fed preferentially on 

adult foliage. 

167 



The oviposition preference of C. bimaculata (Olivier) is influenced by the 

availability of suitable foliage for larval feeding (Steinbauer et al. 1998b; Howlett 

2000). Moreover, the availability of suitable foliage may be a more important 

factor determining its oviposition preference than host species (Steinbauer et al. 

1998a), because increasing foliage toughness reduces the establishment success of 

neonate paropsine larvae (Larsson & Ohmart 1988; Ohmart 1996; Howlett et al. 

2001; Nahrung et al. 2001, Chapter 9). Additionally, C. bimaculata cannot grip 

the leaf surface of some eucalypt foliage (Li 1993) and oviposits at sites where 

females can cling most strongly (Howlett 2000), serving as another example of the 

general observation that insects require both the behavioural capacity and the 

physiological ability to utilise a potential food source (Kibota & Courtney 1991 ). 

Patterns of host utilisation by insects are also influenced by biotic interactions 

including parasitism, predation, and competition, and host plant attributes such as 

host texture and phenology (Zangerl & Berenbaum 1993). Plant chemistry further 

contributes to feeding and host plant recognition in chrysomelid beetles (Mitchell 

1988), and differences in eucalypt leaf chemistry can influence host preference by 

paropsine species (Li 1993). 

To date, studies addressing oviposition preference and host choice in the 

Paropsini have focussed on differences between host plant species (e.g. de Little 

& Madden 1975; Steinbauer et al. 1998a; Howlett et al. 2001; Baker et al. 2002); 

rarely has the influence of intra-host foliage type on oviposition been considered 
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(Steinbauer 2002). Here I examme the oviposition preference and larval 

performance between the two foliage types within one eucalypt host species, E. 

nitens. I confirm the findings of Lawrence et al. (in press) for C. agricola's 

feeding preference for adult foliage in the field, and examine oviposition and 

larval performance in the laboratory to test the hypothesis that paropsine 

oviposition preference is often not explained by larval performance (Came 1966; 

de Little and Madden 1975; Baker et al. 2002). 

8.2 Materials and Methods 

8.2.1 Study organisms: Chrysophtharta agricola is a paropsme chrysomelid 

beetle endemic to southern and south-eastern Australia, with a host range of 

around 20 eucalypt species, all of which are heterophyllous. Female C. agricola 

oviposit in untidy piles of about 23 eggs per batch, and there are four larval instars 

(Ramsden & Elek 1998). Eucalyptus nitens is a heteroblastic plant with 

morphologically and chemically differing juvenile and adult foliage. Adult 

foliage is first produced by trees 1 - 3 years of age, and the phase-change is 

usually complete at 4- 5 years (Pederick 1979). 

8.2.2 Adult feeding & oviposition in the field: To quantify the feeding and 

oviposition preference of C. agricola in the field, I sampled 100 sprigs (about 10 

cm lengths) each of new adult and new juvenile foliage from trees of a 2 - 3 year 

old E. nitens plantation at Frankford, Tasmania (41°20S 146°46E). Because 

foliage height can affect feeding preference (Lawrence 1998), I consistently 

sampled foliage from approximately 1.5 - 2 m above ground level. Sprigs were 
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placed in plastic bags and returned to the laboratory where stem length was 

measured (± 0.1 cm), the n~ber of leaves per length was counted, and whether 

or not they exhibited adult beetle feeding damage was recorded. The number of 

egg batches was also recorded for each shoot. I was confident in ascribing 

feeding damage to C. agricola because of the species' dominance in the 

plantation: less than 6 % of paropsine beetles (from 5 species) caught on sticky 

traps over a 6-week period represented specimens other than C. agricola (n = 366 

beetles) (author's unpublished data). However, Thompson (1988) warned against 

measuring preference as a proportion of eggs on different plants in the field 

because such counts are the result of oviposition by more than one female, and not 

all plants are of equal abundance and availability. Hence, I used the results of this 

field survey with caution and conducted preference and performance trials in the 

laboratory. 

8.2.3 Oviposition in the laboratory: Adult C. agricola were collected from a E. 

nitens plantation in October 2000 from the Florentine Valley, Tasmania (42°38S 

146°29E), soon after their emergence from overwintering. Beetles were sexed in 

the laboratory and were deprived of food for 24 hours, after which males and 

females were paired into 36 pairs. These pairs were placed into one of three 

treatments: no-choice adult foliage, no-choice juvenile foliage, and choice adult 

versus juvenile foliage, each replicated twelve times. Test arenas comprised 36 

clear plastic cages (each ea 11.5 cm high x 10 cm diameter) and were provided 

with sprigs of fresh E. nitens foliage, according to the treatments previously 

described, with the cut stems of foliage kept in water. The experiment was 
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conducted in a controlled temperature room at 21 ± 2 °C photoperiod 16L:8D. 

Egg batches were collected and counted twice each week until females died. 

Foliage was changed up to twice each week, and care was taken to provide foliage 

of similar biomass and age between arenas and treatments. Males that died during 

the experiment were replaced with males from a rearing colony maintained under 

the same conditions as the experiment. However, for determining male longevity, 

only the lifetime (in days) of the first male was considered. After death, the body 

length of females was measured to check for differences in fecundity based on 

size. 

8.2.4 Larval performance: Ten C. agricola egg batches were collected from a E. 

nitens plantation at Frankford and returned to the laboratory. Egg batches were 

removed from leaves and placed individually in petri dishes placed in a constant 

temperature room (21 ± 2 °C, 16L:8D) until eclosion. Neonate larvae were 

allowed to feed on egg chorion (Ramsden & Elek 1998), and were then 

transferred using a fine paintbrush to adult or juvenile foliage treatments. To 

control for maternal effects, five larvae from each batch were placed on a single 

young leaf (the first or second fully expanded leaf from a shoot) of adult and 

juvenile E. nitens foliage in petri dishes. Thus, I used ten paired replicates. The 

petri dishes were kept in a controlled temperature room (21 ± 2 °C, 16L:8D) and 

monitored every day until larvae pupated. Foliage was added or replaced on these 

occasions if required. Pupae were weighed using an electric balance (± 0.1 mg) 

within 24 h of pupation. I held pupae in separate, labelled vials until adult 
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emergence, and then sexed adults as described previously. Data were analysed 

using mean values per replicate for each variable. 

8.2.5 Egg parasitism: To assess whether the rate of egg parasitism differed 

between juvenile and adult foliage, between 35 and 50 egg batches, respectively, 

were collected from each foliage type on four occasions (3 December 2001, 17 

December 2001, 29 January 2002, 12 February 2002) from a 2 - 3 year old E. 

nitens plantation at Frankford, where egg parasitism had been previously recorded 

(Nahrung & Murphy 2002; Chapter 7). All egg batches were collected from 

within a height of 1.5 - 2 m from ground level. Egg batches were taken to the 

laboratory and the number of eggs in batches laid on each foliage type was 

counted. Egg batches were placed individually in plastic vials and kept in a 

controlled temperature room (21± 2 °C, 16L:8D) until beetle larvae or adult 

parasitoids emerged. 

8.2.6 Foliage thickness: The thickness of adult and juvenile leaves of different 

ages was measured using branches of E. nitens collected from the Florentine 

Valley in August 1999, prior to oviposition and neonate feeding. Cut stems were 

placed in water and held in a cold-room at approximately 4 °C for 48 h before 

measurements were taken. Leaves of juvenile E. nitens foliage are oppositely 

paired, whereas leaves of adult foliage are alternate (Brooker & Kleinig 1999). 

Comparisons were therefore made using the first, second and fifth leaf pairs of 

juvenile foliage, and the first, third and sixth leaves of adult foliage. The width of 

the leaf margin of fifteen leaves of each leaf type was measured (± 0.02 mm) 
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under a dissecting microscope (45 x) by cutting a small strip(~ 5 mm wide) from 

a site approximately one third of the leaf length from the petiole (see Nahrung et 

al. 2001; Chapter 9). 

8.3 Results 

8. 3 .1 Adult feeding and oviposition in the field: The proportion of sprigs bearing 

C. agricola feeding damage was significantly greater on adult than on juvenile E. 

nitens foliage (2-way contingency table, x2
1 = 16.2, P < 0.01). All sprigs of adult 

foliage were fed upon by C. agricola, compared with 85 % of juvenile sprigs. 

Despite juvenile foliage having more leaves per length of shoot than adult foliage 

(0.53 ± 0.01 and 0.38 ± 0.01 leaves/cm, respectively), juvenile foliage had on 

average over three times more egg batches per leaf than adult foliage (0.14 ± 0.01 

and 0.04 ± 0.01 egg batches/leaf, respectively). The distribution of egg batches 

across foliage types differed significantly between adult and juvenile foliage (2-

way contingency table, x2
2 = 42.1, P < 0.01), with 13 % of adult sprigs bearing 

egg batches, whereas 57 % of juvenile sprigs bore egg batches (Figure 8.1, Table 

8.1). There was no significant relationship between adult feeding and oviposition 

(2-way contingency table, x2
1 = 1.9, P = 0.17). Results from the survey for egg 

parasitoids (see below) showed that the size of egg batches laid on adult foliage 

and juvenile foliage in the field was not significantly different, and did not change 

over time (Repeated measures ANOVA, F3,I6s= 0.21, P = 0.89). 

173 



100 adult 
90 

tn 80 -0 70 
0 

juvenile 

.c: 60 tn 
'O 50 .... 
Cl) 40 .c 
E 30 :::s 
c: 20 

10 
0 0 1 2 3 0 1 2 3 

number of egg batches/shoot 

Figure 8.1: Distribution of Chrysophtharta agricola egg batches on shoots of 
juvenile (white) and adult (black) Eucalyptus nitens foliage in the field. 

8.3.2 Oviposition in the laboratory: Lifetime egg production was similar among 

the three treatments (ANOV A, F2,33 = 0.08, P = 0.92) (Figure 8.2), and was not 

correlated with female size (Pearson correlation, R = 0.22, P = 0.26). However, in 

choice-trials, significantly more eggs were laid on juvenile foliage than on adult 

foliage (paired t-test, t11 =5.7, P <0.01) (Figure 8.2). The size of egg batches laid 

on the two foliage types, as found in the field, was not significantly different 

(Table 8.1). 
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Figure 8.2: Mean(+ s.e.) lifetime fecundity of female Chrysophtharta agricola 
in choice and no-choice trials using adult (black) and juvenile (white) Eucalyptus 
nitens foliage. The total number of eggs produced did not differ between 
treatments (A), but the number of eggs laid on adult and juvenile foliage in the 
choice trial was significantly different ( a,b ). 
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Table 8.1: Results of field survey of adult and juvenile foliage, and fecundity, 
longevity, egg batch size, larval survival, and pupal weight of C. agricola in 
choice and no-choice trials using adult and juvenile E. nitens foliage. Values 
presented are mean± s.e. and the range is given in parentheses. Different letters 
across rows represent significant differences at P < 0.05, all other parameters were 
not significantly different (see text). 

Field survey 
Egg batches /shoot 

Egg batch size (field) 

Laboratory trials: adults 
Eggs/female/day 

Female longevity (d) 

Male longevity ( d) 

Average egg batch 
size/female 

Laboratory trials: 
larvae 
Surviving larvae (of 5) 

Larvalsurvival('Yo) 

Mean larval duration 
(d) 

Mean female pupal 
weight (mg) 

Mean male pupal 
weight (mg) 

Adult foliage 

0.2± 0.04 
(0-2) 
n = 100 

a 

30.5 ± 0.9 
(14-57) 
n = 172 

23 ±2 
(15 - 35) 

95±18 
(22-170) 

88 ± 17 
(32-179) 

28.6 ± 1.6 
(21.1- 33.1) 

n= 12 

3.9 ± 0.3 (3 -5) 

78 ± 6.6 'Yo 
n = 10 

15.0 ± 0.2 
(13-17) 

n = 10 

66.6 ± 3.5 
(43.5 - 89.3) 

n = 10 

57.0 ± 2.7 
(28.4- 70) 

n=9 

Juvenile foliage 

0.72± 0.07 
(0-3) 
n= 100 

b 

29.7 ± 1.0 
(13-66) 
n = 171 

24± 3 
(8 - 37) 

72± 16 
(22- 162) 

66± 12 
(11 - 116) 

26.7 ± 0.7 
(23 - 30) 

n= 12 

4.6 ± 0.2 (3 - 5) 

92 ± 4.6 'Yo 
n= 10 

14.5 ± 0.3 
(13 -17) 

n= 10 

71.5 ± 1.8 
(42.5 - 85.9) 

n= 10 

61.2 ± 1.6 
(47.4- 81.5) 

n=9 

Choice tnal (adult & 
juvenile) 

27±2 
(18-36) 

76± 19 
(22-172) 

74± 14 
(42-169) 

29.5 ± 1.6 
(22.2- 39.9) 

n= 12 
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Male and female longevity was not different for beetles fed exclusively on adult 

(paired t-test, t9 = 0.72, P = .0.49), or juvenile (paired t-test, t8 = 0.1, P = 0.93) 

foliage, nor was there a difference between male and female longevity in the 

choice trial (paired t-test, t8 = 0.14, P = 0.89). Like fecundity, adult longevity was 

unaffected by foliage type (Table 8.1), and beetles lived a similar length of time in 

choice and no-choice trials (ANOVA, F2,26 = 0.69, P = 0.51). Female size and 

longevity were not correlated (Pearson correlation, R = -0.17, P = 0.4). 

8.3.3 Larval performance: Larval survival was high on both foliage types (Table 

8.1). Survival to pupation was not significantly different for either foliage type 

(paired t-test, t9 = 1.77, P = 0.11), nor was there a significant difference in average 

larval duration on either foliage type (paired t-test, t9 = 0.84, P = 0.42). Female 

pupal weights were significantly greater than male pupal weights (t-test, t83 = 4.7, 

P < 0.01), so pupal weight from each foliage type was tested separately for both 

sexes. There was no significant difference between the average weights of female 

pupae reared on adult or juvenile foliage (paired t-test, t9 = 1.41, P = 0.19), or 

between male pupal weights reared on either foliage type (Kruskall-Wallis test, 

x2
1 = 0.44, P = 0.51 ). The male:female sex ratio did not differ from unity in either 

treatment (2-way contingency table, x2
1 = 0.04, P = 0.84). 

8.3.4 Egg parasitism: Enoggera nassaui emerged from egg batches laid on 

juvenile and adult foliage. Parasitism rates were very low on both foliage types 

(between 0 and 6 % for adult foliage, and 0 and 3 % for juvenile foliage), and 
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there was no difference between the occurrence of egg parasitism between foliage 

types (2-way contingency table, X,21 =0.33, P = 0.57). 

8.3.5 Foliage thickness: Adult foliage was thicker than juvenile foliage for all 

leaf classes examined (ANOVA, F5,84 = 104.2, P < 0.01) (Figure 8.3). This is 

consistent with Steinbauer's (2002) results for other species of eucalypts, whose 

adult foliage had higher specific leaf weights than juvenile foliage. 
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Figure 8.3: The average widths(+ s.e.) of the leaf margin of juvenile (white) and 
adult (black) Eucalyptus nitens foliage for different-aged leaves. Different letters 
denote significant differences in leaf width (P<0.05). 

8.4 Discussion 

Although juvenile E. nitens foliage was considered to be " ... virtually untouched 

by chrysomelids" (Edwards & Wanjura 1990), it is preferentially oviposited upon 

by C. agricola in the field and laboratory. Despite this oviposition preference, 

adult and juvenile E. nitens foliage provided similar nutritional 'quality' for 
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survival and development of larvae. However, the trend suggested a positive 

preference-performance relationship for larvae on juvenile foliage, and although I 

found no statistical differences in the larval performance variables that I 

measured, I only used ten paired replicates for this study. 

Host plant chemistry can affect host utilisation by chrysomelid beetles (Mitchell 

1988). The oil yield of juvenile E. nitens leaves is significantly higher than that 

from corresponding adult leaves (Li et al. 1994), and juvenile leaf oils contain 

higher levels of 1,8-cineole, limonene, Y-terpinene, a-terpineol, sesquiterpenoids, 

monoterpenoids and a-phellandrene than adult leaf oils (Li 1993). However, 

eucalypt secondary compounds are thought to have little effect on paropsine 

feeding (Fox & Macauley 1977; Morrow & Fox 1980). That the fecundity and 

longevity of adult beetles, and larval survival, development time and subsequent 

pupal weight was similar for adult and juvenile foliage further demonstrates that 

neither foliage type is nutritionally superior. Hence, the observed preference for 

oviposition on juvenile foliage in choice trials and in the field where both foliage 

types are present is not the result of a physiological constraint. The ability of C. 

agricola to facultatively utilise juvenile E. nitens foliage as a host for adults and 

larvae means that plantations are at risk of attack by C. agricola from a very 

young age (i.e. before adult foliage is produced). Although adult beetles 

preferentially feed on adult foliage, their survival and fecundity is not affected by 

feeding solely on juvenile foliage. However, this no-choice trial comprised only 

one generation, and it is possible that continuous rearing on one foliage type may 

result in performance differences (Day 1999). 
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Differences in the physical attributes of adult and juvenile foliage confer 

differences in host use. For example, glaucousness of juvenile foliage inhibits 

feeding by paropsine beetles by reducing their ability to cling to leaf surfaces 

(Edwards 1982; Edwards & Wanjura 1990): C. bimaculata has difficulty in 

attaching and crawling on juvenile foliage, whereas C. agricola readily 

perambulates on either foliage type (Li 1993). Leaf toughness is another foliar 

attribute that affects establishment and survival of paropsine larvae (Larsson & 

Ohmart 1988; Howlett et al. 2001; Nahrung et al. 2001; Chapter 9). Adult foliage 

is thicker than juvenile foliage (Figure 8.3) and likewise has a higher specific leaf 

weight than juvenile foliage (Steinbauer 2002). For the larval survival trials 

reported here, only very soft, young leaves of both foliage types were presented to 

larvae as my aim was to examine nutritional differences and larval development 

time between foliage types. In the field, however, the thickness of adult leaves 

compared with juvenile leaves may prove a physical constraint to larval 

establishment. Nahrung et al. (2001) (Chapter 9) found that larval survival of C. 

agricola decreased significantly on older (thicker) juvenile foliage compared with 

survival on young foliage because of difficulty by larvae in establishing feeding 

sites on older leaves. 

Lawrence et al. (in press) suggested that C. agricola may have evolved to allow 

exploitation of different ontogenetic phases of the tree host, thereby avoiding 

resource competition between adult and larval stages. As well as competition, 

other biotic interactions can influence host utilisation patterns. For example, 

natural enemies play a major role in the survival of specialist herbivores. 
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Selection pressure by natural enemies could result in the evolution of oviposition 

preference, especially if predators or parasitoids were more effective at searching 

or attacking eggs or larvae on one foliage type over another. However, I found no 

differences in egg parasitism that might explain the oviposition preference for 

juvenile foliage, but egg parasitism rates were very low. Larval parasitism 

accounts for a high percentage of field mortality in C. agricola on juvenile foliage 

(G.R. Allen, A. D. Rice, CRC-SPF, unpublished data), but I do not have data for 

larval parasitism rates on adult foliage. For the current study, I was unable to 

assess predation rates between foliage types, but Bashford (1999) reported that the 

egg predators Harmonia conformis (Boisduval) and Cleobora mellyi (Mulsant) 

(Coleoptera: Coccinellidae) showed a preference for foraging on adult E. nitens 

foliage over juvenile foliage. Other predators include the cantharid beetle 

Chauliognathus lugubris (F.), and an undescribed mirid species, the latter of 

which has been observed predominantly on juvenile foliage (Jane Elek, Forestry 

Tasmania, pers. comm.). 

Each of the 20 Eucalyptus species from which C. agricola has been collected 

(Table 1.1) are heterophyllous, with differing adult and juvenile foliage, but C. 

agricola's feeding or oviposition preferences on most of these species is 

unknown. While in young eucalypt plantations, juvenile foliage comprises an 

abundant resource, juvenile foliage in native forest may be less available. 

However, regrowth following mechanical damage and fire results in the 

production of juvenile foliage, and young trees in native forest provide a 

consistent source of juvenile foliage under non-plantation conditions. 
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Juvenile foliage may be viewed as a relatively transient resource in an individual 

host's lifetime: adult foliage is first produced by trees 1 - 3 years of age (Pederick 

1979), and Lawrence (1998) suggested that after the transition to adult foliage, C. 

agricola should not be considered a significant pest. Indeed, C. agricola 

represented less than 2 % of paropsine larvae collected after spraying a 10 year

old, adult foliage E. nitens coupe (G.R. Allen, CRC-SPF, unpublished data) 

although there were large populations of C. agricola in nearby coupes (H.F.N. 

pers obs). Thus, we would predict that the selection of fast-growing trees might 

reduce the duration of susceptibility of plantations to C. agricola attack. 

Ironically, Pederick (1979) and Beadle et al. (1989) found that faster-growing E. 

nitens trees were those in which juvenile foliage persisted for several years. From 

the perspective of the plantation industry, the trade-off between growth rate and 

susceptibility to C. agricola attack probably requires little consideration, 

especially since trees in adult foliage are severely attacked by C. bimaculata. 

As well as the effect of plant secondary chemistry, leaf texture, competition, and 

natural enemies, host plant utilisation can be affected by microclimate, which I 

did not test. Females may be able to absorb more heat at the top of the tree (where 

adult foliage is predominant on heteroblastic-phase plants), and thus mature eggs 

faster. The beetles' feeding preference for adult foliage may also result in adult 

foliage being a high frequency mate-encounter site. Lawrence et al. (in press) 

found that adult beetles were nine times more common on adult foliage than on 

juvenile foliage. Thus, feeding on adult foliage by adult beetles increases the 

encounter rate of potential mates. 
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Here I have demonstrated intra-plant host selection behaviour, whereby C. 

agricola feeds preferentially on adult foliage, and oviposits preferentially on 

juvenile foliage despite both foliage types conferring equivalent performance for 

adults and larvae. Chrysophtharta agricola's oviposition preference for juvenile 

foliage may possibly be explained by its ability to walk (and therefore oviposit) on 

juvenile foliage (Li 1993), and because juvenile foliage is softer than adult foliage 

(Steinbauer 2002), less foraged upon by ladybirds (Bashford 1999), and not used 

as a resource by potential competitors including C. bimaculata. Its preference for 

feeding on adult foliage may reduce competition between adults and larvae 

(Lawrence et al.) in press), increase the frequency of mate encounter and increase 

heat absorption. Mate location by C. agricola on juvenile E. nitens foliage is 

examined in the field and laboratory in Chapter 11. 
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CHAPTER 9: Larval gregariousness and neonate establishment 
of the eucalypt-feeding beetle Chrysophtharta agricola (Chapuis) 
(Coleoptera: Chrysomelidae: Paropsini). 

Published as Nahrung, H F., Dunstan, P. K. and Allen, G. R. (2001) Oikos 94: 
358-364. 

Abstract 

The selective advantage offered to individuals living within groups may relate to 
natural enemy defence, hut in leaf feeding insects may also relate to overcoming 
plant defences, especially with respect to feeding establishment. I conducted a 
series of experiments focusing on neonate larval survival, examining the effect of 
group size and leaf age on the survival of a eucalypt-feeding beetle, 
Chrysophtharta agricola, which formed groups of up to 43 larvae on the foliage 
of Eucalyptus nitens in the field. In the laboratory, in the absence of natural 
enemies, I found that initial density, leaf age and damage to the leaf margin 
significantly affected larval survival. Survival of solitary first-instar larvae on 
young foliage was around 80% whereas on older foliage it was around 11 %. Prior 
damage to the leaf margin significantly increased survival on older leaves to 
around 61 %. Initial larval density also affected survival, although mortality was 
always significantly higher on older leaves. On older leaves the larval group size 
above which mortality increased no further was over two-fold that on young 
leaves. Observations of group feeding behaviour at each instar showed that the 
majority of larvae (75.7 %) were aligned facing away from the feeding site and 
that only around 7.5 %, or just 1-2 larvae per group, fed at any one time. Feeding 
larvae chewed the leaf edge by straddling the leaf margin. Measurements of leaf 
margins showed that older leaves had significantly thicker leaf margins and 
'thickness' ratios (leaf margin to leaf lamina proper). In the field, approximately 
85% of all larvae occurred on the first two expanded leaf pairs, and larval 
mortality was highest between eclosion and establishment of the first instar. 
However, beetles apparently did not adjust clutch size according to leaf age. 

9.1 Introduction 

Hamilton's (1971) selfish herd theory predicted that intra-specific spatial and 

temporal aggregation provided selective advantages to individuals within a group 

through increased resource location, predator warning systems and combined 

defence. Gregariousness has evolved independently in many insect orders, often 

as a result of egg-clustering (Gregoire 1988), with the selective advantage 
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afforded to individuals within groups proposed to act through several mechanisms 

including prey dilution (Vulinec 1990), aposematism or collective defence 

mechanisms (Sillen-Tullberg & Hunter 1996), and more effective 

thermoregulation (Codella & Raffa 1993). Gregariousness may also offer 

increased foraging opportunity and benefit smaller individuals through the 

prov1s10n of feeding sites on otherwise unsuitable substrate by larger group 

members (Ax.en & Pierce 1998). The efficacy of gregariousness on defence and 

feeding may increase with group size (Wade & Breden 1986; Breden & Wade 

1987). Disadvantages for gregariousness include competition for limited 

resources, greater opportunity for cannibalism, and increased apparency to 

predators and parasitoids. Despite increasing apparency to natural enemies, 

gregariousness may have evolved as a defence against predators, especially in 

conjunction with aposematic colouration or repellent defensive behaviours 

(Vulinec 1990; Sillen-Tullberg & Hunter 1996). 

Chrysophtharta agricola (Chapuis) (Coleoptera: Chrysomelidae: Paropsini) is a 

eucalypt feeding beetle that in its larval stage is gregarious (de Little 1979). The 

larvae of C. agricola possess a pair of glands on their eighth abdominal tergite 

that secrete a liquid, possibly containing hydrogen cyanide, when the group is 

threatened (Moore 1967). Although repellent defence alone may be sufficient for 

the evolution of gregariousness (Sillen-Tullberg & Hunter 1996), group feeding 

behaviour in some paropsine species appears essential for initial neonate feeding 

and there is greater mortality when group feeding behaviour ceases in later instars 

(Ohmart et al. 1987). Stamp (1980) and Young (1983) considered that egg-
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clustering and larval gregariousness might have evolved from selective pressure 

exerted by host plant characteristics. 

Although secondary plant compounds such as essential oils, tannins and phenols 

are present in eucalypt foliage, they are thought to have little influence on 

herbivory (Ohmart & Edwards 1991). Eucalypt leaves are sclerophyllous and 

their toughness may provide a physical barrier against foliage-feeding insects 

(Larsson & Ohmart 1988; Edwards & Wanjura 1990). Leaf tou~ess has been 

postulated as the major factor involved in the successful establishment of some 

paropsine chrysomelid larvae (Steven 1973; Ohmart et al. 1987; Larsson & 

Ohmart 1988). This is supported by the requirement for young leaves for neonate 

establishment (Greaves 1966; Larsson & Ohmart 1988), the preference for 

oviposition on young, expanding leaves (Steinbauer et al. 1998a), and the low 

frequency of paropsine beetles found on eucalypt species with the toughest leaves 

(Edwards & Wanjura 1990). Quantifying leaf toughness per se, however, has 

proven extremely difficult and measures of leaf toughness are normally 

incomparable between studies (Lucas & Pereira 1990; Choong et al. 1992; 

Choong 1996; Hochuli 1996). However, some generalisations are apparent, 

including that older eucalypt leaves have lower moisture and nitrogen contents, 

and higher toughness than younger leaves (Lowman & Box 1983; Ohmart et al. 

1985). 

Despite leaf toughness and gregariousness each being hypothesised to influence 

neonate survival among leaf feeding insects, there are few empirical tests of their 

significance and even fewer of the interaction between the two. Therefore, in the 
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absence of natural enemies, I conducted a series of experiments with C. agricola 

in the laboratory to examine and then model the interaction of group size and leaf 

age on neonate survival. Group configuration and feeding behaviour over time 

were also quantified. To validate predictions from laboratory findings I also 

examined larval group size and the distribution of C. agricola across leaf ages in 

the field. 

9.2 Materials and Methods 

9.2.1 Larval group size & the intra-plant distribution of eggs & larvae in the 

field: Five branches from each of twenty randomly selected E. nitens trees were 

monitored for eggs and larvae of C. agricola on six occasions between November 

1999 and January 2000 over the field season for C. agricola. A different set of 20 

trees was sampled on each sample date. The trees were from a 3-4 year-old 

forestry plantation near Frankford, Tasmania (41°20S 146°45E). The number of 

larvae in aggregations and the instars comprising each group were recorded. 

Larvae that were within their body's width 0f neighbouring larvae were 

considered to be part of an aggregation. Further, to quantify the distribution of 

eggs and larvae within branches in relation to the age of leaves, the number of egg 

batches and larval instars found on each leaf pair was recorded, and converted to a 

proportion of the total number of each stage present. 

9.2.2 Group configuration: Chrysophtharta agricola adults were collected from 

E. nitens in the Florentine Valley, Tasmania, and maintained in cages in a 

controlled temperature room (21 ± 2 °C; 16L:8D photoperiod). Beetles were 

provided with juvenile E. nitens foliage, which was replaced twice each week. 
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Branches 30 - 40 cm long containing egg batches were removed from cages and 

the stems were placed in water in 500 mL plastic beakers. Eggs eclosed at 

laboratory ambient temperatures (11 - 21 °C). Larvae fed on fresh foliage that 

was supplemented with new foliage twice each week. Larvae were observed in 

situ on foliage on three occasions during their development, and their instar, group 

size and orientation to the feeding site noted. As before, larvae that were within 

their body's width of neighbouring larvae were considered to be part of an 

aggregation. Four orientation positions were identified: facing away from the leaf 

margin, parallel to the feeding site/leaf margin, feeding from the leaf margin and 

facing the leaf margin. 

9.2.3 Group size, leaf age and feeding establishment: Six replicates of seven 

group sizes (1, 3, 6, 9, 12, 15 and 18 larvae) were established in the laboratory on 

older juvenile leaf pairs (the third fully-expanded leaf pair from the growth tip) 

from different E. nitens plants, and three replicates of the seven group sizes were 

established on the first expanded leaf pair. Initial densities were set up using 

unfed (except for egg-chorion consumption - see Ramsden & Elek 1998) neonate 

larvae, which were transferred to the leaf pair using a fine paint brush. Replicates 

were held in a controlled temperature room at 21 ±-'2 °C; 16L:8D photoperiod. 

Fresh foliage of the appropriate age class was added 2 - 3 times per week. 

Mortality was recorded every two days until larvae reached the third instar, and 

then weekly until pupation. Data were log transformed (mortality + 0.1) and 

plotted using a linear regression model. Significant effects were determined using 
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an ANCOV A. A further regression was completed to provide a predictive model, 

where mortality on each leaf type could be determined by the initial density. 

9.2.4 Neonate survival on damaged and undamaged leaves.~ I investigated 

whether prior damage to a leaf facilitated C. agricola neonate establishment by 

placing one newly-emerged larva on damaged and undamaged leaf pairs. 

Undamaged leaf treatments comprised whole leaf pairs, and damaged leaf 

treatments comprised leaf pairs with small semicircles cut with scissors from the 

periphery of one side of each leaf to resemble feeding damage. The leaf-age 

categories, older juvenile and first leaf pair, as described before, were tested for 

each treatment. One neonate larva was placed on each of 10 replicates for the first 

leaf pair, and on each of 18 replicates for the older leaf pairs for each damage 

treatment. Larva~ were placed directly on the cut surface for the 'damaged' 

treatment, and on a corresponding, uncut site for the 'undamaged' treatment. 

Larvae were then held in the laboratory at ambient temperature (11 - 21 °C) and 

larval survival recorded daily for 14 days. Data were analysed using a logistic 

regression model. 

9.2.5 Mandible size and leaf margins: I measured intra-group mandibular size, 

and leaf margin ap.d lamina thickness of different leaf age classes to quantify any 

physical limitations on neonate feeding establishment. All neonate larvae from 

one egg batch were killed in 70% ethanol (n = 52). Their head capsule width was 

measured (± 0.02 mm) under a dissecting microscope (x45). Mandibles were 

removed, placed on a drop of distilled water on a glass microscope slide, covered 
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with a glass coverslip and their length and width measured(± 0.01 mm) under a 

compound microscope (xlOO). Measurements were also taken from each of ten 

larvae of instars two to four for comparison. 

Leaf parameters were measured using branches of juvenile E. nitens foliage that 

were collected in August 1999, the cut stem placed in water and then each branch 

held in a cold-room at approximately 4 °C for 48 hours before measurements were 

taken. The width of the leaf margin and lamina of fifteen leaves of pair one, two 

and five was measured (± 0.02 mm) using a dissecting microscope (x45) by 

cutting a small strip (~5 mm wide) from a site approximately one-third of the leaf 

length from the petiole. 

9.3 Results 

9.3.1 Larval group size & the intra-plant distribution of eggs & larvae in the 

field: Across all instars, 96.1 % (n = 2 277) of larvae formed part of a group. 

Later instars formed smaller aggregations (Table 9.1) but solitary larvae of each 

instar were also observed. Newly-emerged first instars were still associated with 

their egg batch and had not initiated feeding. Significant difficulty in feeding 

establishment was suggested by the data, with group size halving between newly

emerged first instars and first instars that had begun feeding. The average group 

size across all instars was 6.7 ± s.e. 0.3 (n = 327 groups) with fifty-nine groups 

containing mixed instars excluded from the analysis of group size per instar. 
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Table 9.1: The mean± s.e. group size formed by Chrysophtharta agricola larvae 
of each instar, and the percentage of the total of each instar that were part of a 
group. Letters denote significant differences between group sizes (ANOV A, 
f4 263 = 39.24, p < 0.001). 

in star 

Newly
emerged 

1 

11 

111 

IV 

mean± S.E. group range no. groups 
size 

19.6 ± 3.7 a 3 -43 13 

9.8±0.7 b 2-32 81 

5.2±0.4 c 2-17 74 

4.0 ± 0.2 d 2 - 10 79 

3.6±0.4 cd 2-7 21 

% of instar in 
group 
100 

99.7 

97.5 

87.4 

72.1 

No egg batches were found on leaf pairs older than the third leaf pair. Larger egg 

batches were not found more often on any particular leaf age class with the 

distribution of egg batch sizes on different leaf pairs not significantly different 

(y} 4 = 2.4, P = 0.66) (Table 9.2). No larvae occurred on any leaf pairs older than 

the fifth leaf pair (Figure 9 .1 ). Less than 0.1 % of larvae were on the fifth leaf 

pair, and only 2.1 % were on the fourth leaf pair. The majority of eggs and first 

instar larvae were found on the first expanded leaf pair, and the majority of 

second, third and fourth instar larvae were on the second leaf pair. On the third 

leaf pair, however, most larvae comprised older instars. 

Table 9.2: Number of small, medium and large Chrysophtharta agricola egg 
batches laid on Eucalyptus nitens leaf pairs of different ages in the field. 
Batch size Growth tip Leaf pr 1 Leaf pr 2-3 

Small (<15 eggs) 5 11 8 

Medium (15-30 eggs) 31 34 30 

Large (> 3 0 eggs) 29 30 21 
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Figure 9.1: The distribution of egg batches and larval instars of Chrsyophtharta 
agricola on different leaf pairs of Eucalyptus nitens in the field. "Tip" refers to 
the unexpanded leaf pair at the apex of the branch; leaf pairs are numbered from 
the tip down. 

9.3.2 Group configuration: The average group size across all instars in the 

laboratory was 6.4 ± s.e. 0.5 (n = 54) (range 2 - 19), which was not significantly 

different to the average group size for all instars recorded from the field (t-test; P . 
= 0.28, t = 1.07). As in the field, the majority of larvae (95%; n = 363) formed 

part of a group. At each instar there were significant differences between the 

number of larvae adopting the four orientation positions (Friedman test: instars 1 

to 4: x2
3 = 24.78, 9.93, 12.15 and 12.15, all P<0.01). Furthermore, the proportion 

of larvae in ·each orientation position was not significantly different between 

instars (x2
9 = 12.27, P = 0.2). The majority of larvae (72.3 %) across all instars 

were facing away from the feeding site on the leaf margin. A further 11.8 % were 

oriented parallel to the feeding site and 8.6 % faced the feeding site. Only 7.2 %, 
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or just 1-2 larvae per group, were feeding at any one time. Feeding larvae chewed 

the leaf edge by straddling the leaf margin or feeding site. 

9.3.3 Group size, leaf age and feeding establishment: The majority of larval 

mortality occurred in the first instar. On both leaf types, the highest proportion of 

larval mortality occurred three to four days after neonates were transferred to 

leaves with larvae failing to initiate feeding. Over 90% of larval deaths occurred 

within the first week on old leaves, and over 70% of larval deaths occurred within 

the first week on young leaves. 

Larval mortality on older leaves was significantly higher than on young leaves 

(F 1,59 = 48.39, P < 0.01 ). Survival was also significantly affected by initial density 

(F1,59 = 5.55, P = 0.02). However, there was no significant interaction between 

initial density and leaf type (F1,59 = 0.04, P = 0.8). Hence, separate regressions 

were conducted for each leaf type, yielding equations in the form 

log(mortality) = m * initial density+ c. 

The regression was modified to provide a non-linear model so as to predict 

survival based on initial density, such that 

mortality= e(m!Jal dens1ty*m + c) 

where c is the effect leaf type has on survival and m is the co-efficient of initial 

density. 

The model predicts that the number of survivors is dependent on initial larval 

density and leaf age, with mortality always significantly greater on older leaves 
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(Figure 9.2). Twice the initial density is required on older leaves than on younger 

leaves before mortality is constant; for young and old leaves the group sizes at 

which there is no change in mortality are 7 and 15 respectively. Additionally, 

larval mortality is approximately 25% higher on older leaves than on younger 

leaves, regardless of initial density beyond this minimum group size. 

9.3.4 Neonate survival on damaged and undamaged leaves: All larvae that 

initiated feeding on damaged leaves did so at the site of damage and most larval 

deaths occurred within the first three to four days on both leaf types. Leaf damage 

significantly increased survival Cx\s2 = 7.3, P < 0.01) and larvae on young foliage 

had a significantly higher chance of survival than larvae on older foliage (x2
1,52 = 

9.42, P < 0.01). There was no interaction between foliage type and damage Cx\52 

= 2.07, P = 0.15) and it was removed from the model. Neonate survival on 

undamaged leaves was 70% for young foliage, and 11 % for older foliage. On 

leaves from which the margin was damaged, neonate survival was 80% on young 

foliage, and 61 % on older foliage. 
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9.3.5 Mandible size and leaf margins: The range of mandible lengths and widths 

for each instar did not overlap but intra-sibling mandible dimensions varied 

within an instar by up to 0.08 mm (Table 9.3). The mandible length : head 

capsule width ratio was similar (approximately 0.3) across all instars. 

Table 9.3: Mean mandible lengths, mandible widths, and head capsule widths± 
s.e. of different larval instars of Chrysophtharta agricola. Standard errors for 
mandible measurements were all < 0.00. 
in star n mandible length mandible width head capsule width 

mm(range) mm(range) mm (range) 
52 0.28 (0.24 - 0.32) 0.16 (0.13 - 0.18) 0.8 ± 0.0 (0.71 - 0.84) 

11 10 0.35 (0.32 - 0.40) 0.21 (0.19-0.22) 1.03 ± 0.01 (1.0- 1.09) 

iii 10 0.46 (0.41 - 0.48) 0.28 (0.25 - 0.30) 1.51±0.03 (1.4- 1.65) 

IV 10 0.61 (0.58 - 0.64) 0.37 (0.35 - 0.40) 1.99 ± 0.01 (1.95 - 2.05) 

The leaf margin significantly increased in width as leaves aged (ANOV A 

(Bonferroni adjusted), F2,42= 117.73, P < 0.001). The leaflamina ofleaf pair five 

was significantly wider than leaf pairs one and two (ANOV A (Bonferonni 

adjusted), F2,42= 40.64, P < 0.001), which were not significantly different to each 

other. The difference between the leaf margin and leaf lamina was significant for 

leaf pairs two and five (ANOVA, F2,4z = 9.41, P < 0.001) but not for leaf pair one. 

The leaf margin : lamina ratio was constant for leaf pairs two and five (1.2 ± 0.4, 

n = 15 each) and smaller for the first leaf pair (1.06 ± 0.05, n = 15). Hence, 

removal of the margin reduced the periphery of older leaves to a similar thickness 

to that for young, intact leaves. 
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Figure 9.3: The average widths (+ s.e.) of the leaf lamina (black) and the leaf 
margin (white) from Eucalyptus nitens leaf pairs of three different ages. The 
difference in width between the leaf margin and leaf lamina was significantly 
different for leaf pairs two and five but not for leaf pair one (ANOVA; P < 0.05;· 
F3,42 = 3.44). 

9.4 Discussion 

ill analyses of survivorship curves for gregarious and solitary Lepidoptera and 

Symphyta, Hunter (2000) concluded that repellent defences alone do not increase 

survival of gregarious larvae, and factors additional to protection from natural 

enemies enhance survival of young larvae in groups. Cornell and Hawkins' 

(1995) examination of life tables of phytophagous insects contended that plant 

factors have been overlooked as mortality sources, and that their influence is 

greatest in the early stages of development. These experiments examined the 

effect of group size and leaf age on neonate survival of C. agricola in the absence 
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of natural enemies, and demonstrated that initial density, leaf age and damage to 

the leaf margin significantly affected larval survival. 

Larvae of C. agricola always initiated feeding at the leaf margin, which was 

thicker than the leaf lamina, especially in older leaves, and hence, feeding 

establishment of solitary larvae increased if the leaves were young or if the leaf 

margin of older leaves was damaged. In these experiments I used leaf age as a 

correlate of leaf toughness (Larsson & Ohmart 1988), and found that leaf 

thickness and larval establishment mortality of C. agricola increased with leaf 

age. In the field the greatest numbers of eggs and first instar larvae were found on 

the first two leaf pairs, and no eggs or larvae of any stage occurred on leaves older 

than the fifth leaf pair. Similarly, Denno and Benry (1997) found that group size 

and leaf age influenced growth of Chlosyne janais (Drury) caterpillars 

(Lepidoptera: Nymphalidae) feeding on Odontonema callistachyum, although this 

effect was lost using excised leaves in the laboratory. 

As leaf toughness increased, a larger initial C. agricola group size was needed to 

ensure survival, although survival became increasingly more variable. The larger 

the egg batch deposited by female beetles on older leaves, the greater the chance 

of neonate establishment from that batch. No egg batches were found on leaves 

older than the third leaf pair. However, larger egg batches were not found more 

often on any particular leaf age class, with the distribution of egg batch sizes on 

different leaf pairs not significantly different. The probability of one larva 

successfully initiating feeding, thereby creating access to a suitable feeding site 
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mcreases as group size mcreases. Furthermore, where there is variation in 

neonate mandibular size, individuals with small mandibles may benefit from 

gregariousness because neonates with larger mandibles are more likely to be able 

to initiate feeding, especially on older leaves. Axen and Pierce (1998) postulated 

a similar scenario, where smaller lycaenid caterpillars may utilise feeding sites 

initiated by stronger larvae, and Tsubaki (1981) found that small groups of 

zygaenid larvae were unable· to successfully initiate feeding sites. The highest 

mortality occurred during the first instar in the field (this study) and in the 

laboratory (Ramsden & Elek 1998), a pattern that is pronounced also amongst 

first-instar lepidopteran larvae (Fitzgerald 1993). 

Predicted first-instar survival from this model (Figure 9.3) is higher than the 

average neonate survival recorded in the field (Chapter 2). Mortality factors 

additional to an inability to initiate feeding also impact on group size. In the field, 

aside from direct losses from predation, parasitism and dislodgment, the resultant 

smaller surviving group size may result in further reductions in larval numbers 

because of feeding establishment failure. 

Although it remains to be tested whether gregariousness also enhances defence 

from natural enemies for C. agricola, many beetles in the paropsine group, 

especially in the genera Chrysophtharta and Paropsis have larvae that are 

defended with dorsal glands containing hydrogen cyanide (Moore 1967). Larval 

defence alone may be sufficient for the evolution of gregariousness, at least in the 

Lepidoptera (Sillen-Tullberg & Hunter 1996), and gregariousness may facilitate 
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defence, especially in groups with aposematism or repellency (Vulinec 1990; 

Sillen-Tullberg & Hunter 1996). Comparative experiments with other egg 

clustering species may add even further insight to the selective advantage of 

gregariousness to leaf feeding insects. 
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SECTION III: MATING SYSTEM OF CHRYSOPHTHARTA AGRICOLA 

(CHAPUIS) (COLEOPTERA: CHRYSOMELIDAE: P AROPSINI) 

Introduction 

Although some species of chrysomelid beetles are parthenogenic (Suomalainen & 

Saura 1993), most require fertilisation to reproduce. Thus, mating systems 

operate to bring males and females of each species together so that fertilisation 

can occur. Many factors affect mating success, including age, mating history, 

starvation and abiotic factors such as temperature (Jolivet 1999). Generally, 

successful fertilisation is controlled by female sexual receptivity (Ringo 1996). 

Furthermore, females can use a series of rejection strategies, and when mating 

does occur, additional mechanisms may enable females to control the retention 

and utilisation of sperm from particular males (Dickinson 1997). Indeed, the 

selective pressure imposed by females may drive the evolution of male genitalia 

(Thornhill & Alcock 1983; Eberhard 1985). Intra-specific male competition for 

mating is intense (Thornhill & Alcock 1983; Jolivet 1999) and males can prevent 

mating by subsequent males using plugs, prolonged copulation and guarding 

behaviours (Parker 1970). Additionally, the competitiveness of sperm can 

determine which males sire the most offspring of any given female (Parker 1970, 

1990). 

Mating systems in the Chrysomelidae are illustrated by copulatory courtship, 

prolonged pairing, multiple mating and mixed brood paternity (Dickinson 1997), 

and C. agricola probably possesses each of these characteristics. 'Copulatory 

courtship' describes stereotypical courtship behaviours before, during, after and 
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between copulation events: elaborate courting prior to pairing is uncommon in 

chrysomelid beetles (Dickinson 1997) although it is an integral component of 

some insects' mating systems (see Thornhill & Alcock 1983; Choe & Crespi 

1997). 

Prolonged pairing can physically prevent mating by subsequent males, provide a 

vantage point for the paired male to guard females from additional mates, and 

allow the same male to copulate several times in one pairing (Thornhill & Alcock 

1983; Dickinson 1997). Prolonged pairing can also increase apparency to 

predators (Dickinson 1997), but in some species it may reduce predation 

(McCauley & Lawson 1986; Dickinson 1997). Prolonged mating may benefit 

females by the supply of nutrients from male ejaculate, or by protecting females 

from harassment by other males (Dickinson 1997). In Gonipterus scutellatus 

Gyllenhal, a pest weevil in eucalypt plantations, prolonged copulation may have 

evolved under sexual selection by cryptic female choice (Carbone & Rivera 1998). 

Multiple mating in insects is a common reproductive strategy that has advantages 

and disadvantages to both sexes (see Dickinson 1997). In some species, multiple 

mating increases female fecundity (e.g. Papilo xuthu L. (Lepidoptera: 

Papilionidae) - Watanabe 1988), whereas in others, fecundity is unaffected by the 

number of times a female mates (e.g. Podisus maculiventris [Say] (Hemiptera: 

Pentatomidae)- Baker & Lambdin 1985). Further, virgin females of some species 

never produce eggs (e.g. Helicoverpa zea [Boddie] (Lepidoptera: Noctuidae) -

Callahan 1958), some oviposit in aberrant patterns (e.g. Orgyia pseudotsugata 
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McDonaough (Lepidoptera: Lymantriidae) - Swaby et al. 1987), and some 

produce eggs that do not differ macroscopically from fertilised eggs (e.g. 

Homichloda barkeri [Jacoby] (Coleoptera: Chrysomelidae) - Nahrung & Merritt 

1999). Multiple mating may advantage females by providing nutrients, 

replenishing sperm supplies and increasing genetic diversity of offspring, and 

advantage males by increasing offspring production and increasing the probability 

of offspring surviving (Dickinson 1997). Chrysophtharta bimaculata (Olivier) 

(Coleoptera: Chrysomelidae) requires periodic insemination to maintain egg 

fertility (Greaves 1966). 

Mixed brood paternity results from multiple matings, and advantages females by 

increasing the genetic diversity of her offspring, which probably increases the 

chance of at least some surviving under variable environmental conditions. For 

gregarious insects such as C. agricola (Chapuis), mixed brood paternity raises 

interesting issues regarding the advantages of gregariousness offered to siblings 

and half-sibs within groups (Gregoire 1988; Costa 1998). In Chapter 12 I 

investigate sperm utilisation patterns in C. agricola using crosses between melanic 

and non-melanic beetles. Chapter 10 details the genetic maintenance of this 

colour polymorphism, as well as providing data on the frequency of melanic and 

non-melanic beetles in the field. 

Understanding the mating process and th~ factors controlling it and its effects on 

reproductive potential are essential for the development of pheromonal control 

strategies (Unnithan & Paye 1991 ), sterile male release programs (Ringo 1996), and 
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to predict the onset of oviposition in the field. In Chapter 3 (Section I), I reported on 

experiments investigating the effect of pre- and post-overwintering mating on the 

fecundity, fertility and longevity of female C. agricola. In Section III, Chapter 11, I 

examine mate location in C. agricola in the field. Chapter 12 examines the species' 

mating system in a theoretical context to investigate the evolution of multiple 

mating, sperm utilisation and mate choice. 
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CHAPTER 10: Maintenance of colour polymorphism in the leaf 
beetle Chrysophtharta agricola (Chapuis) (Coleoptera: 
Chrysomelidae: Paropsini). 

In press as Nahrung, H F. and Allen, G. R. Journal of Natural History 

Abstract 

Intra-specific colour differences in insects may occur as a result of environmental 
factors such as food type, temperature and humidity, or may be under genetic 
control. These colour polymorphisms may result in fitness differences through 
several mechanisms, including mate selection, camouflage from or warning to 
natural enemies, and heat absorption. Two colour morphs of adult 
Chrysophtharta agricola (Chapuis) (Coleoptera: Chrysomelidae: Paropsini) are 
present in the field in mainland Australia and Tasmania: a common green-brown 
form, and a rare black form. Tasmanian populations were sampled to .assess the 
frequency of each morph at eight localities. The black form represented less than 
3 % of beetles (n = 1 724), with the proportion not significantly different between 
localities. Crossing tests using the two colour morphs of C. agricola showed that 
the black form was genetically dominant over the common form. To assess 
whether colour morphs had any fitness differences, I measured pre-oviposition 
period, fecundity, longevity, adult size, and egg hatch rate, which each showed no 
significant difference between colour morphs. Field sampling of mating pairs and 
rearing the offspring of field-collected females showed no evidence of non
random mating. Modelling the population over 100 generations confirmed that 
for this species, melanism is controlled by a dominant but neutral allele, and, thus, 
is maintained at a constant low level in the population. 

10.1 Introduction 

Colour polymorphism occurs in many insect species and may result in fitness 

differences through several mechanisms, including mate selection (e.g. Ueno et al. 

1998), camouflage from natural enemies, aposematism (warning coloration) and 

heat absorption (e.g. Ottenheim et al. 1999; Majerus & Zakharov 2000). Intra-

specific colour polymorphism may occur as a result of environmental factors such 

as food type, temperature and humidity, or it may be under genetic control 

(Verdyck et al. 1996). Colour polymorphism in insects occurs commonly through 

melanism, which is a trait for dark brown or black pigmentation in the cuticle. 
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For example, syrphid flies vary in the degree of melanic banding depending on 

developmental temperature (Marriott & Holloway 1998) and in the Mantodea, 

melanism can arise as a result of fire (Balderson 1991). Where coloration is under 

genetic control, natural selection eliminates unfavourable alleles from 

populations. Mechanisms leading to genetic polymorphisms have received much 

theoretical attention; for example, melanism in the peppered moth, Riston 

betularia L. (Lepidoptera: Geometridae ), increased by industrial pollution 1s 

considered a landmark case of natural selection (Majerus 1998). 

Some species of paropsine chrysomelid beetles exhibit phenotypic dimorphism 

via melanism as adults. Different melanistic morphs of Chrysophtharta cloelia 

(Stal), C. decolorata (Chapuis) and C. obovata (Chapuis) are present in natural 

populations (Selman 1994b). Black morphs of C. variicollis (Chapuis), C. 

agricola (Chapuis), C. atlanta (Blackburn), Peltoschema hamadryas (Stal), P. 

oceanica (Boisduval), and P. rubiginosa (Chapuis) are found in mainland 

Australia (C.A.M. Reid, Australian Museum, pers. comm.). Selman (1994b) 

suggested that melanic forms in the Paropsini may arise from development under 

moist conditions. The elytra of the predominant morph of C. agricola are golden

brown in mainland Australia (Selman 1994b ), and are grey or red-brown with 

slight gold tessellation in Tasmania (de Little 1979) (Figure 1.6). The black 

morph is entirely black, and it was this morph from which the original species 

description was made in 1877 in the genus Paropsis Olivier (de Little 1979). I 

assessed the frequency of the black morph in Tasmanian populations between July 

1999 and April 2001. 
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I also investigated the inheritance and incidence of melanism in C. agricola. I 

measured the reproductive success of both colour morphs in the laboratory, and 

assessed beetles in the field to determine whether there was evidence for non

random mating between morphs. I further examined the genetics and evolution of 

this phenotypic dimorphism using simulation of populations over several 

generations. 

10.2 Materials and Methods 

10.2.1 Morph frequencies in the field: Between July 1999 and April 2001, 

collections of adult C. agricola were made from eight sites up to approximately 

235 km apart throughout Tasmania: Frankford, the Florentine Valley, Parkham, 

Blue Gum Knob, Scottsdale, Geeveston, Ellendale and Ridgely (Figure 10.1 ). The 

sex of field-collected black beetles was checked based on tarsal differences (Baly 

1862), and frequencies of the black morph within each sex were scored and tested 

for significant deviation from unity. Chrysophtharta agricola specimens 

collected from mainland Australia and held in the Australian National Insect 

Collection (ANIC) were counted, and the number of black and normal morphs 

was recorded (T. Weir, ANIC). 
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Figure 10.1: Map of Tasmania, Australia showing approximate locations from 
which Chrysophtharta agricola were collected. Scale bar represents 
approximately 100 km. 

10.2.2 Crossing experiments in the laboratory: Nahrung and Reid (2002) 

(Chapter 3) found that less than 30% of beetles stored sperm during 

overwintering, so virgin females were collected as overwintering adults from the 

leaf litter of a Eucalyptus globulus plantation near Parkham, Tasmania. Sampling 

of approximately 13 70 litres of leaf litter yielded 210 beetles of which just 5 were 

black. Upon collection, females were held individually in the laboratory until they 

began to produce eggs and if no eggs hatched after two weeks, females were 

deemed virgin and paired with males. Three black virgin females were identified. 

The following crosses comprised the parental (P) generation: black~ -blackd' (n = 

2); black ~-normal d'/ black d' -normal ~ (n = 2); normal ~ - normald'(n = 2). 
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The eggs from each parental cross were kept in petri dishes held at 21± 3 °C, 

16L:8D photoperiod and larvae were reared through to adulthood. There was no 

visible difference in eggs, larvae or pupae between colour morphs. Indeed, even 

newly-emerged adults of each morph were indistinguishable from each other, as 

noted by de Little (1979). Teneral adults were held in petri-dishes and plastic 

containers until they matured and could be scored for colour. Containers were 

kept in a controlled temperature room at 21± 3 °C, 16L:8D photoperiod to prevent 

Fl adults entering diapause. Crosses between offspring of the parental crosses 

were conducted by pairing males and females that had been held separately since 

pupation to guarantee virginity of females to produce F2 offspring. 

10.2.3 Field mating behaviour of colour morphs: To determine whether there was 

evidence for non-random mating between morphs in the field, and to investigate 

whether field-collected black beetles were heterozygous or homozygous for the 

black allele, I reared the offspring of beetles that had mated in the field. Eighteen 

reproductively mature black females, two normal females collected whilst mating 

with black males, and three reproductively mature normal females were collected 

between November and December 2000 from Eucalyptus nitens plantations at 

Frankford and the Florentine Valley. Adults and pairs were returned to the 

laboratory and held in separate petri dishes at the same temperature and 

photoperiod in which the crossing tests were conducted. Eggs produced were 

reared to adulthood to ascertain the ratio of black : normal offspring produced by 

field-matings. 
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10.2.4 Reproductive fitness: 135 teneral, laboratory-reared beetles originating 

from the Florentine Valley were held in the laboratory (21± 3 °C, 16L:8D) until 

they matured to obtain black or normal coloration, and had mated. Fourteen black 

adults (7 males, 7 females) and 121 normal adults (81 males, 40 females) were 

transferred to separate petri dishes with moist filter paper, and provided fresh E. 

nitens foliage. Filter paper and foliage were changed twice each week, the 

number of eggs laid by females was counted, and hatch rate was determined by 

counting the number oflarvae that emerged. Longevity was assessed by recording 

when adults died. 

Overwintering adults were collected from leaf litter and held at 9 °C (26 normal 

females and 2 black females) or 21 °C (3 normal females and 2 black females) to 

determine whether there were differences between colour morphs in diapause 

termination. Pre-oviposition period was defined as the period between 

termination of diapause (feeding and frass production) and the beginning of egg 

production. The maximum body length of field-collected beetles was measured 

(± 0.1 mm) using a digital caliper to determine whether either colour morph was 

significantly larger than the other. 

10.2.5 Testing Hardy-Weinberg equilibrium, & population modelling: The 

populations collected from the field were assessed for Hardy-Weinberg 

equilibrium by determining the number and frequency of black (B = p) and 

nom1al (b = q) alleles, and comparing the field data with expected values p 2 (BB), 

2pq (Bb ), and q2 (bb ). I assumed that all field-collected black beetles were 
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heterozygotes (Bb), consistent with the results of these field collections (n = 23) 

(see below). Deviations between observed and expected morph frequencies were 

tested using a Chi-square goodness of fit. 

I plotted a model of 100 successive generations of beetles, usmg a starting 

population of 100 individuals, with 3 % heterozygous black (where B is black, 

dominant and b is normal, recessive). Black adults were designated genotype Bb 

because the low number of black morphs in a population would mean that the 

probability of homozygous black beetles was extremely low. Furthermore, the 

offspring ratios of black beetles collected in the field confirmed that all were 

heterozygotes (n = 23). No selective advantage for either morph, or assortative 

mating was included in the initial model because I observed neither in the 

laboratory or field (see results). I assumed a 1:1 sex ratio, and that each beetle 

mated only once. A 1:1 sex ratio is observed in the laboratory and field (Chapter 

2), but beetles of both sexes mate more than once under laboratory and field 

conditions (Chapter 12). This does not affect the output of the model unless I 

assign differential mating success between matings over time, which I do not have 

data to quantify. The number of offspring surviving from each pair in each 

generation was given a random value between 0.1 and 5.0 to simulate varying 

survival in a fluctuating environment. To confirm that neither phenotype has a 

selective advantage over the other, the model was re-run allowing a 5 % offspring 

survival advantage to black beetles. Further, a simulation incorporating a 

homozygous (BB) advantage of 20 % was run, as was a model that was modified 
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to demonstrate the effects of non-random mating, or differential sperm utilisation 

patterns. 

Calculations used for modelling C. agricola populations (Figure 10.2) are below: 

For starting population where normal adults are genotype bb and black adults are genotype Bb: 

Number of normal adults in population at generation t = a(t) 
Number of black adults in populatton at generatJ.on t = b(t) 
Normal a= all= NM(t) 
Normal ~ = a/2 = NF(t) 
Black a = b/2 = BM(t) 
Black ~ = b/2 = BF(t) 

Probabihty of mating for each mating combination: 
Black ~ x Normal a = (BF(t) x NM(t)) I (NM (t)+ BM(t)) = c(t) 
Black ~ x Black a = (BF(t) x BM(t)) I (NM (t)+ BM(t)) = d(t) 
Normal ~ x Black a = (NF(t) x BM(t)) I (NM (t)+ BM(t)) = e(t) 
Normal ~ x Normal a = (NF(t) x NM(t)) I (NM(t) + BM(t)) = j{t) 

Offspring produced from each mating combmation = y(t) (random between 0.1 and 5), so 
Black ~ x Normal a = c(t)y(t) 
Black ~ x Black a = d(t)y(t) 
Normal ~ x Black a = e(t)y(t) 
Normal ~ x Normal a = j{t)y(t) 

Offspring types from each mating combination using Mendehan inhentance ratJ.os: 
Black ~ x Normal a: black offspring= f(t).~(t)/2, normal offspring= c(t)y(t)/2 
Black ~ x Black a: black offspring= d(t)y(t) x 0.75, normal offspring= d(t)y(t) x 0.25 
Normal ~ x Black a: black offspring= e(t)y(t)/2, normal offspring= e(t)y(t)/2 
Normal h Normal a: normal offspring= f(t)y(t) 

Thus, generation (t +1) has [(c(t)y(t)/2) + (d(t)y(t) x 0.75) + (e(t)y(t)/2)] black adults, and 
[(c(t)y(t)/2) + (d(t)y(t) x 0.25) + (e(t)y(t)/2) + j{t)y(t)] normal adults. 

The number of adults of each genotype for tlus generation is calculated by: 
BB = (d(t)y(t) x 0.75) x 0.333 
Bb = [d(t)y(t) x 0.75 x 0.667] + [c(t)y(t)/2] + [e(t)y(t)/2] 
bb = (d(t)y x 0.25) + (c(t)y(t)/2) + (e(t)y(t)/2) + (f{t)y(t)) 

and the number of each gender for each genotype is calculated by 
BB ~ =BB/2=g 
BB a =BB/2=h 
Bb ~ =Bb/2=i 
Bb a =Bb/2=j 
bb ~ =bb/2 =k 
bb a =bb/2 =I 
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From these, the number of matmgs of each combination is calculated thus: 
Bb ~ x bb a = ill (h + j + l) = m 
BB ~ x bb a = gl I (h + j + l) = n 
BB ~ x Bb 6 = gj I (h + j + l) = o 
BB ~ x BB 6 = gh I (h + j + l) = p 
bb ~ x Bb a = kj I (h + J + l) = q 
bb ~ x BB a = kh I (h + j + l) = r 
bb ~ x bb a =kl! (h + j + l) = s 
Bb ~ x Bb a = ij I (h + j + l) = t 
Bb ~ x BB a = ih I (h + j + l) = u 

Each of these matings (m, n, o, p, q, r, s, t and u) producesy offspring, to which Mendelian 
inherit~nce ratios are applied thus: 

Bb ~ x bb 6: black offspring = my/2, normal offspring = my/2 
BB ~ x bb 6: black offsprmg = ny 
BB ~ x Bb a: black offspring= oy 
BB ~ x BB a: black offspring = py 
bb ~ x Bb 6: black offsprmg = qy/2, normal offspring = qy/2 
bb ~· x BB 6: black offspring = ry 
bb ~ x bb a: normal offspring = sy 
Bb ~ x Bb 6 black offspring= ty x 0.75, normal offspring= ty x 0.25 
Bb ~ x BB 6 black offsprmg = uy 

From these, the number of black [(my/2) + ny + oy + py + (qy/2) + ry + (ty x 0.75) + uy] and 
normal [(my/2) + (qy/2) + sy + (ty x 0.25)) offspring are calculated, and the proportion of black 
adults is determined by 

black/(black +normal), and the population size by (black+ normal). 

10.3 Results 

Over 1700 beetles were collected from eight sites in Tasmania (Table 10.1 ). Only 

sites at which > 100 beetles were collected are shown separately. There was an 

overall frequency of 2.6 % of black beetles and no significant difference in the 

frequency of black morph beetles between sites (2-way contingency table, x2 
3 = 

1.77, P = 0.62). There was also no difference between the overall number of 

black males and females collected (x2
1 =0.07,P=0.79). 

213 



Table 10.1: Percentage of black Chrysophtharta agricola individuals collected 
as adults from four sites in Tasmania between July 1999 and April 2001. 
'Overall' includes these sites, and four others at which black beetles were 
collected. The final row shows the percentage of black C. agricola specimens 
held in the Australian National Insect Collection (ANIC) collected from mainland 
Australia. 
Site Percentage black phenotype (total n) 

Florentine Valley 2 % (700) 

Frankford 3.1 % (503) 

Parkham 2.4 % (~07) 

Blue Gum Knob 2.2 % (182) 

Overall (Tasmania) 2.6 % (1724) 

ANIC (mainland) 0.9 % (519) 

Fl and F2 laboratory crosses and field-collected offspring ratios indicated that 

black coloration was due to a dominant allele, with black and normal morphs 

produced from each combination except for normal-normal crosses (Table 10.2). 

Hence, the normal coloration was found only in individuals that were 

homozygous for the recessive allele. Uniformly very dark brown adults were also 

produced by crosses involving black parents. One such specimen was found in 

the ANIC collection of C. agricola (T. Weir, ANIC, pers. comm.), and such 

beetles have been observed in the field (author's pers. ohs.). Because they were 

more similar to the black form than to the normal form, I included them as black. 

There was no evidence of assortative mating in the field, with all field-collected 

black females mating with normal males and producing normal and black 

offspring in an expected 1 : 1 ratio (Table 10.2). These results therefore infer that 

all field males denoted Xl-X21inTable10.2 were normal. 
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Table 10.2: The offspring and expected ratios produced from laboratory crosses of 
black (B) and normal (N) Chrysophtharta agricola adults, and of crosses between their 
offspring (F2s), and of field-collected, field-mated black (B) and normal (N) females, 
where X represents males of unknown phenotype. 

Cross Offspring Expected ratio* Goodness of fit** 

{!?cl'~ (B: N) to expected ratio*** 
Laboratory Crosses 
Parents 

BB 49 17 3 x2 = o, P > o.99 
BN 17 17 
NB 23 20 x2 = o.92, P = o.66 
NN 0 38 0. I 

F2s 
Parents BB NB 2.0 J·Iorl.O 

NB 9:6 x2 = o.67, P = 0.4 
NB 16 8 x2=2.7,P=O I 
BB 7:0 I : 0 or 3 
BB 2 0 
BB 3·0 
BB 12 4 
BB 5.0 
BB 4.0 
NN 0 7 0 
NN 0:9 0 

Parents BN/NB NB 8. 13 x2 = o 76, P = 62 
BB 8 4 1 . 0 or 3 x2 = o 11, P = o 74 
BB 4:4 x2 = 15,P=0.22 
BB 3:0 

Parents NN NN 0 14 0 

Field-collected BX! 6 8 x2 = o.36, P = o 55 
BX2 17 · 11 x2 = u2, P = 0.15 
BX3 13 6 x2 =2.63,P=O I 
BX4 20. 28 x2 = 1.35, P = o 25 
BX5 15. 14 x2 = O.Q7, P = 0 79 
BX6 7 12 x2 = 1.37, P = o.76 
BX7 17 19 x2 =0.14,P=07 
BXS 33 32 x2 = 0.03, P = 0.9 
BX9 28: 28 
BXIO 10 ·4 x2 = 2.6, P·= 0.1 
BXll 11 : 13 x2 =0.21,P=07 
BX12 19. 16 x2 = 0.29, P = o 6 
BX13 11 · 6 x2= I.I, P = 0.3 
BX14 8 10 x2= o.3, P = o.6 
BX15 10. 9 x2=0.l,P=08 
BX16 11 : 8 x2= o.s, P = o.5 
BX17 12: 12 
BX18 17: 23 x2 =0 9, P= 0 3 

Total BX 265. 259 

NBl 21 22 x2= o os, P = o s2 
NB2 32. 30 x2 = o os, P = o 78 

Total NB 53: 52 

NX19 0 6 0: I 
NX20 0.3 
NX21 0 9 

Total NX 0. 18 

* 1fhentabllity follows Mendehan mheritance, and black morph parents were of genotype Bb where B 1s 
black, dommant and b 1s normal, recessive 
** Chi-square goodness of fit with Yates correction for contmmty (Zar 1996) 
*** where there are 2 possible expected rat10s (because parental genotypes could be Bb or BB), I test the 
ratio that corresponds with observed offspnng phenotypes 
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Furthermore, identical ratios were obtained using females that had mated in the 

field as with females that mated with normal males in the laboratory: black 

females produced black and normal offspring in a 1 : 1 ratio, and normal females 

produced only normal offspring. Hence, all field collected black beetles of both 

sexes were heterozygotes, and all normal beetles were homozygous for the 

recessive allele (Table 10.2). 

I found no differences between black and normal beetles for the female 

reproductive fitness parameters that I measured in the laboratory, although sample 

sizes for black beetles were low (Table 10.3). Furthermore, there was no 

significant difference in adult longevity qr size of colour morphs for either sex. 

Table 10.3: Comparison between black and normal beetles for fitness parameters 
measured in the laboratory and between size of field-collected beetles. No 
significant differences were recorded between morphs for any parameter (t-test, P 
> 0.05). The length of female beetles was significantly greater than that of males 
(t-test, t129 = 4.37, P < 0.01). 

Black beetles Normal beetles 
mean ± s.e. pre-ovipos1tion period at 9 °C (days) 37±13 42.6 ± 21 

(n =2) (n = 3) 

mean± s.e. pre-oviposition period at 21 °C (days) 10.5 ± 2.1 7.8±0.7 
(n =2) (n = 26) 

mean± s.e. fecundity (eggs/day) 6.4 ± 1.2 7.6± 0.5 
(n = 7) (n = 40) 

overall egg hatch rate (%) 78.4 75.l 
(n = 7) (n = 40) 

mean± s.e. adult longevity (days) 187.6 ± 32.9 213.3 ± 8 
(n = 14) (n = 121) 

mean± s.e. male length (mm) 8.4 ± 0.1 8.4 ± 0.08 
(n = 12) (n = 50) 

mean± s.e. female length (mm) 9.1±0.1 8.9 ± 0.1 
(n = 19) (n = 50) 
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The populations collected from the field were found to be in Hardy-Weinberg 

equilibrium (Table 10.4). 

Table 10.4: Allele frequency (p, q) calculated from field data from four 
Tasmanian sites (see Table 10.1), and the expected number of individuals, 
calculated by (p2 + 2pq + q2) * population size. For each site, the observed and 
exEected frequencies did not differ (Chi-square goodness of fit, P > 0.9). 
Site Allele frequency Allele frequency BB Bb bb 

B* (p) b* (q} 
Florentine 0.01 0.99 Observed 0 14 686 
Valley Expected 0.07 13.9 686.1 

Frankford 0.016 0.984 Observed 0 16 487 
Expected 0.13 15.8 487 

Parkham 0.012 0.99 Observed 0 5 202 
Expected 0.03 4.9 202.9 

Blue Gum 0.011 0.99 Observed 0 4 178 
Knob Expected 0.02 3.9 178 

Overall 0.013 0.987 Observed 0 44 1680 
ExEected 0.3 44.2 1679.5 

* where B is black, dominant and b is normal, recessive 

In the neutral model, the proportion of black individuals remained constant (3 % ) 

in the population (Figure 10.2), suggesting that the population is at Hardy-

Weinberg equilibrium and that black is a dominant but neutral allele. Re-running 

the model giving a 5 % offspring survival advantage to black morphs 

demonstrated that if either form were selectively favoured, the other would 

eventually become extinct. Similarly, if there were a homozygous advantage to 

black individuals (BB), the proportion of black beetles would increase. If there 

were any assortative mating or sperm utilisation strategies so that only similar 

phenotypes reproduced with each other, black beetles would become very rare. 
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Figure 10.2: Simulation of 100 successive generations of a Chrysophtharta agricola population, showing the proportion of black morphs and log (population 
size) for different selection assumptions. Black morphs were initially represented by 3% of the population, and were heterozygous (Bb), allowing: (i) no 
selective advantage to either morph; (ii) black morphs with 5 % offspring survival advantage over normal morphs; (iii) homozygous black morphs (BB) with 20 
% offspring survival advantage over all other ~enotypes; (iv) black adults mated only with other black adults, and normal adults mated only with normal adults. 



10.4 Discussion 

Here I have demonstrated that the black morph present in low levels in field 

populations of C. agricola is under genetic control and not by development under 

humid conditions as in other beetles in the Paropsini (Selman 1994b). In C. 

agricola, melanism is controlled by a dominant, neutral allele that is maintained 

under Hardy-Weinberg equilibrium. Collection records suggest that the melanic 

morph of C. agricola has been present at a low frequency in C. agricola 

populations for at least the last 120 years. The black allele is not eliminated by 

natural selection because it appears neither favourable nor unfavourable to 

survival or reproduction. Furthermore, the black allele has persisted in both 

mainland Australia and Tasmania despite the separation of the two land masses 

over 10 OOO years ago forming a likely vicariance barrier (Cranston & Naumann 

1991). 

Under laboratory conditions I found no differences in reproductive fitness 

between black and normal beetles. In other insects, melanism is associated with 

thermal advantages through increased heat absorption, and in the two-spot 

ladybird, Adalia bipunctata (L. ), was posited as the principal factor influencing 

differences in morph activity (de Jong et al. 1996). Like C. agricola, A. 

bipunctata is polymorphic for colour and under genetic control in which the non

melanic form is homozygous recessive. However, unlike C. agricola, A. 

bipunctata shows clinal variation in the frequency with which melanic and non

melanic morphs occur, coinciding with an increase in temperature (de Jong & 

Brakefield 1998). 
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I found that there was no assortative mating between the two colour morphs of C. 

agricola. Fujiyama and Arimoto (1988) likewise found random mating and 

Mendelian inheritance between the two colour forms of another species of 

chrysomelid beetle, Chrysolina aurichalcea (Mannerheim). Selman (1994b) 

reported that adult paropsine beetles are largely immune to predation by birds and 

mammals, so it is unlikely that either morph of C. agricola is selectively 

disadvantaged through conspicuousness to predators. 

The invasion and persistence of the rare neutral allele causing melanism into C. 

agricola populations may have occurred through several means, including past 

selection pressure which favoured the black allele, a genetic bottleneck, or 

because the black allele appeared during a rapid and long-lasting population 

mcrease. Indeed, the long-term probability of persistence of a newly arisen 

mutant is greater than zero if the rate of increase of this genotype is greater than 

one (Haldane 1930). Even ifthe rate of increase is less than or equal to one (but> 

0.5), the probability of an unfavourable mutant persisting in the population is 

greater than zero as long as the population size is increasing (Ewens 1967). 

Hence, a neutral allele can invade a population. Once the number of the neutral 

alleles is large enough it will not be affected by genetic drift and will attain 

Hardy-Weinberg equilibrium. However, slight selection pressure against low 

frequency alleles may be counteracted by mutation pressure, although I have no 

evidence to suggest that this is the mechanism behind maintenance of the black 

allele in C. agricola populations. 
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CHAPTER 11: Mate location, sexual receptivity and mate choice in 
Chrysophtharta agricola (Chapuis) (Coleoptera: Chrysomelidae: 
Paropsini) in the field 

Submitted in part as Nahrung, H. F. and Allen, G. R. Journal of Insect Behaviour 

Abstract 

Mate location of Chrysophtharta agricola in the field was examined using sticky 
traps baited with sexually receptive conspecific beetles, and was followed up with 
laboratory experiments using a Y-tube olfactometer. The mating system of 
Chrysophtharta agricola comprises prolonged searching scramble competition 
polyandry, whereby receptive females are evenly dispersed spatially and temporally, 
and males search competitively for them: 90 % of beetles captured on sticky traps 
were males. More males were caught on traps baited with conspecific beetles of 
either sex than on control traps that contained foliage only. In the olfactometer, 
'however, males did not cho~se conspecific females and damaged foliage more often 
than they chose the blank control. Nevertheless, males that chose the female odour 
source did so significantly faster than those that chose the control. Operational sex 
ratios were usually 1 : 1 throughout the season but where bias occurred, was more 
often biased towards females than males. Males were sexually receptive sooner after 
overwintering than were females, and teneral females were sexually receptive sooner 
after pupation than were males. By sampling paired and unpaired beetles in the field I 
found that beetles generally did not select mates based on size, although in the 2001 -
2002 season at the Florentine Valley, paired males were significantly smaller than 
single males. Furthermore, neither sex mated preferentially with partners that were 
uninfected by parasitic mites, or with beetles of the same generation. 

11.1 Introduction 

To phytophagous insects, host plants represent areas of high probability of mate-

encounter: males may search host plants for females because females are likely to 

visit feeding and oviposition sites, leading to mixed-sex encounters, and hence, 

mating opportunities (Landolt & Phillips 1997). While some herbivores avoid 

infested plants, others are attracted to volatiles emitted by damaged hosts; the former 

reducing competition and the possibility of attack by natural enemies, and the latter 

arising if hosts can be more effectively used by aggregations, or if males can locate 
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mates on damaged host plants (see Bolter et al. 1997). Potential mate encounter rates 

can be increased if males concentrate mate-searching behaviour in areas of female 

activity, including potential feeding and oviposition sites. Mate location may also be 

controlled by sex pheromones, and the behavioural responses of some species can be 

manipulated using synthetic pheromone mimics that can be used as trap attractants or 

mating disruption as pest control monitoring or methods (e.g. Vickers 2002). 

Sexual receptivity is behaviour, usually expressed by females, which allows or deters 

copulation. Males are generally more motivated than females to mate, because a 

male's genetic contribution often increases with each female he mates, whereas all of 

a female's eggs can often be fertilised by one or few matings (Thornhill & Alcock 

1983). For this reason, females often select males with which they copulate, with 

mating tactics therefore under sexual selection, and creating the potential for 

nonrandom mating. For example, nonrandom mating occurs in the curculionid beetle 

Diaprepes abbreviatus (L.), whereby males prefer to mate with large females, and 

females accept large males as mates more readily than small males (Harari et al. 

1999). Such size-assortative mating occurs throughout the animal kingdom, but its 

intensity varies with population density and the operational sex ratio (Harari et al. 

1999). For example, male bias to the operational sex ratio (the ratio of sexually 

receptive males to receptive females in a population at any given time) creates male 

competition and facilitates pre-copulatory female choice (Alcock 1998). 
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Females may choose between potential mates based on phenotypic traits such as size 

(e.g. Sih et al. 2002), and behavioural traits such as courtship songs (e.g. Wagner & 

Reiser 2000). Physiological traits such as age (e.g. Stevens 2001) and parasite load 

(e.g. Rosenqvist & Johanssen 1995) can also affect the outcome of potential mate 

encounters. Herein, I test for mating preferences between the generations to which 

beetles belong, sizes, and infection rates by sexually-transmitted parasitic mites in a 

chrysomelid beetle Chrysophtharta agricola (Chapuis) (Coleoptera: Chrysomelidae). 

In this chapter, I also examine mate location in the field and laboratory, and mating 

receptivity ofteneral and post-overwintering males and females. 

11.2 Materials and Methods 

11.2.1 Operational sex ratios: Non-mating C. agricola adults were collected every 

two weeks from the Florentine Valley (42° 38'S 146°29'E) and Frankford (41°20'S 

146°45'E), Tasmania between October and February over two field seasons (2000 -

2001, 2001 - 2002) and sexed in the laboratory using tarsal differences (Baly 1862). 

Females were dissected to determine their mating status, and females whose 

spermathecae contained sperm were deemed to be sexually receptive. Teneral (first

generation) beetles were categorised according to the rigidity of their elytra (soft, 

medium and hard), determined by laterally compressing them between soft forceps. 

All hard beetles and 10 % of medium beetles (because about 10 % of medium beetles 

had mated - see Chapter 2) were deemed to be sexually receptive. Sex ratios for each 

sample date were checked for deviation from unity using a two-way contingency 

table. 
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11.2.2 Sexual receptivity following adult eclosion: The time taken for teneral virgin 

adults to become receptive to mating was determined by pairing males and females of 

different ages: 

i) 
ii) 
iii) 
iv) 
v) 
vi) 
vii) 

newly-emerged females and mature males 
5-day old females and mature males 
10-day old females and mature males 
14-day old females and mature males 
mature females and 5-day old males 
mature females and 10-day old males 
mature females and 14-day old males 

Mature males (at least 4 weeks old) were taken from a reproductive laboratory culture 

that was maintained at 21 ± 2 °C 16L:8D photoperiod. Teneral female beetles were 

held in plastic containers with fresh E. nitens foliage until they were producing 

[infertile] eggs to provide mature virgin females for experiments. Eight replicates of 

each mate-age treatment (i - vii) were conducted in separate petri dishes with fresh E. 

nitens foliage and moist filter paper. After 24 hours together, females were killed by 

freezing, and dissected to examine their spermathecal contents to determine whether 

mating had occurred. 

11.2.3 Sexual receptivity following overwintering: I collected overwintering beetles 

from the leaf litter of a E. nitens plantation at Frankford on 11 September 2001 to test 

beetles for the time taken to become receptive to mating after overwintering. In the 

laboratory, beetles were sexed using tarsal differences. Six beetles of each sex were 

224 



held in separate petri dishes at each of four treatment temperatures (12, 15, 18 and 21 

0 C), in constant temperature cabinets, each at 16L:8D photoperiod. Sexually 

receptive beetles to pair with the post-overwintering beetles were obtained from a 

laboratory colony and held in separate petri dishes at 18 °C 16L:8D. Prior to tests, 

these beetles were tested for receptivity to mating by pairing males and females under 

observation to ensure that they were sexually receptive. Every two days after 

allocation of overwintering beetles to temperature cabinets, beetles from each 

temperature treatment were paired with sexually receptive beetles and observed for 

one hour to observe whether mating (intromission) occurred. Linear regressions of 

l/time to mate and temperature were conducted for post-overwintering males and 

females to assess the relationship between temperature and development of sexual 

receptivity. 

11.2.4 Mate location in the field: To examine C. agricola's mate location cues in the 

field, sticky traps were trialed in a pilot study at the Florentine Valley in early 

December 2000. Each trap comprised a pair of 100 mm x 160 mm opaque plastic 

rectangles, with a 49 mm2 square removed from the centre, into which a gauze pocket 

was inserted. The first 2 - 3 leaf pairs of a growing shoot were placed into the gauze 

pocket and the plastic sheets were stapled together (Figure 11.1 ). 
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Figure 11.1: Sticky trap used to test mate finding behaviour of Chrysophtharta 
agricola in the field. Two male beetles, two female beetles, or nothing (control) were 
placed into the gauze pocket, which was fastened over a living shoot of Eucalyptus 
nitens. 

Two male or two female C. agricola adult beetles were placed into the pocket on the 

shoot, and the trap was securely sealed with metal staples. Tanglefoot Insect Trap 

Coating® (The Tanglefoot Company) was applied to the plastic and traps remained in 

the field for two weeks when they were collected individually into clear plastic bags 

and returned to the laboratory for examination. 

For the pilot study at the Florentine Valley, three replicates of each treatment (male 

beetle trap contents, female beetle trap contents, no beetle in trap) were conducted. In 

the 2001 season, I set out ten replicates of the three treatments in a three-year old E. 

nitens plantation at Frankford on three dates: 7 November, 19 November and 3 

December. Traps remained in the field for the two weeks between sample dales, and 
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on each sample date beetles were also hand-collected from the foliage of E. nitens 

trees and returned to the laboratory where that sample's sex ratio was determined. 

The surface area (mm2
) of foliage remaining in the gauze pocket of traps was 

measured using a leaf area meter (Delta-T Devices) and the proportion of foliage 

consumed by beetles within traps was calculated, arc-sine square-root transformed, 

and foliage consumed was compared between sexes and sample dates using a 2-way 

ANOV A. A Pearson correlation was conducted to determine whether there was a 

significant relationship between the proportion of foliage eaten within traps, and the 

number of male C. agricola caught. Traps from which both beetles did not survive 

were discarded for these analyses. 

11.2.5 Male mate location in the laboratory: Mate location results from the field 

were further examined using a Y-tube olfactometer in the laboratory. Beetles used for 

tests were collected as overwintering adults from the leaf litter of the 9-year old E. 

nitens plantation at Frankford, with males and females held separately at 21 °C 

18L: 12D until reproductively mature. All beetles were provided damp filter paper 

and fresh E. nitens foliage during this time. The olfactometer was a glass, closed

system (Figure 11.2), through which pure air was passed. 
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Figure 11.2: Glass Y-tube olfactometer used to test mate location of Chrysophtharta 
agricola in the laboratory. Source-odour vessels (A), introduction chamber (B), and 
the point at which beetles were deemed to have made a choice (C) are indicated. 

Female C. agricola adults were placed in a gauze bag on the tip of a growing, potted 

E. nitens seedling and allowed to feed for 1 - 2 days before testing (one adult per 

bag). For tests, a leaf on which beetle feeding had occurred and a female beetle were 

placed into one source odour tube, and the second source odour tube was left empty 

(blank control). The attractant (female beetle+ beetle-fed foliage) was placed in one 

of the vessels (Figure 11.2, A) and the system was allowed to stabilise for 20 minutes 

prior to introduction of test males. If attractant females oviposited or produced frass, 

the eggs and frass were removed from the tube. 
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Test males were checked for sexual receptivity by placing them individually in a petri 

dish with a mature female and confirming their tendency to attempt pairing: test 

males that attempted copulation were then introduced to the olfacometer (Figure 11.2, 

B) and observed for 10 minutes. The time taJrnn for the male to reach a set point 

(Figure 11.2, C) in either Y-tube arm was recorded; if this point was not reached 

within 10 minutes the male was recorded as not making a choice. 

Six test males were run to each attractant and the attractant source location was 

reversed after three males had been tested. Nine female/foliage attractants were used, 

and thus a total of 54 males were tested. Each male was used only once. Between 

replicates, the apparatus were disassembled and rinsed with petroleum ether and 

distilled water and air-dried. 

The proportion of males that reached either arm or made no choice for each attractant 

was recorded, arcsine square-root transformed and tested using ANOV A. Males that 

failed to make a choice within 10 minutes were discarded from subsequent analyses. 

A goodness of fit test (chi-square analysis) was used to determine significant 

differences between the observed response frequency and expected 50 : 50 (random) 

frequency for males that made a choice. The time taken (seconds) for males to reach 

the set point in the olfactometer was compared between replicate attractants using a 

two-sample matched sets test (Meddis 1984) to ascertain whether there was a 

difference in the time to respond to the attractant source odour. 
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11.2.6 Mate choice in relation to beetle size: Paired and unpaired beetles were 

sampled from the field to determine whether beetles discriminated between potential 

mates based on size. Collections of paired and unpaired adult C. agricola were made 

every two weeks for six weeks between November and December 2000 from E. 

nitens plantations from the Florentine Valley and Frankford, and every two weeks 

between November 2001 and February 2002 from the Florentine Valley. The 

maximum length of beetles (mid-point of clypeus to posterior tip of elytra) was 

measured using a digital vernier caliper (± 0.1 mm). The size of paired and unpaired 

beetles was compared, and a Pearson correlation was conducted to determine whether 

size-assortative mating occurred. 

11.2. 7 Mate choice in relation to beetle generation: The occurrence of old and new 

beetles mating in the field during overlap of generations was determined by recording 

the male-female mating combinations of 95 pairs of C. agricola adults on trees at 

Frankford on 29 January 2002. A random sample of unpaired beetles was also made, 

and beetles were returned to the laboratory and sexed so that the observed mate 

combination frequencies could be compared with expected values using a two-way 

contingency table. Of the non-mating sample returned to the laboratory, only new 

beetles with hard elytra and 10 % of beetles with medium elytra were used for 

calculations because they were receptive to mating (see below). Expected values for 

each age-class combination were then calculated by 
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[(#old females*# old males) I# males]*proportion of population mating 
[(#old females*# new males) I# males]*proport10n of population matmg 
[(#new females*# old males) I# males]*proportion of population mating 
[(#new females*# new males) I# males]*proportion of population mating 

11.2.8 Mate choice in relation to mite infection: To assess whether C. agricola mated 

preferentially with unparasitised partners, a sample of mating pairs of beetles (n = 11 

pairs) and single beetles (n = 30 beetles) were made from Frankford on 19 November 

2001. Beetles were assessed in the laboratory for the presence of podapolipid mites 

(see Appendices II, III) by examining the ventral elytra and dorsum under a dissecting 

microscope. The presence or absence of mites was noted on paired and single beetles 

of both sexes. The incidence of mites on paired males was compared with that of 

single males using a two-way contingency table. The same comparison was made for 

females. 
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11.3 Results 

11.3.1 Operational sex ratios: Like general sex ratios (Chapter 2), operational sex 

ratios were normal (Figure 11.3). 
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Figure 11.3: Operational sex ratios of Chrysophtharta agricola adults in the field 
over two field seasons (2000 - 2001 and 2001 - 2002) at two field sites: the 
Florentine Valley (A), and Frankford (B). Overall, females are designated a dark 
background, and males a white background: sexes are also divided by generation. 
The dotted line indicates 50%, numbers above bars show the total sample size; the 
operational sex ratio did not deviate significantly from unity (Chi-square analysis, 
Bonferroni adjusted, P < 0.002). 

11.3.2 Sexual receptivity following adult eclosion: Teneral virgin females mated 

sooner after emergence from pupation than teneral males (Figure 11.4). All 14-day 

old males mated, while 100 % ofteneral females mated at 10 days post-eclosion at 21 

°C. The aedeagus of 5-day old males was only lightly sclerotised and had undergone 

'retournement' (Verma 1994; Chapter 3; Nahrung & Reid 2002) in only 40 % of 
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males. Ten- and fourteen-day old males had well-sclerotised aedeagi that had 

undergone 'retoumement', although only 12.5 % of 10-day old males successfully 

transferred sperm. 
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Figure 11.4: Percentage of newly-emerged, virgin Chrysophtharta agricola males 
(black) and females (white) that mated with mature partners at 1, 5, 10 and 14 days 
post-eclosion. 

11.3.3 Sexual receptivity following overwintering: Temperature and sex each 

significantly affected the time for overwintering adults to become receptive to mating 

(2-way ANOVA, temperature: f3,40= 8.6, P < 0.001; sex: F1,40= 14.4, P < 0.001; 

interaction f 3,40= 2.5, P = 0.07) (Figure 11.5). 

Overwintering male C. agricola were sexually receptive earlier than females. Linear 

regression of 1/time to mate against temperature was significant for both sexes (Table 

11.1). Similarly, 1/time to feed was dependent on temperature (Chapter 4). 
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Figure 11.5: Average+ s.e. days for overwintering male (white) and female (grey) 
Chrysophtharta agricola adults to mate at four temperatures. 

Table 11.1: The relationship between time to mate and feed, and temperature for 
overwintering Chrysophtharta agricola. 

n Regression 
equation• significance 

Overwintering females 24 y = -0.1703 + 0.23 
time to mate 0.0197x p = 0.01 

Overwintering females 24 y = -0.2562 + 0.63 
time to feed 0.0346x p < 0.01 

Overwintering males 24 y = -0.0213 + 0.24 
time to mate 0.0118x p = 0.01 

Lower temperature 
threshold (0 C) 

8.6 

7.4 

1.8 

Day
degrees 

50.8 

28 .9 

84.7 

Overwintering males 24 y = -0.1408 + 0.44 5.8 41.6 
time to feed 0.024x P < 0.01 

aTemperature range 12 - 21 °C. Linear regression model: y =a+ bx where y is rate 
of development (1/days), x is temperature (°C), a is the intercept, and bis the slope. 
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11.3.4 Mate location in the field: For the pilot study at the Florentine Valley, 40 C. 

agricola adults were caught on traps over the two-week trapping period, 36 of which 

were males. There was no significant difference between the number of males caught 

on traps that contained male C. agricola, female C. agricola, or traps that contained 

no beetles (ANOVA, F2,6= 0.92, P = 0.45) (inset Figure 11.7). 

Over the six-week period that trapping occurred in the field at Frankford, 342 C. 

agricola adults were caught on sticky traps, of which 90 % were males (Figure 11.6). 

The sex ratio of beetles hand-collected on trapping dates did not differ from unity 

(Pearson Chi-square test, xz2= 0.09, P = 0.96), but significantly more males were 

caught on traps than females (Pearson Chi-square test, xz2= 7.70, P = 0.02). Survival 

of beetles within traps was high: both beetles survived for the two-week trapping 

period in 85 % of traps, and one beetle survived in the remaining 15 %. There was no 

relationship between the number of survivors within traps and the number of males 

caught on traps (Kruskall-Wallis test: males: H = 22.5, df= 1, P = 0.64; females: H = 

77.5; df= 1, P = 0.98) so all replicates were used for subsequent analyses. 
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Figure 11.6: Percentage and numbers of male (white) and female (grey) 
Chrysophtharta agricola adults caught on sticky traps and collected by hand on each 
of three sample dates from Frankford. 

Significantly more males were caught on traps that contained C. agricola than on 

control traps (Figure 11.7). A 2-way ANOVA showed that trap contents (i.e. male 

beetles, female beetles or no beetles) and sample date each significantly affected the 

number of males caught (F2,79= 4.1 , P = 0.02; F2,79= 153.1, P < 0.001 , respectively), 

but there was no interaction between them (F4,79= 0.71, P = 0.59). 

Foliage consumption analysis was conducted only for traps in which both beetles 

survived. There was no correlation between the number of males caught on traps and 

the proportion of foliage consumed by beetles of either sex within traps (Pearson 

correlation: males R = -0.13 , P = 0.53 ; females R = -0.15, P = 0.5). Females within 

traps consumed significantly more foliage than did males (2-way ANOVA, sex: F1,43= 

18.9, P < 0.001 ; sample date: F2,43= 3.1, P = 0.06; interaction: F2.43= 0.11 , P = 0.89). 
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Figure 11.7: Average + s.e. number of male Chrysophtharta agricola caught on 
traps containing other males + foliage (black), females + foliage (grey), or foliage 
only (white) on each of three trapping occasions at Frankford, and in the pilot study at 
the Florentine Valley (inset). 

11.3.5 Male mate location in the laboratory: The proportion of males in each 

replicate that exhibited one of three responses (positive taxis to source odour, 

negative taxis to source odour, and no choice) did not differ (ANOVA, F2,24= 1.8, P = 

0.18) (Figure 11.8). 
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Figure 11.8: Proportion of all test males of Chrysophtharta agricola that elicited one 
of three behavioural responses in a Y-tube olfactometer: no choice, chose odour 
source, or chose control (n = 54 males). 

For the 70% of test males that made a choice, the response to the source odour or 

blank control did not differ from random (Pearson Chi-square test, x/= 1.7, P = 

0.19). That is, males appeared not to be attracted to the positive source odour (female 

beetle + foliage). However, the time taken for males to move to either the attractant 

or the blank control did differ significantly, with males that oriented to the source 

odour doing so in a significantly shorter time than males that chose the blank control 

(two-sample matched sets test, Z = 5.8, P < 0.01) (Figure 11.9). 
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Figure 11.9: Mean+ s.e. time (seconds) for male Chrysophtharta agricola to choose 
a positive odour source (beetle + leaf) or the blank control in Y-tube olfactometer 
tests. When response times were ranked, the time taken to choose the beetle + leaf 
differed significantly to the time taken to choose the blank control (see text). 

I I. 3. 6 Mate choice in relation to beetle size: There was no significant difference in 

size between paired and unpaired males at either site in the 2000 - 2001 season 

(Florentine Valley: t-test, t63 = 0.36, P = 0.71; Frankford: t-test, t42 = 0.81, P = 0.42) 

but at the Florentine Valley in the 2001 - 2002 season, paired males were 

significantly smaller than unpaired males (t-test, t 11 9 = 2.55, P = 0.01). The lengths of 

paired and unpaired females were not significantly different in the 2000 - 2001 

season (Florentine Valley: t-test, t95 = 1.5, P = 0.42; Frankford: t58 = 0.59, P = 0.56) or 

at the Florentine Valley in the 2001 - 2002 season (t-test, t179 = 0.16, P = 0.87). There 

was no evidence for size-assortative mating, with the correlation between male and 

female size in mating pairs not significant (Pearson correlation, R = 0.09, P = 0.34). 
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The male : female size ratio within mating pairs did not change over time at both sites 

during the 2000 - 2001 season (ANOVA, F2,37= 0.81, P = 0.45), or at the Florentine 

Valley for the 2001 - 2002 season (ANOVA, F6,57= 1.28, P = 0.28). Moreover, the 

size of paired females did not differ significantly to that of unpaired females on the 

dates for which the operational sex ratio was female-biased (see Figure l l.3A) at the 

Florentine Valley in the 2001 - 2002 season (t-test, t59= 0.46, P = 0.64). Like the 

pooled season data, paired males were significantly smaller than unpaired males for 

the same dates (t-test, t20= 2.1, P = 0.049). There was no evidence of size-assortative 

mating on these sample dates (Pearson correlation, R = 0.04, P = 0.89). Males were 

significantly smaller than females at both sites (Florentine Valley 2000 - 2001: t-test, 

t160 = 8.39, P < 0.001, Frankford 2000 - 2001: t-test, t117 = 7.34, P < 0.001; Florentine 

Valley 2001 - 2002: t-test, ti40 = 9.33, P < 0.001) (Table 11.2). 

Table 11.2: Mean length ± s.e. (mm) of Chrysophtharta agricola collected as paired and 
unpaired males and females from the Florentine Valley and Frankford in October and 
November 2000, and between November 2001 and February 2002 at the Florentine Valley. 
Letters denote sigmficant differences between means at P < 0.05 withm columns (see text). 

Florentine Valley Frankford Florentine Valley 
2000 2000 2001 - 2002 

Matmgmales 8.2 ± 0.1 a 8.1±0.1 a 8.2 ± 0.1 a 
(6.7 -8.8) (7.0-9.0) (6.3 -9.5) 
n=40 n=20 n=64 

Non-mating males 8.3 ± 0.1 a 8.2 ± 0.1 a 8.5 ± 0.1 c 
(7.3 - 9.2) (7.2-9.3) (7.5-9.8) 
n=25 n=24 n=60 

Mating females 8.8±0.1 b 8.9 ± 0.1 b 9.0±0.1 b 
(7.1 - 9.9) (7.9- 10.1) (7.6-10.0) 
n=40 n=20 n=64 

Non-matmg females 8.8 ± 0.1 b 9.0 ± 0.1 b 9.0±0.1 b 
(7.9-9.8) (7.9-9.9) (7.2-10.1) 
n=40 n=57 n= 117 
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11.3. 7 Mate choice in relation to beetle generation: The mating combinations (old 

female with new male, old female with old male, new female with old male, new 

female with new male) of 95 paired beetles were recorded in the field, and 26 

unpaired old (19 males, 7 females) and 334 unpaired new beetles were collected and 

returned to the laboratory. Of the latter, 104 (54 males, 50 females) were sexually 

mature, and used to compare the mating combinations. The observed mating 

combinations were not significantly different to random values expected based on the 

observed population composition (2-way contingency table, xl = 0.35, P = 

0.95)(Table 11.3). That is, beetles did not select mates based on age. 

Table 11.3: The observed and expected number of mating pairs of different 
generation (age) combinations of Chrysophtharta agricola adults in the field. 
Observed and expected values did not differ significantly (see text). 

Mating combination Observed pairs Expected pairs 
(Female, Male) 
Old, New 19 16 
New, New 
New, Old 
Old, Old 

49 
20 

7 

52 
20 

7 

11.3.8 Mate choice in relation to mite infection: Paired and single beetles of either 

sex did not differ in the incidence of parasitism by podapolipid mites (males: x1
2
= 

0.35, P = 0.55; females: x1
2= 0.79, P = 0.38; combined: x1

2= 0.05, P = 0.83); thus, C. 

agricola did not mate preferentially with infected or uninfected partners (Table 11.4). 

242 



Table 11.4: Percentage of mite-infected and uninfected male and female 
Chrysophtharta agricola collected as mating pairs or single beetles from the field. 

Paired females 

Single females 

Paired males 

Single males 

11.4 Discussion 

Mites present Mites absent n 

18.2% 

33.3 % 

36.4% 

25% 

81.8% 

66.7% 

63.6% 

75% 

11 

18 

11 

11 

The placement of sticky traps on juvenile E. nitens foliage showed that male C. 

agricola are far more_ active within plantations than females. Dickinson (1997) 

reported that the predominant mate-location behaviour in the Chrysomelidae is 

scramble competition polyandry, in which males search competitively for females, 

attempting to outrace competitors to receptive females (see Thornhill & Alcock 

1983), and indeed this seems so for C. agricola. Female C. agricola appear to 

predominantly be ovipositing and feeding, rather than actively seeking mates, only 

requiring one insemination to fertilise their lifetime fecundity of eggs (Chapters 3, 

12). 

Significantly more searching males were captured on traps that contained a feeding 

beetle than on traps that contained eucalypt leaves only. Whether males respond to 

conspecific pheromones, volatiles emitted from damaged host plant foliage, or 

neither, is unknown. Beetles did not respond in olfactometer tests to enable 

determination of the cues used in mate location. Host plants of the leaf beetle Oreina 
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cacaliae (Schrank) differed in their attractiveness to beetles depending on the 

presence of damage and the length of time since damage occurred (Kalberer et al. 

2001). The Colorado potato beetle Leptinotarsa decemlineata (Say) (Coleoptera: 

Chrysomelidae) also orients to damaged host plants and host plant volatiles (Bolter et 

al. 1997; Dickens 1999; Dickens 2000). The behaviour of male C. agricola in the 

olfactometer did not demonstrate attraction to leaves damaged by conspecific 

females, although males that chose the attractant source odour did so significantly 

faster than males that oriented to the blank control. However, the experiments 

reported here used excised leaves, and females were not feeding at the time of the 

tests. Further work in this area is warranted to investigate the mechanisms behind 

male mate-searching behaviour because these factors may influence male responses. 

Protandry was evident following overwintering with males receptive to mating sooner 

than females. Males are therefore ready to mate when females become sexually 

receptive, and with the temporal spread of emergence after overwintering (Chapter 4), 

males achieving early sexual receptivity may increase the number of matings they can 

obtain early in the season. The opposite was found for teneral beetles: females were 

receptive to mating earlier than males, although egg-adult development time did not 

differ between males and females (G.R. Allen & V.S. Patel, CRC-SPF, unpubl. data). 

Overlap of generations occurs in this species, and mating occurs between generations. 

Old (parental generation) males and females retained their sexual receptivity late in 

the season. There was no evidence that parental-generation males preferentially 
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mated with new females, which would increase their chance of fathering offspring in 

the following season, since females carry viable sperm through overwintering 

(Chapter 3). Similarly, new males did not mate preferentially with mature females, 

even though such behaviour may increase their chance of fathering offspring in the 

current season. However, these mating combinations are essential for the 

transmission and persistence of sexually-transmitted parasites (Appendix III) and do 

occur frequently, but no more than expected by chance. 

Like C. agricola, Labidomera clivicollis Kirby (Coleoptera: Chrysomelidae), is 

parasitised by a sexually-transmitted podapolipid mite, Chrysomelobia labidomeridae 

Eickwort (Baker & Eickwort 1975; Eickwort 1975). Abbot and Dill (2001) examined 

mate choice between parasitised and unparasitised adult L. clivicollis and found no 

evidence for preferential selection of uninfected mates, although parasitism can 

increase mortality of nutritionally stressed beetles. 

fufection rates of sexually transmitted parasitic mites on C. agricola suggested that 

some males achieve more matings than others (Appendix III). Chrysophtharta 

agricola did not select mates based on incidence of mite parasitism, colour (Chapter 

10) or by size, although at the Florentine Valley in the 2001 - 2002 season, paired 

males were smaller than single males. Where size-based mate choice is known to 

occur, it is typically larger males that successfully achieve copulation (e.g. Thornhill 

& Alcock 1983; Rowe & Arnqvist 1996; Harari et al. 1999), although female choice 
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in the water strider Aquarius remigis (Say) (Hempitera: Gerridae) favours smaller 

males (Sih et al. 2002). Brown (1993) found that size-assortative mating in 

Trirhabda canadensis (Kirby) (Coleoptera: Chrysomelidae) resulted not from large

male mating advantage or female choice, but from a reduced ability of size 

mismatched pairs to successfully copulate. There was no evidence for size

assortative mating in C. agricola. The intensity of size-assortative mating varies with 

population density and the operational sex ratio (Harari et al. 1999). Operational sex 

ratios of C. agricola were generally normal throughout the field season, although 

where bias did occur it was more frequently in favour of females than of males. 

Females may have been more readily collected from foliage because they were less 

active within plantations than males. Size-assortative mating did not occur when the 

operational sex ratio of the sampled population deviated from unity. 

Knowledge of operational sex ratios is important in the development and deployment 

of pheromone-based control methods that target one sex. The mating system of C. 

agricola is probably not one that can be successfully manipulated to provide control. 

First, following autumn mating before overwintering, females can retain viable sperm 

for over six months and oviposit in spring after overwintering without remating, 

experiencing no reduction in fertility compared with females that mate in spring, 

although overall fecundity is reduced (Chapter 3). Second, a single, I-minute mating 

is enough to fertilise a female's average lifetime eggs (Chapter 12). Third, males and 

females are sexually receptive, abundant, in equivalent proportions, and continue 
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mating throughout most of the field season: possibly mating up to 50 times per adult 

(Chapter 12). Thus, techniques designed to disrupt mating such as the release of 

synthetic pheromones, or attractant host-plant volatiles to confuse males would need 

to prevent mating over a long time period. Similarly, lures that trap males would also 

require great efficacy as a control method, although such techniques may be useful as 

a monitoring tool. 
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CHAPTER 12: Mating behaviour and sperm utilisation of 
Chrysophtharta agricola (Chapuis) (Coleoptera: Chrysomelidae) 

Abstract 

Chrysophtharta agricola (Chapuis) males and females mate many times in their 
reproductive lifespan, and therefore represent a useful study organism for 
investigating multiple and prolonged mating in relation to sperm utilisation 
strategies. In this chapter, I investigate the mating behaviour of C. agricola in the 
field and laboratory. Male mating behaviour comprised long pairing associations 
with several intromission events, and did not change according to female mated 
status (virgin and previously mated). About 150 OOO sperm were transferred in one 
pairing, but fecundity and fertility of females was not dependent upon mating 
duration or the number of initial matings. Paternity analyses using a polymorphic 
gene for melanism showed various sperm use patterns over lifetime offspring 
production, with more often one male or the other fathering offspring than an equal 
mix of the two. Field data were modelled to estimate that beetles mate 15 - 51 
times in a season. I discuss these results in the context of evolution of multiple 
mating, sperm competition and cryptic female choice. 

12.1 Introduction 

Polyandry, that is, females mating with multiple males, is a common reproductive 

strategy in insects, and has advantages and disadvantages to both sexes (see 

Kirkendall 1983; Dickinson 1997). Males can increase the number of offspring that 

they sire by mating with many females, but there is no obvious parallel advantage to 

females of multiple mating - they cannot produce more offspring than the number of 

their eggs (Yasaui 1998). Males can therefore increase their fitness by mating with 

many females, such that high mating rates are typically associated with high male 

reproductive success (Amqvist & Nilsson 2000). However, successful mating does 

not guarantee paternity, as mechanisms such as male manipulation, post-copulatory 

female choice, sperm competition and sperm precedence can bias fertilisation. In 

insects that store sperm after mating, males may demonstrate morphological, 

physical or behavioural adaptations to potentially increase their paternity over that of 
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rival males (Simmons 2001a). Sperm stored from previous matings can be 

displaced, inactivated, or physically removed during copulation by subsequent 

males. The number of sperm transferred by each male can also affect the number of 

offspring that he sires; the more sperm that a male contributes, the greater the chance 

that he will father more offspring than a male which transfers few sperm, providing 

that sperm of each male are of equal 'value' (Parker 1970). Furthermore, paternity 

can be affected by the competitiveness of spermatozoa themselves (Parker 1990). 

Females can also play a major role in determining their offspring's paternity. 

Indeed, the selective pressure imposed by females for mating may drive the 

evolution of male genitalia (see Eberhard 1985). As well as choosing with which 

males to mate (pre-copulatory choice), females may also exercise "cryptic female 

choice" in selecting with which sperm to fertilise her eggs, through the acceptance, 

retention and utilisation of sperm of preferred males. Storage, maintenance and 

utilisation of sperm is ultimately under female control (Simmons & Siva-Jothy 

1998), and thus, is paramount to understanding sperm use patterns and the evolution 

of multiple mating. 

The Chrysomelidae are regarded ideal study organisms for answering questions 

regarding the consequences of prolonged and multiple mating (Dickinson 1997). 

Chrysophtharta agricola (Chapuis) is a chrysomelid beetle that mates many times 

during its adult life. The morphology of the reproductive systems of both sexes has 

been described (Nahrung & Reid 2002; Chapter 3): knowledge of reproductive 

morphology and the processes of copulation and fertilisation is necessary for 
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understanding the mechanisms govemmg the outcome of multiple mating 

(Dickinson 1997). Jn C. agricola the presence of a large spermatheca in females and 

endophallus in males may provide the potential for sperm stratification, male 

manipulation and post-copulatory female choice. Pre-copulatory mate choice based 

on body size, parasite load, generational status (Chapter 11), or colour (Nahrung & 

Allen in press; Chapter 10) is not evident in the field for C. agricola. That random 

mating occurs between individuals within populations is also supported by allozyme 

electrophoresis results, as reported in Chapter 5 (Nahrung & Allen 2003a). 

Jn polyandrous species, the timing of copulation may also impact upon reproductive 

success. For example, females that mate before overwintering may have a selective 

advantage over unmated females (Stevens & McCauley 1989), male mating ability 

may decrease with age (Ofuya 1995), or the most-recently mated male may sire the 

most offspring (Parker 1970; Price et al. 1999). Female C. agricola that mated only 

before overwintering showed reduced fecundity compared with beetles that mated 

once after overwintering (Chapter 3). Male mating ability did not appear to decrease 

with age, with parental generation (old) males mating readily with new generation 

females (Chapter 11). Here, I test the hypothesis that the most-recently mated male 

has higher paternity success than previous males. 

The number of offspring sired defines male fitness; thus, maximising paternity 

within and between different females is under acute selection pressure (Simmons 

2001a). For males, reproductive success of mating with a single female for a long 

time compared with mating with many females for a short time each must have 
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fitness tradeoffs. fu this chapter, I evaluate the fertility of females mated for various 

time intervals as a preliminary investigation of the ejaculate load hypothesis 

described in Simmons (2001a). I also describe the mating behaviour of C. agricola 

males paired with virgin females and with females whose sperm storage organ 

already contained sperm of rival males to identify any behaviours that may suggest 

male manipulation to bias paternity. Finally, the number of matings that C. agricola 

undergo in a field season is estimated using two models, and the results are 

discussed in the context of the evolution of polyandry. 

12.2 Materials and Methods 

12.2.J Male mating behaviour with virgin and mated females: The pre-copulatory, 

mating and post-copulatory behaviours of male C. agricola were examined in the 

laboratory, and compared between males mating with virgin or non-virgin females. 

The aim was to assess whether subsequent mating invoked behavioural changes in 

copula duration, female willingness to mate, or manipulative male behaviours that 

may bias paternity. Sexually receptive males were paired with sexually receptive 

virgin females or previously mated (within 24h) females in petri dishes with a fresh 

leaf of E. nitens foliage. Behaviours were continuously recorded for three 

consecutive hours under ambient laboratory conditions (about 18 °C), with six 

replicates of each treatment (virgin female or mated female). Behaviours considered 

in analyses were: unpaired; paired without intromission; paired with intromission; 

intromission with ')iggling" (rapid lateral movements by mating male); and 

rejection (male paired and attempting to copulate, but female resisting copulation by 

kicking the aedeagus with her hind legs, running around test arena attempting to 
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dislodge male, or by retracting her abdomen tightly under elytra). Data were 

collated and analysed using The Observer® software package (Noldus Information 

Technology 1996). The proportion of paired time spent in intromission and not in 

intromission was determined. Average copula duration was estimated, latency to 

copulate, and jiggling behaviours were quantified. Average mating behaviours were 

compared between virgin and mated females using t-tests (Bonferroni adjusted, P < 

0.005). 

12.2.2 The role of male antennae in female mate acceptance: Tallamy et al. (2002) 

reported that antenna! stroking plays a major role in mate acceptance and sperm 

transfer by females of the chrysomelid beetle Diabrotica undecimpunctata howardi 

Barber, and I tested for this in C. agricola. The time taken to achieve intromission 

and fertility was compared between pairs of beetles from which the males' antennae 

were surgically removed at the pedicel, and males on which the antennae were 

intact. Five males with intact antennae and five males without antennae were paired 

with sexually receptive virgin females in a petri dish and observed for one hour. 

The time taken for each to achieve intromission was recorded, and the fertility of 

eggs subsequently laid by females was checked to determine whether sperm had 

been successfully transferred. 

12.2.3 Fertility following single and dual matings: I compared the fertility and 

fecundity of females that coupled once with one male for one hour, with that of 

females that coupled with one male twice, for one hour each coupling, to ascertain 

whether the number of matings affected female reproductive output. Overwintering 

252 



beetles were collected from the leaf litter of a E. nitens plantation at Frankford on 10 

June 2002. Beetles were sexed in the laboratory, and males and females were held 

separately in petri dishes in a controlled temperature room at 21 °C 16L:8D 

photoperiod, until they were reproductively mature. To test that females were 

virgins, eggs were collected and checked for larval emergence; females that 

produced fertile eggs were discarded. Fourteen virgin females were allowed to mate 

for one hour with reproductively mature males. Twenty-four hours later, seven of 

these females were mated a second time for one hour. Egg batches laid by all 

females were collected and counted twice each week and kept to assess fertility. 

12.2.4 Mating duration and sperm transfer: Whether the long pairing associations 

observed in the laboratory and field increase fertility was tested by allowing females 

to mate for various time intervals after initial intromission (30 seconds, 1, 2, 5, 10, 

15, 30 minutes, 2, 3 hours). My hypothesis was that the longer a pair mated, the 

more sperm would be transferred, and the more eggs thus fertilised. Nine sexually 

receptive virgin females obtained as described above were each placed with a 

sexually mature male into separate petri dishes and mated under observation for the 

time intervals listed above. Mating pairs were then gently separated, males were 

removed, and females were provided with fresh E. nitens foliage and moist filter 

paper. I counted the number of eggs produced every 3 - 4 days, and replaced the 

foliage and filter paper on these occasions. ·Egg batches from each female were 

counted and kept, and whether or not larvae emerged was recorded to quantify 

sperm depletion over time. The average for the once-mated females from the 
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previous section (number of matings and fertility) was used to provide one-hour 

mating duration data. 

12.2.5 Number of sperm transferred during mating: Five once-mated (under 

observation) females were frozen and dissected to attempt to quantify the number of 

sperm transferred. The spermatheca and bursa copula were removed, broken up and 

homogenised in 50 µL of modified barth saline (5.14g NaCl, 0.15g KCl, 0.08g 

Ca(N03)2, 0.05g CaCl, 0.2g MgS04, 0.2g NaHC03 in lL distilled water- M. Gage, 

Liverpool University, pers. comm.) in a cavity block. A drop of suspension was 

placed on the grid of a Neubauer haemocytometer (0.1 µL capacity), covered with 

the coverslip and the number of sperm covering the grid was counted under a 

compound microscope (x400). Four such counts were made per sample, and the 

total was multiplied by 125 to provide an estimate of the total number of sperm in 

the sample. 

12.2.6 Paternity following dual mating: I examined patterns of sperm 

utilisation/precedence by mating beetles of known genotype for colour (Chapter 1 O; 

Nahrung & Allen in press). Non-melanic (homozygous recessive) virgin females 

were mated firstly with a melanic (heterozygous) male, and after producing a fertile 

batch of eggs to confirm successful sperm transfer (usually within 24h) were re

mated with a· non-melanic male (and vice versa for male colour order). Five 

replicates were conducted for each male-order combination (i.e. normal male 

followed by black male; black male followed by normal male). Additionally, two 

black females were mated first with a black male and then with a normal male. 

254 



Beetles were coupled for one hour with each male. Eggs produced by each female 

were then reared to adulthood to ascertain the phenotype ratio of offspring. 

Offspring ratios were then checked for deviation from expected values for each 

hypothesis of sperm use; viz only first male fathers offspring; only second male 

fathers offspring; mix of sperm contributed equally by both males, using a Chi

square goodness of fit test with Yates correction for continuity (Zar 1991). Paternity 

immediately following dual mating was examined using eggs produced in the first 1 

-2 eggs batches laid after the second male mated. Where black offspring were 

produced from these batches, paternity could be assigned to either the first or second 

male to mate. 

A second method for determining allocation of paternity from two sequential-mating 

males was also trialed, using allelic markers as an extension of the allozyme 

electrophoresis work reported in Chapter 5. Forty males were paired with virgin 

females and their offspring were reared in separate lineages for potential crossing 

tests. The parental pair was killed by freezing and the genotype of each was 

determined at the Mpi locus as described in Chapter 5, and their offspring genotype 

combinations were determined. These lineages were then used, where appropriate, 

to conduct crossing tests using two males of different, known genotypes with a 

female of known genotype. However, only two lineages were useful for this 

because two of the five alleles were both very common and heterozygous to be 

unique markers. Furthermore, rearing difficulties severely reduced the number of 

individuals in each lineage. For subsequent crossings, two matings were conducted 

with a female of known genotype, and her first batch of eggs was kept until first 
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instar larvae emerged which were then homogenised in 20 µL of grinding buffer and 

their genotype at the Mpi locus was ascertained to determine paternity. 

12.2. 7 Estimating the number of lifetime matings in the field: I constructed two 

models to estimate the number of times each C. agricola might mate in the field. 

For the first estimate, I selected two adjacent rows of three-year-old E. nitens trees 

from the plantation at Frankford, and systematically searched each tree for C. 

agricola adults. The number of beetles in copula and separate was recorded for 

each of the 45 trees in the rows on four occasions at the same time of day between 8 

October and 17 December 2001. The proportion of beetles mating on each sample 

date was then·used to estimate the number of times each beetle mated between these 

dates using the formula 

L:(P1*d) 

where P =proportion of beetles mating on sample date t, 

and d =number of days between sample dates 

I assumed that beetles only mated a maximum of once each day, and that males and 

females shared equal longevity (Chapter 2, 11 ). 

For the second estimate, I used the starting proportions of podapolipid mite infection 

over time using a disease-transmission model. Appendix III shows in detail the 

infection rate by these mites during the 2000 - 2001 and 2001 - 2002 field seasons 

at Frankford. These data were used to provide a starting infection rate of C. agricola 

of 4 % for males and 8 % for females. Assumptions were a 15 % transmission rate 

(that is, 15 % of infected beetles that mated with an uninfected partner actually 
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passed on mites), that beetles could only become infected once, and that mating 

occurred in all members of the population randomly and simultaneously. Fifteen per 

cent was chosen to counteract times at which dispersive mite stages were not 

present, and failed transmission of dispersive lifestages. I showed a 50 % 

transmission rate in the laboratory (Appendix III), and Baker and Eickwort (1975) 

showed a 20 % transmission rate of podapolipid mites on Labidomera clivicollis 

(Kirby) (Coleoptera: Chrysomelidae), so 15 % represents a reasonable, conservative 

transmission figure. The number of infected males and females following each 

hypothetical copulation was calculated using the following formulae: 

Where 
population size = n 
Infected females= (n/2) * 0.08 =Fi 
Uninfected females = (n/2) * 0.92 =Fu 
Infected males= (n/2) * 0.04 = M1 
Uninfected males = (n/2) * 0.96 =Mu 

Mating combinations are therefore: 
(Fi * Mi) I (n/2) 
(Fu* Mi) I (n/2) 
(Fu * Mu) I (n/2) 
(Fi *Mu) I (n/2) 

and the 15 % transmission rate means that 
(Fu* Mi) I (n/2) * 0.15 =A 
(Fi* Mu) I (n/2) * 0.15 = B 
where A & B are the number of matings for which mite transmission was 
successful 

New numbers of infected beetles are: 
Finew=Fi +A 
Funew=Fu-A 
Minew=Mi+B 
Munew=Mu-B 

And the proportion of beetles infected is now (Fi new+ Fu new+ Mi new+ Mu new)ln 

These calculations were repeated until the end of season 2000 - 2001, and 2001 -

2002 infection rates (see Appendix III) were reached. The number of theoretical 
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matings to obtain this infection rate was thus used to estimate the number of matings 

in the field. 

12.3 Results 

12.3.1 Male mating behaviour with virgin and mated females: No courtship or pre-

copulatory behaviours were observed: males approached females from behind, 

mounted and, if not rejected, began intromission immediately. The male's first and 

second pairs of legs clasped the female's elytra, while the hindlegs rested on the 

substrate. The tarsi of males are modified to allow males to cling to the smooth 

elytral surface of females during copulation (Selman 1994b). During pairing, males 

usually held their antennae low over the female's lateral thorax. Females continued 

to walk and feed whilst mating. 

There were no significant differences in the mating behaviour of beetles where the 

female was previously unmated, or mated (Table 12.1). On average, beetles spent 

just over half (54.2 ± 6.7 %) of the three-hour observation time paired. Of this 

paired time, 80.1 ± 2.9 % was spent in intromission (aedeagus inserted). The 

average duration of jiggling (rapid lateral movements by the mating male) was 56 ± 

9 seconds. 
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Table 12.1: Average ± s.e. duration (range in parentheses) of mating behaviours 
exhibited by Chrysophtharta agricola pairs in which the female was previously 
unmated (n = 6), or mated (n = 6). Behaviour frequencies and duration did not 
differ significantly (t-test column, Bonferroni adjusted, P < 0.005), so the overall 
means are presented in the final column. 
Behaviour Virgin female Mated female t-test overall 
Rejection events 3.8 ± 1.5 6.2 ± 3.6 t10= 0.66 5 ± 1.7 

(0-9) (0-22) P=0.53 (0-22) 

Latency to pairing 16.5 ±4 17.l ± 8 t10= 0.08 16.8 ± 4.2 
(min) (4.3 -27.4) (5.2- 53.9) P=0.94 (4.3-53.9) 

Total time paired 108.9 ± 21.2 86.4 ± 13.0 t10= 0.97 97.5±12 
(min) (54-178) (52-142) p =0.36 (52.4- 178) 

Mean pairing 49.6 ± 30 21.2 ± 9.3 t10 = 0.99 35.4 ± 14.9 
duration (min) (4.8 - 175.8) (2.2-47.3) p = 0.34 (2.2 - 175.8) 

# aedeagus 10 ± 3.2 10.7 ±4.2 t10 = 0.14 10.3 ± 2.4 
insertions (2-20) (5-29) p =0.89 (2-29) 

Mean copulation 13.5 ± 3.4 8.5 ± 1.5 t10= 1.45 11 ±2 
duration (min) (2.8-23.5) (2.4-12.6) p = 0.18 (2.4-23.5) 

% paired time 82.1±3.2 78.l ± 5.4 t10= 0.58 80.1±2.9 
spent copulating (68- 87) (60-93) p =0.58 (60-93) 

#jiggle events 12.3 ± 3 18.7 ± 4.6 t10= 1.25 15.5 ± 2.7 
(4-22) (3 - 31) P=0.24 (3 - 31) 

Mean jiggle 61.1±15.7 50.9 ± 10.2 t10= 0.6 56 ± 8.7 
duration (sec) (32.4- 125.7) (24.6 - 85.8) p =0.56 (24.6 

125.7) 

Behavioural sequences for each replicate over the three-hour period are presented in 

Figure 12.1, where the long intromission times are illustrated. 
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Figure 12.1: Ethograrn showing the behavioural mating sequence of Ch1ysophtharta agricola over three hours for each of six replicates in 
which the female was previously unmated (A) or mated (B). Yellow= unpaired, aqua= paired without intromission; dark blue = paired with 
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12.3.2 The role of antennae in female mate acceptance: Four of five males in both 

treatment groups (antennae intact and antennae removed) successfully mated within 

one hour of observation. Males with intact antennae and males without antennae did 

not differ significantly in their time to achieve mating (6.1 ± 3.3 minutes, and 8.3 ± 

8.0 minutes, respectively) (t-test, t6 = 0.28, P = 0.79), and all females subsequently 

produced fertile eggs. 

12.3.3 Fertility following single and dual matings: There was no significant 

difference in total egg production (t-test, t10 = 0.12, P = 0.9), longevity (t-test, t10 = 

0.26, P = 0.79), or eggs per day (t-test, t10 = 0.20, P = 0.85) for females that had 

mated once or twice (Table 12.2). Furthermore, there was no correlation between 

male or female size and weekly egg production (Pearson correlation: females R = -

0.03, P = 0.93; males R= 0.07, P = 0.81). 

Table 12.2: Total eggs produced, longevity (days) and number of eggs per day 
produced by Chrysophtharta agricola females which had mated one or two times 
for one hour for each mating. 

Mated once Mated twice 

Total eggs 582 ± 81 566±106 
(330-812) (109-971) 

Longevity (days) 79.5±10.8 75.8±10.4 
(43 -95) (33-95) 

Eggs/day 7.4 ± 0.4 7.2 ± 0.9 
(5.8- 8.5) (3.3-10.2) 
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The production of fertile eggs began to decline 9 weeks after mating for once-mated 

females, and after 10 weeks fo! twice-mated females (Figure 12.2). After 13 weeks, 

no females from either treatment were producing fertile eggs, and the experiment 

was terminated on day 95. Dissections of remaining females 14 weeks after mating 

showed that there was no sperm in their spermathecaa, while the spermathecae of 

females that died while still producing fertile eggs contained sperm. 
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Figure 12.2: Percentage of Chrysophtharta agricola females producing fertile eggs 
up to thirteen weeks after one (dashed line) or two (solid line) one-hour matings. 

12.3.4 Mating duration and sperm transfer: The female that mated for 30s did not 

produce any fertile eggs, but all other females (mated for 1, 2, 5, 15, 30 min, 1, 2, 3 

h) produced fertile eggs for a similar length of time; that is, mating times between 1 

minute and 3 hours did not affect egg production, fertility or longevity (Figure 12.3). 
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Hence, 30 seconds was not a long enough mating time for successful sperm transfer, 

but mating for one minute provided sufficient sperm to fertilise an equivalent 

number of eggs as mating for 180 times longer. All surviving females had ceased 

producing fertile eggs 13 weeks after mating occurred, and I terminated the 

experiment at week 14 and dissected females to ascertain whether they retained 

sperm in their spermathecae: only the 5-minute-mated female did, and only a very 

small quantity was present. All other females' spermathecae contained no sperm. 

All females that died during the experiment (before week 14) still held sperm in 

their spermathecae. There was no correlation between the size of males or females 

and fecundity (Pearson correlation, R = 0.28, P = 0.46; R = 0.22, P = 0.57, 

respectively). 
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Figure 12.3: Number of fertile (white) and infertile (black) eggs produced by 
Chrysophtharta agricola females mated for different time intervals (x-axis). 
Numbers above bars show the number of days for which fertile eggs were produced, 
with total longevity in parentheses. The experiment was terminatec,l on day 95. 
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12.3.5 Number of sperm transferred during mating: Females were killed 

immediately after the male dismounted, and sperm were removed from the bursa 

copulatrix and from the spermatheca. Sperm were usually densely clumped and 

required teasing apart with a mounted pin and agitation to homogenise in the 

suspension. My estimates of the approximate number of sperm transferred during 

one pairing were between 96 OOO and 190 875 (mean 154 350 ± s.e. 15 910) (n = 5). 

Unfortunately I could not relate sperm numbers to mating times or male size 

because I did not record either in this experiment. Sperm morphology is briefly 

described in Chapter 3. 

12.3.6 Paternity following dual mating: The order in which males mated did not 

reflect the allocation of paternity (Table 12.3): being the most recent male to mate 

did not increase the likelihood of fathering offspring. In some cases, the offspring 

resulting from two matings were what would be expected for a random mix of 

sperm, whereas in other replicates, offspring were fathered by the first mating or 

second mating only. Only where black offspring 'were produced in the first 1 - 2 

batches after Pl and P2 matings, could paternity be attributed to Pl or P2 to gain 

some understanding of immediate sperm precedence. Six replicates produced black 

offspring during the week following matings; three were those in which the black 

male mated first, and three in which the black male mated second. Therefore, the 

pattern of immediate sperm use is also not reflected by mating order. 
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Table 12.3: Offspring ratios produced by normal (N) or black (B) female 
Chrysophtharta agricola mated firstly (Pl) and secondly (P2) with black (B) and 
normal (N) males. Offspring ratios were tested for goodness of fit (Chi-square test 
with Yates correction for continuity) to each of three sperm-use hypotheses: Pl 
fathers offspring; P2 fathers offsEring, or a random mix from both P 1 and P2. 
Female Pl P2 B:N Pl fathers P2 fathers Mix Conclusion 

offs rin 
N B N 1 : 18 x/ = 15.3 X12 = 0.12 X12=4.5 P2 

P<0.005 P>0.5 p <0.05 

N B N 10: 5 X1
2 

= 1.7 X12 = 7.6 X12 = 12.9 Pl 
P>O.l p <0.025 p <0.005 

N B N 0: 13 X1
2

=13.l X12= 0.02 x/ = 5.1 P2 
p <0.005 P>0.5 p <0.025 

N B N 19: 55 X12= 17.5 X12 = 5.1 X12=0.02 Mix 
p <0.001 p <0.025 P>0.5 

N B N 21: 23 X1
2 

= 0.11 X12 = 12.l X12= 16.8 Pl 
P>0.9 p < 0.001 p < 0.001 

N N B 0: 19 X12=0.01 x/=19.1 X12= 7.1 Pl 
P>0.9 p <0.005 p <0.01 

N N B 1: 10 X12=0.2 X1
2 

= 7.4 X12=2.0 Pl or mix 
P>0.5 p < 0.01 P>0.1 

N N B 19: 36 x/=6.9 X12= 5.3 X12=2.4 Mix 
p <0.01 p <0.025 P>O.l 

N N B 22: 31 X12=9.5 X1
2 

= 1.5 X1
2 

= 7.3 P2 
p <0.005 p >0.1 p <0.05 

N N B 8: 33 X1
2 

= 1.8 X12= 15.3 X12 = 0.84 Mix* 
p >0.1 p <0.001 P>0.5 

B B N 6:8 x/= 6.9 X1
2

= 0.4 X12=2.2 P2 or mix 
p < 0.01 P>0.5 P>O.l 

B B N 31: 10 X12 = 0.06 X12=10.8 X12=3.2 Pl or mix 
P>0.9 p <0.001 p >0.05 

*Because black offspring were produced by this cross, the hypothesis that Pl fathers all offspring 1s 
rejected. 

The second method trialed for testing sperm precedence usmg allozyme 

electrophoresis showed that all larvae from the first egg batch laid after two matings 

were fathered by the first male to mate. At the Mpi locus, the female was 
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heterozygous with alleles DE, the first male was also heterozygous DE and the 

second male to mate was heterozygous CB. The 24 offspring screened were either 

DE or EE, and so could only have been fathered by the first male to mate (DE). 

12. 3. 7 Estimating the number of lifetime matings in the field: 1051 beetles were 

counted between 8 October and 17 December 2001: an average of 32 % were paired 

on each sample date (Figure 12.4). My estimation of the number of matings in the 

field, based on the proportions of the population paired and unpaired beetles 

censused was 27 matings per beetle. Using the average of 32 % over the whole 

season (October- January), each beetle mated an estimated 38 times. 
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Figure 12.4: The proportion of Chrysophtharta agricola adults in mating pairs on 
each of four sample dates at Frankford, 2001. The total number of beetles in each 
census is presented above the bars. 

My second estimate involved using infection rates by sexually transmitted 

parasites (see Appendix III) over the same period: the proportion of infected 

beetles was 61 % (males and females combined) on 17 December 2001. Using a 
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starting infection rate of 6 % (males and females combined) as found in 

overwintering beetles on 8 October 2002, and 15 % transmission success, the 

estimated number of matings to achieve the observed infection rates on 17 

December was 24 matings per beetle. However, as detailed in Appendix ill, 

infection rates between sexes differed significantly, so the model was re-run using 

starting infection rates for males and females separately as observed in the field 

(initial infection rates 4 and 6 %, respectively; infection rates on 17 December 

were 26 % and 43 %, respectively). The required number of matings to achieve 

these infection levels were 20 matings per female, and 15 per male. Estimates for 

the number of matings over the whole season (final infection rates of 100 % for 

females and 75 % for males) were 51 matings per female and 29 matings per male. 

Data for the 2000 - 2001 season (starting infection rates 30 October 2000: males 

12.5 %, females 24.5 %; final infection rates 8 January 2001: males 75 %, females 

86 %) suggested that males and females each mated 19 and 23 times, respectively, 

in this time:frame. 
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12.4 Discussion 

Chrysophtharta agricola females mate at least 20 times in their reproductive 

lifespan. Using the minimum sperm transfer estimate reported here, 20 matings 

represents about 2 million sperm to fertilise fewer than 1 OOO eggs: >2000 sperm per 

egg. Furthermore, despite mating behaviour in this species comprising long pairing 

times and multiple intromissions, sufficient sperm are transferred in the first sixty 

seconds to fertilise a female's lifetime of eggs. Why then, do males invest such long 

periods of time in pairing with their mates? And why do females mate so many 

times when one or two matings provide enough sperm to fertilise a lifetime of eggs? 

Dickinson (1997) reviewed the costs and benefits of prolonged and multiple mating 

for chrysomelids, and here I assess these in relation to the biology and behaviour of 

C. agricola (Table 12.4) 
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Table 12.4: Costs and benefits of multiple (M) and prolonged (P) mating (from 
Dickinson 1997), and how these relate to Chrysophtharta agricola. NI A = not 
applicable. 
Costs of multiple/prolonged For C. agricola females? 
matin 
Increased exposure to parasites or 
disease (M) 
Loss of time for feeding (M,P) 

Increased predation due to 
increased conspicuousness (M,P) 
Reduced investment of time in 
paternity insurance (M) 

Yes - see Appendix II, ill 

No - females feed while paired 
(this chapter) 
No - adult predation not recorded 
(Chapter 1,2) 
NIA 

Increased energy used to carry Yes, but only walking 
male(M,P) 
Energetic costs of copulation 
(M,P) 

Reduced mating frequency (P) 
Loss of control over offspring 
paternity (M) 

Yes, but unmated females lived 
as long as mated females 
(Chapter 3) 
Yes 
Unlmown - ?cryptic female 
choice 

Benefits of multiple/prolonged For C. agricola females? 
mi 
F ertllity insurance (M) 

Acqmsition of nutrients (M,P) 

Acquisition of defensive 
chemicals (M,P) 

No - single mating sufficient (this 
chapter) 
No evidence - unmated females 
lived as long as mated females 
(Chapter 3) & fecundity and 
longevity same for once- and 
twice-mated females (tins 
chapter) 
No 

For C. agricola males? 

Yes - see Appendix II, ill 

Yes, but males eat less than 
females (Chapter 11) 
No - adult predation not 
recorded (Chapter 1,2) 
Possibly, but prolonged 
pairing may increase 
paternity insurance 
NIA 

Yes 

Yes 
Unlmown - ?male 
manipulation/sperm 

For C. agricola males? 

Possibly 

No 

No 

Protection from predation (M,P) No - adult predation not recorded No - adult predation not 
(Chapter 1,2) recorded (Chapter 1,2) 

Protection from harassment Possibly No 
(M,P) 
Increased foraging 
(M,P) 

efficiency No 

Phoresy (M,P) 

Increased chance of offspring 
production with each new mate 
(M) 
Increased probability of survival 
of at least one mate (M) 
Genetically diverse offspring (M) 
Benefits of sequential mate 
choice (M) 

No 

No 

NIA 

Yes (Chapter 5, this chapter) 
Yes, no evidence 

No 

Some, but no benefit: single 
males active (Chapter 11) 
Yes 

Yes 

Yes (Chapter 5) 
Yes, no evidence 
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There was no evidence for pre-copulatory choice based on size, parasite load, 

generation/age (Chapter 11), or colour (Chapter 10; Nahrung & Allen in press); 

genetic analysis showed random mating between individuals within populations 

(Chapter 5; Nahrung & Allen 2003a), and C. agricola exhibited no courtship 

behaviour, suggesting that females do not discriminate between mates prior to 

insemination. However, the simultaneous presence of sperm contributed by 

multiple males creates the potential for bias in paternity through sperm competition, 

male manipulation and/or cryptic fe~ale choice (Thornhill & Alcock 1983). 

Paternity tests using two males mated for equal times with virgin females did not 

show sperm precedence, by which the most recent male to mate achieves higher 

paternity than previous males, either over the lifetime of offspring or in the first 1 -

2 egg batches produced straight after mating. Last-male precedence over lifetime 

offspring occurred in one-quarter of the crosses conducted here, and in the two 

normal female - black male pairs collected from the field in Chapter 10, although 

mating duration for the latter pairs is unknown. Variation in mating and/or pairing 

time may impact on paternity and I did not test this here. Furthermore, male mating 

history may also influence paternity success (e.g. Nadel & Luck 1985), and although 

all males used here were of similar age and mating experience, experiments testing 

male mating history on paternity, and on various mating times and paternity are 

warranted. 

The internal structure of the aedeagus (Chapter 3) comprised a membranous sac and 

lightly sclerotised flagellum; in some insects the flagella and associated structures 

may be used in manipulation or in the strategic placement of sperm close to the site 
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of fertilisation (see Thornhill & Alcock 1983; Dickinson 1997). Chrysophtharta 

agricola males paired with virgin or previously mated females did not change their 

behaviour, demonstrating no obvious manipulation of rival males' sperm, although 

behaviour resulting in manipulation of rival sperm may occur whether rival sperm 

are present or not, and hence, would not be identified in such a comparison. 

However, the results of paternity analysis of crosses using two males presented here 

do not show a clear pattern for sperm utilisation. Additionally, that males deposit 

sufficient sperm in one minute to fertilise an equivalent number of eggs to males 

that mate for 180 times longer suggests that prolonged mating may have evolved 

because it potentially increases paternity in other ways. Firstly, longer mating times 

may enhance paternity insurance through cryptic female choice; i.e., females may 

preferentially select the sperm of males that paired for longer times with which to 

fertilise eggs. Secondly, although enough sperm are transferred in one minute to · 

fertilise >750 eggs, more sperm may be transferred in subsequent intromissions by 

the male, such that dilution of the sperm of rival males is increased (see Simmons' 

(2001) discussion of ejaculate load hypothesis). Thirdly, although last-male sperm 

precedence was not consistent in C. agricola, either in initial post-mating or lifetime 

egg batches, prolonged pairing may prevent mating by subsequent males, and 

increase an individual male's chance of being the last male to mate with at least 

some females (Ofuya 1995). In L. clivicollis, sperm use pattern is influenced by 

mating order, time between subsequent mating, and mating duration (Dickinson 

1996). In this species, sperm transfer from males to females is slow, and can explain 

prolonged mating behaviour (Dickinson 1996), whereas in C. agricola sperm 
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transfer occurs within one minute. Like C. agricola, L. clivicollis copulate 

intermittently during pairing, with mean copulation duration similar between the two 

species (13.5 minutes for C. agricola, 15 minutes for L. clivicollis) (Dickinson 

1996). Dickinson (1997) reported that both sexes of Chrysochus cobaltinus 

LeConte (Coleoptera: Chrysomeldiae) mate an average of26, and up to 60, times in 

the field: comparable to the estimated matings reported here for C. agricola, and 

close to the most polyandrous species reckoned by Cabrera-Mireles (1998). 

Here, I have shown that multiple mating, and prolonged pairing with multiple 

intromissions in the absence of pre-copulatory courtship or mate choice typifies 

mating behaviour in C. agricola, but I have shown no advantages to explain the 

evolution of these behaviours. Multiple mating and prolonged pairing did not 

increase female fecundity or fertility. Male mating order did not consistently 

influence paternity. Male mating behaviour did not change with virgin or previously 

mated partners. However, it is worth noting that the large populations of C. agricola 

resident in eucalypt plantations represent much higher densities of beetles than occur 

in native forest (de Little & Madden 1975; author's pers. obs). Therefore, in areas 

of low beetle abundance mating frequency may be much reduced and potential 

mates may be more widely dispersed, so that the estimated lifetime matings may be 

far lower than those estimated here from plantation population levels. 
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Further research investigating the effects of different mating times, aedeagus 

lengths, and male sizes on paternity outcomes may provide insights into male 

manipulation or cryptic female choice. By varying the duration of different males' 

mating times, fitness trade-offs between long mating time with a single female, or 

shorter matings with many females can be investigated. Hypotheses regarding 

sperm mixing, stratification and differential use under female control can thus be 

tested. 
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GENERAL DISCUSSION 

Introduction 

Chrysophtharta agricola (Chapuis) (Coleoptera: Chrysomelidae) is an endemic pest 

of eucalypt production forests in Tasmania and Victoria (de Little 1989; Elliott et al. 

1998; Ramsden & Elek 1998; Collett 2001). The life history traits that C. agricola 

possesses have increased its pest status in Tasmania with an increase in 

monocultures of suitable host plants in plantations. Biological characteristics 

including high fecundity and adult longevity result in the production of large 

numbers of offspring, despite high levels of offspring mortality (Chapters 2, 8). 

Larval gregariousness enhances larval survival through facilitation of feeding 

(Chapter 9) and possibly defence (Sillen-Tullberg & Hunter 1996). Response by 

newly-emerged adults to photoperiodic cues results in seasonal plasticity in 

voltinism (Chapter 4) so that new generation adults produce eggs only if there is 

"time" for offspring development (sensu Ramsden & Elek 1998). Termination of 

overwintering in October - December results in adults emerging to reproduce in 

coincidence with host plants producing flush growth; young foliage is essential for 

larval survival (Chapters 8, 9). Fitness advantages of multiple mating by females 

were not clear, especially with the costs associated with mating, which included 

increased exposure to sexually-transmitted parasites (Chapter 12, Appendix III). 

Chrysophtharta bimaculata (Olivier) is regarded as the most serious forestry pest in 

Tasmania (de Little 1989; Elliott et al. 1992, 1993, 1998), and because of its pest 

status has been the focus of much research (e.g. Davies 1966; Greaves 1966; Kile 
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1974; de Little & Madden 1975; de Little 1979; Elliott & de Little 1980; de Little 

1982; de Little 1983; Leon 1988; Leon 1989; de Little et al. 1990; Candy et al. 

1992; Elliott et al. 1992, 1993; Li 1993; Mensah & Madden 1994; Raymond 1995; 

Patterson et al. 1996; Clarke et al. 1997, Congdon et al. 1997; Elek 1997; Shohet & 

Clarke 1997; Clarke et al. 1998a, b; Elek et al. 1998; Steinbauer 1998; Ramsden & 

Elek 1998; Raymond 1998; Candy 1999; Howlett 2000; Beveridge & Elek 2001; 

Howlett et al. 2001; Baker et al. 2002). Herein I contrast ecological characteristics 

of both species and discuss the implications of the findings presented in this thesis to 

plantation management. 

Comparison with Chrysophtharta bimaculata 

Chrysophtharta bimaculata, Tasmania's most serious forestry pest to date (de Little 

1989; Elliott et al. 1992, 1993, 1998), shares several ecological characteristics with 

C. agricola. Both are pests of E. nitens plantations in Tasmania, but C. bimaculata 

is restricted to adult foliage (de Little 1989; Elliott et al. 1998), and is thought to be 

more highly r-selected than C. agricola (de Little 1979) and, thus, more competitive. 

Models for the stable coexistence of competitors assume that species have different 

competitive abilities, and the less competitive species has access to resources that 

are under-utilised (Blossey 1995). If juvenile foliage was an under-utilised resource 

(sensu Edwards & Wanjura 1990), if C. agricola is less competitive than C. 

bimaculata (de Little & Madden 1975), and C. bimaculata cannot utilise juvenile E. 

nitens foliage (Li 1993), we might conclude that the host use pattern (Chapter 8; 

Nahrung & Allen in press B) of C. agricola has evolved in this way. However, we 

have no evidence that C. bimaculata is more competitive than C. agricola: both 
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species emerge from overwintering around the same time; their body size ranges 

overlap; their fecundities are. similar; larval development time is similar for each 

instar; and both species suffer high loss by natural enemies (de Little 1979; de Little 

1983; Ramsden & Elek 1998; Baker et al. 2002; G. R. Allen, University of 

Tasmania, unpublished data). Phylogenetically, the two species are very close (B.D. 

Murphy, University of Canterbury, unpublished). 

The number of generations that C. bimaculata undergoes in a season is unclear, with 

Greaves (1966) reporting bivoltinism from southern Tasmania, and de Little (1983) 

recording only one generation in northern Tasmania. I found voltinism of C. 

agricola to be a seasonally variable trait, dependent on the photoperiod at the time 

of emergence of new adults, which in tum was temporally dependent upon 

temperatures experienced by eggs and larvae (Chapters 2, 4). If photoperiod and 

temperature influence C. bimaculata similarly, the studies with conflicting results 

above may therefore have been conducted in seasons that were bi- and univoltine, 

respectively. 

Like C. agricola (Chapter 9; Nahrung et al. 2001), C. bimaculata oviposits 

preferentially on young foliage (Steinbauer et al. 1998a; Howlett 2000; Howlett et 

al. 2001). Although C. bimaculata generally prefers eucalypt hosts from the sub

genus Monocalyptus (de Little 1979; de Little 1983; Baker et al. 2002), and C. 

agricola is thought to prefer Symphyomyrtous hosts (Burdon & Chilvers 197 4; de 

Little 1979), host range overlap is recorded from E. delegatensis, E. obliqua, E. 

ovata and E. nitens in the field (see de Little 1979). 
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A major difference between the ecology of C. bimaculata and C. agricola was found 

in molecular studies of species' dispersal, with the former undergoing more genetic 

mixing (Congdon et al. 1997) to exhibit less population structure than C. agricola, 

which showed significant population structure within Tasmania, and between 

Tasmania and the Australian mainland. This difference may be attributable to the 

large-scale flights undertaken by C. bimaculata, while no mobile aggregations such 

as these have been reported from C. agricola. Furthermore, the geographical 

distribution of C. bimaculata has extended throughout Tasmania for at least the last 

two decades (see de Little 1979). fu comparison, C. agricola appears to have 

extended its geographic range within Tasmania since that time (Chapters 1, 5). 

fu terms of pest status, because C. bimaculata attacks adult E. nitens foliage which 

is present on trees from 3 years of age (Pederick 1979) it is likely to remain the most 

significant pest in E. nitens plantations (de Little 1989). Although C. agricola feeds 

and oviposits on adult foliage, its oviposition preference for juvenile foliage renders 

older plantations less susceptible to attack (Lawrence 1998; Nahrung & Allen in 

press B; Chapter 8). 

Implications for plantation management ( Chrysophtharta agricola) 

Plantation establishment: The geographic range of C. agricola reported here 

(Figure 1.1) shows areas where plantations of suitable host eucalypt species (Table 

1.1) would be at risk from attack. Although low levels of gene flow were found 

between C. agricola populations (Chapter 5; Nahrung & Allen 2003a), colonisation 

of new plantations from existing plantations and native forest was not examined. 
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Dispersal between habitat patches needs to be quantified before pest risk models can 

be applied, but plantations that are close to high population numbers are more likely 

to be infested. Proximity to suitable overwintering habitat may also influence the 

probability of attack; more C. agricola adults overwinter in older plantations than in 

adjacent young plantations. Whether this is because a deeper litter layer provides a 

more suitable overwintering habitat than that found in younger plantations, or 

because adult beetles moved to older trees with adult foliage to feed prior to 

overwintering is unknown (Chapter 4). 

Adult C. agricola fed preferentially on adult E. nitens folige, and oviposited 

preferentially on juvenile foliage (Lawrence et al. in press; Chapter 8; Nahrung & 

Allen 2003b ). Plants that undergo phase-change to attain predominantly adult 

foliage quickly may lessen the duration of susceptibility to attack by C. agricola, but 

E. nitens plantations in adult foliage are attacked by C. bimaculata (de Little 1989). 

Jones (1999) and L. P. Rapley (CRC-SPF) examined E. globulus genotypes on 

which fewer eggs were laid by C. agricola adults in choice trials; further work will 

determine whether these may potentially provide selection for resistance to attack. 

Selection for plants with tougher or thicker leaves may also increase the mortality of 

C. agricola larvae. 

Natural enemies present in the 3-6 year old plantations monitored here contributed 

to the high mortality rates experienced by immature stages. However, even with this 

high mortality, the resultant offspring (corrected for differential lifestage mortality) 

from one mated pair can consume about 62 average leaves (pairs 1 - 3). How fast 
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trees produce new foliage during summer needs to be calculated to determine net 

foliage loss from populations, and how such defoliation affects long-term growth 

rates and wood quality also needs to be determined. 

Population monitoring: Spatial analyses conducted in Chapter 2 suggested that C. 

agricola lifestages were randomly distributed within plantations, although this may 

depend on population size and the intra-plantation heterogeneity of trees with 

suitable foliage. Sampling in plantations with high populations can therefore be 

conducted throughout plantations with an equivalent chance of locating insects. The 

majority of eggs and larvae were confined to the first 3 expanded leaf pairs and the 

growth tip (Chapter 9; Nahrung et al. 2001), so sampling only needs to involve the 

current seasons' foliage. Day-degree models of population phenology provided a 

good indicator of the appearance of lifestages in the field (Chapter 2). It was more 

difficult to predict the emergence of adults from overwintering in spring, however, 

and there is a temporal spread of emergence from overwintering between October 

and December (Chapter 4). Termination of overwintering roughly coincided with 

the accumulation of around 435 DD above 6. 7 °C; daily temperatures in 

overwintering habitat need to be recorded to estimate when termination of diapause 

will occur. 

I did not attempt to calculate economic thresholds for damage. Candy (1999) 

provides models for the integrated pest management of C. bimaculata tha~ may be 

applied to C. agricola. Late-season defoliation can have a greater impact on trees 

than early-season defoliation because it may prevent foliage regrowth, leaving 
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exposed shoots susceptible to damage by severe cold in winter (Simmul & de Little 

1999). Defoliation levels were generally higher later in the season when new adults 

produced eggs than when new adults entered diapause without ovipositing (Chapter 

2). The seasonal plasticity in the reproductive development of new a~ults is 

dependent upon the photoperiod at the time they emerge from pupation (Chapter 4); 

voltinism can be predicted by the first appearance of new adults in the field, which 

can in turn be predicted using the DD development model presented in Chapter 2. 

Clarke (1996) noted that in Tasmania, pest management research is often not begun 

until after substantial plantation estate has been established, as was the case with C. 

bimaculata and C. agricola. Long term impacts of C. agricola feeding on tree 

growth and wood quality need to be undertaken, and economic thresholds need to be 

determined for implementation of an Integrated Pest Management (IPM) program 

for this species. Clarke (1996) discussed the difficulties of IPM in forestry, and 

recommended control methods such as resistance breeding and other silvicultural 

approaches. Jones (1999) investigated genetic resistance of eucalypts from different 

localities (sub-races) to C. agricola, and L. P. Rapley (University of Tasmania, 

CRC-SPF) is conducting further research in this area, with the aim of selecting tree 

genotypes that may provide resistance to C. agricola oviposition. 
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APPENDIX I: Estimating foliage consumption by Chrysophtharta 
agricola larval instars 

Materials and Methods 

Chrysophtharta agricola egg batches were collected from a laboratory-reared 

colony originating from the Florentine Valley~ -held at 21 ± 2 °C, 16L:8D 

photoperiod. Ten single, newly-emerged, unfed (except on egg chorion) C. 

agricola larvae from different egg batches were transferred using a fine paintbrush 

to each of ten fresh excised juvenile Eucalyptus nitens leaves (first or second 

expanded leaf) in petri dishes. Leaves were measured (mm2
) prior to introduction 

of larvae using a leaf-area meter (Delta-T Devices). Every two days, new leaves 

were measured, and replaced those on which larvae had fed. The larval instar was 

recorded, and the leaf area of fed leaves was measured. The area of foliage 

removed by each feeding larva was determined by subtracting the fed leaf area 

from initial leaf area, and the average foliage consumption per larval instar was 

calculated. Areas were converted into volume by multiplying the area by the 

average thickness of leaves, determined as in Chapter 9 (average leaf margin and 

leaflamina widths for the first and second leaf pairs= 0.22 mm). 

Results 

Each larva ate an average of 347.4 ± 20 mm3 of juvenile E. nitens foligae during 

their larval lifetime in feeding trials: an amount equivalent to less than one 

average juvenile leaf (leaf pairs 1 - 3). The final instar alone contributed over 

one-half of the total larval foliage consumption (Table 1 ), a pattern seen in most 

holometabolous phytophagous insects (see Chapman 1998). 
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Table 1: Foliage area and volume of juvenile Eucalyptus nitens foliage consumed 
by each larval instar of Chrysophtharta agricola. 

Jnstar Foliage area eaten (mm2
) Foliage volume eaten (mm3

) 

Li 30 ± 4 6.6 ± 1 
Lii 265 ± 34 58.3 ± 7 
Liii 
Liv 
Total 

439 ± 51 
845 ± 51 
1579 ± 90 

96.6±11 
185.9 ± 23 
347.4 ± 20 
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APPENDIX II: Parobia husbandi gen. & sp. nov. (Acari: 
Podapolipidae): subelytral parasites of paropsine beetles 
(Coleoptera: Chrysomelidae) 

In press as Seeman, 0. D. and Nahrung, H F. Australian Journal o(Entomology 

Abstract 

Parobia husbandi gen. & sp. nov. is described from material collected from the 
subelytra of the southern eucalyptus leaf beetle, Chrysophtharta agricola 
(Chapuis), in Tasmania, Australia. Parobia gen. nov. is distinguished from other 
podapolipid genera by: adult males and females with four pairs of legs and no 
setae on genua I-IV and femora ill-IV; adult females with setae v1 and sc2 < 20 
µm and at least two pairs of coxal setae peg-like; adult males with dorso-terminal 
genitalia, dorsal shields C-D-E fused; and physogastric larval females with plates 
C and D entire. A series of morphological plesiomorphies and biological 
apomorphies link Parobia gen. nov. with Chrysomelobia Regenfuss, the most 
basal genus of Podapolipidae. 

Introduction 

Podapolipid mites are a highly specialised parasitic radiation from the 

Tarsonemidae, a family of free-living predators, fungivores, phytophages, 

parasitoids and parasites such as the honeybee tracheal mite Acarapis woodi 

(Rennie) (Lindquist 1986). In Australia, the Podapolipidae and Tarsonemidae are 

represented by 16 and 10 species, respectively (Halliday 1998; Kim et al. 1998; 

Walter 2000). The life-history oftarsonemid mites involves an egg, an active six-

legged larva, a calyptostase (a resting stage), and finally the eight-legged adult 

life stage (Lindquist 1986). Adult male Tarsonemidae have a highly modified 

fourth pair of legs that are used to carry female calyptostases until the female 

moults. In contrast, male podapolipid mites have a shortened life history where 

eggs hatch into sexually reproductive larvae. However, the life history of 

primitive Podapolipidae more closely resembles the Tarsonemidae. Male mites 

retain the sexually immature larva and adult life stage in Chrysomelobia 
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Regenfuss (Baker & Eickwort 1975), the most primitive genus of the 

Podapolipidae (Lindquist 1986). Like their tarsonemid relatives, males of 

primitive podapolipid genera also have a reduced, modified fourth pair of legs 

(Husband 1991). 

Most known species of Podapolipidae are probably sexually transmitted, although 

this method of dispersal has been shown only for a handful of species. The best 

examples are the milkweed leaf beetle parasite, Chrysomelobia labidomerae 

Eickwort (Baker & Eickwort 1975; Drummond et al. 1989), and the two-spotted 

ladybird parasite Coccipolipus hippodamiae (McDaniel & Morrill) (Hurst et al. 

1995). Sexual transmission is highly likely in other species, especially members 

of Ovacarus Stannard Jr & Vaishampayan, parasites of carabid beetles that live 

within the vaginal membranes of their hosts (Husband 1974). Most commonly, 

podapolipid mites are found under the elytra of a coleopteran host (e.g., Eickwort 

1975; Husband 1998; Husband & Husband 2002). 

The adult female mite of the Podapolipidae is physogastric (engorgement of all or 

part of the idiosoma), often being little more than a bloated sac with much 

reduced legs: most species have lost at least one pair (Husband 1984). 

Chrysomelobia is an exception, having physogastric larvae and normal adult 

females with four pairs of legs (Eickwort 1975). In primitive genera, such as 

Chrysomelobia (Lindquist 1986; Husband 1991), the adult females disperse, but 

in most genera the larval females disperse. Where studied, these mites are 

arrhenotokous (Baker & Eickwort 1975). 
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The Podapolipidae are poorly understood in most countries and Australia is no 

exception, however, with tar~eted searching they can be found on some of the 

most common insects such as cockroaches, grasshoppers, and chrysomelid, 

carabid and tenebrionid beetles (e.g., Husband 1986, 1990; Husband & 

Macfarlane 1999). The species described here lives beneath the elytra of 

Chrysophtharta agricola (Chapuis), an abundant pest of plantation eucalypts in 

South-eastern Australia. This mite and its coleopteran host are the focus of 

current ecological studies into sexually transmitted organisms. 

Materials and Methods 

Mites were collected from the subelytra of beetles, cleared in Kono's fluid, and 

mounted in Hoyer's medium (Krantz 1978, pp. 86-88). Drawings of the adult 

female, male, and. larva were made with the aid of a phase-contrast microscope 

and a drawing tube. Measurements were made with an ocular micrometer, and 

are presented as ranges in µm. Unless otherwise stated, lengths of plates were 

measured at their midpoint and widths are maximums. The description follows 

the format of Husband and uses the terminology of Lindquist (1986). 

Abbreviations of institutions are: Australian National Insect Collection (ANIC), 

CSIRO, Canberra; and Department of Primary Industries, Water and Environment 

(DPIWE) collection, New Town, Tasmania. 
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Systematics 

.Parobia gen. nov. 

Type species. Parobia husbandi sp. nov., here designated. 

Diagnosis. The genus Parobia is characterised by: females with 4 pairs of legs, 

ambulacrum I with a single claw, coxal seta 4b present, at least two pairs of coxal 

setae peg-like, setae v1 and sc2 small, tectal setae on tarsus I with slender tips; 

males with 4 pairs of legs, dorso-terminal genitalia, dorsal shields C-D-E fused 

and bearing 4 pairs of setae, setae e posterior to setae d; larval females 

physogastric, with plates C and D entire, setae sc2, d and e minute, seta h2 absent. 

All life stages without setae on genua I-IV and femora III-IV, and with a minute 

supernumerary seta on tibia I. Tracheal atrium present. 

Etymology. The generic name combines the first three letters of the host tribe, 

Paropsini, with a commonly used suffix in the Podapolipidae. 

Discussion. The relationships between genera of primitive Podapolipidae and the 

Tarsonemidae have been considered on several occasions (e.g., Eickwort 1975; 

Husband 1984; Lindquist 1986; Husband 1990, 1991; Husband & Zhang 2002). 

Most of these works consider characters deemed plesiomorphic or apomorphic for 

genera and only Husband (1991) presents a character matrix and phylogeny for 

podapolipid genera. Chrysomelobia is generally agreed upon as the earliest

derivate genus of Podapolipidae (Lindquist 1986, p. 176; Husband 1991). 

Parobia shares several characters with Chrysomelobia. Their most striking 

similarities are: the fourth pair of legs present in adult males and females (absent 

in females and most males in other genera); plate C and D in the larva separate; 

the tectal setae of the tarsus long and pointed; physogastry absent in the adult 
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female; and dispersive adult females (Seeman & Nahrung, unpublished data). 

However, these are plesiomorphic characters also present in the Tarsonemidae. 

Putative apomorphic characters that define Chrysomelobia (plates C and D in 

larva divided, sternal apodeme interrupted, apodemes III partially developed, 

male genitalia dorsally positioned between divided plate) are absent in Parobia. 

Thus, placing Parobia within Chrysomelobia would remove the morphological 

apomorphies that define the latter genus, and therefore Parobia requires generic 

status. Nevertheless, these genera do share the apomorphic biological traits of 

their host family (Chrysomelidae) and physogastric larvae, and a close 

relationship between Chrysomelobia and Parobia is therefore likely. 

Characters that define Parobia are the absence of setae on leg femora III-N and 

genua I-N, females with setae v1 and sc2 small, peg-like setae on the coxae and 

males with plate C-D-E fused and with four pairs of setae. No Chrysomelobia 

have these features, although some species of other genera such as Eutarsopolipus 

Berlese do lack setae on leg femora and genua and have plate C-D-E fused in 

males. However, these genera do not share the plesiomorphies that Parobia 

shares with Chrysomelobia, nor does Parobia have the apomorphies that 

distinguish other genera of primitive Podapolipidae (Husband 1991; Husband & 

de Moraes 1999). 

We have incomplete series of five other undescribed species belonging to the 

genus Pm:obia, each from a different species of paropsine beetle. These mites 

will be described when all life stages and better specimens and host records are 

obtained. These mites share the same characters as Parobia husbandi sp. nov., 
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but some show movement in the position of the male genitalia (tending to be mid

dorsal, but plate C-D-E remains fused) and the reduction of segments in leg IV of 

females. Specimens with dorsal genitalia occur on the paropsine genus Paropsis 

Olivier. Parobia so far collected from Chrysophtharta Weise has males with 

dorso-terminal genitalia and species seem to differ in the number, size and 

position of modified peg-like setae. Future work on Parobia spp., in conjunction 

with current phylogenetic work on paropsine beetles (B. Murphy, University of 

Canterbury, New Zealand), could reveal exciting insights into the speciation and 

radiation of sexually-transmitted organisms and their hosts. 

Parobia husbandi sp. nov. (Figs 1- 7) 

Types. Tasmania. Holotype female: Frankford, 41°20'S 146°45'E, under elytra 

of Chrysophtharta agricola (ex Eucalyptus nitens foliage), collected 1 Dec 1999 

by H. Nahrung (ANIC). Paratypes: 6 females, 2 males, with same data as 

holotype; 1 female, 1 male, 1 larva with same data as holotype, except under 

elytra of overwintering C. agricola collected 11 Sep 2000 by 0. Seeman and H. 

Nahrung; 2 calyptostases and 4 larvae with same data as holotype except 

collected 11 Dec 2000; 3 males, with same data as holotype except collected 29 

Jan 2002. 6 female, 5 male, 2 calyptostases, and 4 larval paratypes (ANIC); 1 

female, 1 male, 1 larval paratype (DPIWE). 

Adult female (Figs 1 and 2; 8 ~ ~ measured). Gnathosomal length 62-72, width 

58-64. Palp length 21-26; cheliceral stylet length 46-52, pharynx width 18-20, 

dorsal gnathosomal seta 34-42, ventral seta 14-18, distance between ventral setae 

20-27. Stigmata and tracheal atrium conspicuous beneath anterolateral comer of 

prodorsal plate. 
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ldiosoma. Length 264-300, width 195-216; length up to 448 in egg-bearing 

females; egg (2 measured) length 296-308, width 192-200. Prodorsum with 2 

pairs of setae (v 1 9-l 0, sc2 9-11 ); seta v2 vestigial, closer to midline than seta VJ. 

Distance between setae VJ 57-62. Plate C length 84-97, width 185-219. Setae CJ 

9-10, c2 96-127. Plate D length 73-94, width 163-179, seta d 14-21. Plate BF 

length 50-58, width 123-150, seta e 20-26. Plate H width 76-96 (measured 

anteriorly), seta h1 30-35. 

Venter with apodemes I moderately developed, meeting sternal apodeme 

medially; apodemes 2 not extending to sternal apodeme. Coxal setae 1 a minute, 

2a peg-like and 6, 3a 9-10, 3b peg-like and 6, 4b 10-11. Distance between setae 

la 50-59, 2a 88-100, 3a 46-62. 

Legs. Femur I,/' 13-17, dminute, v" 21-29; tibia I, v' 19-23, I' 6-7, extra minute, 

d 76-84, ~ 11-13, k 10-13, v" 7-9; tarsus I, pv' 7-8, pi' 15-19, tc' 32-35, co 9-10, s 

10,pv" 14-16, tc" 30-34, tectal setae with slender tips. Femur II, /' 6-9; tibia II, v' 

22-26, I' 6-7, d 34-38, v" 42-48; tarsus II,pv' 12-14, tc' 63-72, u 8,pv" 8-13, tc" 

47-54. Tibia III, v' 22-25, I' 5-6, d 28-34, v" 34-36; tarsus IIIpv' 11-16, tc' 54-64, 

u 8-10,pv" 8-10, tc" 22-26. Tibia IV with 2 ventral setae that join about 20 from 

their bases, setae about 285 long; tarsus IV with single divided seta, about 293 

long. Ambulacrum I with single claw, ambulacra II-III with paired claws. 

Male (Figs 3 - 5; 6 e- e- measured). Gnathosomal length 55-58, width 54-58. 

Palp length 16-18; cheliceral stylet length 42-45, pharynx width 15-17, dorsal 

gnathosomal seta 14-15, ventral seta 12-13, distance between ventral setae 18-23. 

ldiosoma. Length 199-218, width 156-185. Prodorsal plate with 3 pairs of 

minute setae (v1, v2, sc2), length 92-103, width (measured posteriorly) 116-138. 
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Distance between setae v1 28-36. Plates C, D, and EF fused, length 81-90, width 

156-186. Setae c1 minute, c2 10-12, d minute, seta e minute, cupule im 

anterolaterad seta e. Plate H length 34, width 62. Genital capsule dorso-terminal, 

length 33-34, width 47-49, with one pair of minute dorsal setae and 2 internal 

lobes (interpreted as modified setae ps2). 

Coxal setae 1 a minute, 2a minute, 3a minute, 3b minute. Distance between setae 

la 38-45, 2a 64-77, 3a 30-35. 

Legs. Femur I, l' 4-5, d minute, v" 12-16; tibia I, v' 15-18, l' 3-4, extra minute, d 

34-42, ~ 8-10, k 8-10, v" 3-4; tarsus I, pv' 12-13, pl' 15-17, tc' 26-32, co 7-8, s 6, 

pv" 10-14, tc" 29-35. Femur II, l' 3-4; tibia II, v' 18-22, l' 5-7, d 19-28, v" 39-44; 

tarsus II,pv' 7-9, tc' 32-42, u 7,pv" 7-9, tc" 34-37. Tibia Ill, v' 17-28, l' 4-5, d 

19-22, v" 116-152; tarsus III pv' 9-10, tc' 32-44, u 6-7, pv" 6-7, tc" 176-285. 

Tibia IV, d 2, v" 2. Tarsus u minute, pv' 2, pv" 2. Ambulacra 1-111 with paired 

claws. Leg IV much smaller than legs I-III, without claws or ambulacra. 

Larval female (Figs 6 and 7; 5 larvae measured). Gnathosomal length 44-50, 

width 45-47. Palp length 17-19; cheliceral stylet length 36-44, pharynx width 13-

14, dorsal gnathosomal seta 18-21, ventral seta 10-12, distance between ventral 

setae 16-18. 

ldiosoma. Length 166 (newly emerged) - 327 (physogastric), width 132 (newly 

emerged) - 271 (physogastric). Prodorsal plate with 3 pairs minute setae (vi, v2, 

sc2). Distance between setae v1 18-21. Plate C length 42-46, width 124-156. 

Setae c 1 minute, c2 8-13. Plate D entire, length 28-34, width 71-7 5, setae d 

minute, cupule ia anterolaterad seta d. Plate EF length 21-27, width 48-59, setae 
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e minute, cupule im anterolaterad seta e. Plates H weak, divided, bearing seta h1, 

length approximately 70. 

Coxal setae I a vestigial, 2a vestigial, 3a minute, 3b minute. Distance between 

setae (or vestigial setae) Ja 26-34, 2a 38-44, 3a 25-88 (depending on 

physogastry). 

Legs. Femur I, l' 2, v" 8-10; tibia I, v' 13-16, l' minute, extra minute, d 29-38, <!> 

6-8, k 6-8, v" minute; tarsus I,pv' 3-4,pl' 9-10, tc' 23-27, co 6, s 6-7,pv" 10-13, 

tc" 61. Tibia II, v' 12-20, l' minute, d 5-8, v" 80-92; tarsus II, pv' 3, tc' 19-23, u 6, 

tc" 88-104. Tibia III, v' 10-12, l' minute, d 5-7, v" 80-112; tarsus Illpv' 2-3, tc' 

23-26, u 6, tc" 88-104. Ambulacra I-III with paired claws (broken off leg III in 

illustrated specimen). 

Etymology. The specific epithet is named in honour of Dr Robert W. Husband, 

the world expert on the Podapolipidae, who provided generous advice to us 

during this project. 

Remarks. On the illustrated specimen, the capsule flipped and projected 

posteriorly when squashed during slide-mounting. Distortion of the genital 

capsule is usual when ,pressure has been applied to flatten specimens. Three 

slides were made without applying pressure, and the usual position of the capsule 

(directly above pl~te H, with the internal lobes pointing anteriorly) can be seen in 

these specimens (Fig. 4). An internal bell-shaped structure, bearing three 

branches (third branch visible only when dislodged), lies within the genital 

capsule and is easily dislodged during slide-mounting. 

Discussion. Although adult females do vary in size, especially those bearing 

eggs, their shape does not suggest any significant physogastry. However, larval 
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females are physogastric, doubling in length and width and becoming highly 

swollen. The larval female becomes a calyptostase, and "sclerotised bars" form 

beneath the developing female but dorsal to the larval cuticle. These "sclerotised 

bars" are also present in Chrysomelobia (Baker & Eickwort 1975), and may be 

involved in gaseous exchange (Lindquist 1986). The adult female can be found 

fully developed within the larval cuticle, but we are yet to find an adult male in 

the same condition. Therefore, the existence of the larval stage in male Parobia 

awaits discovery or is absent. 

We are currently unable to assign a setal designation to the minute seta labelled 

"extra" on tibia I. This seta is absent in other podapolipid mites, but is present in 

P. husbandi and other putative undescribed species of Parobia so far examined 

and is, thus, considered here to be an apomorphy of the genus. 
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List of Figures 

Fig. J. Dorsum of adult female Parobia husbandi (Acari: Podapolipidae). Scale 

= 50 µm. 

Fig. 2. Venter of adult female Parobia husbandi (Acari: Podapolipidae). Scale= 

50 µm. 

Fig. 3. Dorsum of adult male Parobia husbandi (Acari: Podapolipidae ). Scale = 

50 µm. Note that the genital capsule is venter-up and usually sits above plate H 

(see Fig. 4). 

Fig. 4. Dorsum of genital capsule of Parobia husbandi (Acari: Podapolipidae) in 

usual orientation above plate H. Scale = 20 µm. 

Fig. 5. Venter of adult male Parobia husbandi (Acari: Podapolipidae). Scale= 

50 µm. 

Fig. 6. Dorsum of larval female of Parobia husbandi (Acari: Podapolipidae). 

Scale = 50 µm. 

Fig. 7. Venter of larval female of Parobia husbandi (Acari: Podapolipidae). 

Scale = 50 µm. 
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APPENDIX III: Female biased parasitism and the importance of 
host generation overlap in a sexually transmitted parasite of 
beetles 

In press as Seeman, 0. D. and Nahrung, H F. Journal of Parasitology 

Abstract 

Sexual transmission is a widespread means of infection, but apart from those in 
humans, the ecology of sexually transmitted organisms is poorly known. Here, 
we present an ecological study of an undescribed species of sexually transmitted 
mite (Acari: Podapolipidae) that lives beneath the elytra of Chrysophtharta 
agricola (Chapuis) (Coleoptera: Chrysomelidae). In each of 2 yr, prevalence of 
mites on beetles began each spring at about 10-20%, but gradually increased to 
80-100% by late summer. Overlap of adult beetle generations at this time (i.e., the 
parental generation mating with the Fl generation) is essential for the persistence 
of these mites. Mites exhibited temporal change in their spatial distribution on 
beetles; these changes were probably a response to beetle activity (e.g., 
emergence from diapause) and the need for dispersal from parental to Fl 
generation beetles. Prevalence and mean intensity of mites was higher on female 
beetles compared with male beetles. Female-bias of sexually transmitted 
infection has been predicted in animals, but hitherto observed only in primates. 
We speculate that variable male mate-finding success is the cause of these sex
based differences of mite infections, and that female-bias in STD infection will be 
widespread in the animal kingdom. 

Introduction 

In promiscuous organisms, reproductive success is usually improved by mating 

with many partners. However, mating with multiple partners carries the risk of 

obtaining a sexually transmitted organism (STO) and the disease (STD) 

symptoms that may be associated with it. In vertebrates, the ecology of several 

STDs is fairly well understood, but nowhere near the level of understanding of 

other infectious diseases (Lockhart et al., 1996). Thus, much exciting research in 

the field o.f STDs remains to be done. For example, only recently have the 

evolutionary impacts of these diseases on mating systems been considered (e.g., 

Thrall et al., 2000; Kokko et al., 2002). 
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Not surprisingly, most invertebrate STOs are poorly known, let alone their 

ecology or evolutionary significance on their hosts understood. In most cases of 

STOs of invertebrates, sexual transmission is implied from observation, and the 

actual occurrence and importance of sexual transmission has rarely been shown 

(Lockhart et al., 1996). Good examples of true STOs of invertebrates include 

nematode infections of scarab beetles (Poinar, 1970), ectoparasitic nematodes of 

noctuid moths (Simmons and Rogers, 1990), the mite Kennethiella trisetosa 

(Cooreman) (Winterschmidtiidae) on the eumenid wasp Ancistrocerus anti/ape 

(Panzer) (Cowan, 1984), and the podapolipid mite Coccipolipus hippodamiae 

McDaniel and Morill, a parasite of the two-spotted ladybird (Hurst et al., 1995; 

Webberley and Hurst, 2002; Webberley et al., 2002). The Podapolipidae 

represent a diverse group of mites that are almost all probably STOs, and so far 

they are known on (and within) the adult life stage of bugs, cockroaches, 

grasshoppers, bumblebees and, especially, beetles (e.g., Husband and Husband, 

2002). 

The mite species studied herein lives beneath the elytra of Chrysophtharta 

agricola (Chapuis), an abundant pest of plantation eucalypts in southeastem 

Australia. Chrysophtharta agricola is a promiscuous species: at any one time in 

their reproductive period, about a third of the population is in copula, and they 

mate many times during their lifetime (Nahrung, unpubl. ohs.). The discovery of 

a sexually transmitted mite on these insects therefore gave us an opportunity to 

gain insights into the ecology of STOs in promiscuous animals. 
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Materials and Methods 

The host insect: Chrysophtharta agricola occurs throughout southeastem 

Australia where it is coI11Ihon in native and plantation eucalypt forests (Nahrung 

and Allen, 2003b ). Eggs are laid in batches of 11 - 67 eggs (Nahrung and 

Murphy, 2002), and larvae are gregarious. Early instars form large feeding 

cohorts, but the group size is substantially reduced by the final instar (N ahrung et 

al., 2001). Fully-grown larvae drop from their host plant and pupate in the soil. 

After emergence from pupation, adult beetles have unpigmented hind wings and 

grey-black elytra with a bright-red prothoracic and elytral rim. As the beetle ages, 

the elytra become dark brown with light speckles and an opaque margin, and in 

rare melanic forms become a shiny-black colour (Nahrung and Allen, in press). 

Beetles in reproductive winter diapause are also distinctively coloured, having 

purple haemolymph that gives the beetle a dark hue and purple hindwings 

(Nahrung and Reid, 2002). 

Adult beetles emerge from diapause (in leaf-litter) in mid-late spring with "old" 

adult colours, having lost their purple coloured haemolymph, but retain the purple 

colouration in their hind wings. Female beetles develop mature ovarioles in 2 - 3 

wk (Nahrung and Reid, 2002). Longevity in the laboratory is variable (11 - 179 

d), but beetles typically live for 2 - 3 mo after emergence from diapause (Nahrung 

and Allen, 2003a). In the field, adult beetles of the parental generation are absent 

by early autumn. The next (FI) generation emerges from pupation in mid - late 

summer and, in the laboratory, beetles become sexually receptive after 10 - 14 d 

at 21 °C (Nahrung, unpubl. ohs.). Over 90% of the Fl generation retain their 

teneral colours until diapause, which is initiated from late summer until mid-
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autumn (Nahrung, unpubl. obs.). Prior to diapause 20 - 30% of females mate 

(Nahrung and Reid, 2002). 

Adults do not feed gregariously and the only prolonged contact during their adult 

life is during copulation (Nahrung, pers. obs.). The mating system of C. agricola 

is "prolonged searching scramble competition polyandry", where female beetles 

are evenly dispersed spatially and temporally and male beetles search 

competitively for female beetles (Nahrung, unpubl. obs.). Female beetles are 

slightly larger than male beetles (8.9 ± 0.1 mm, 8.4 ± 0.1 mm, respectively) 

(Nahrung and Allen, in press), and there is no evidence for selection of mates 

based on body size or mite parasitism (Nahrung, unpubl. obs.). 

Collection data 

Adult C. agricola were collected in 2000 - 2002 from plantations of Eucalyptus 

nitens (Deame and Maiden) at Frankford (41°20'S 146°45'E) and the Florentine 

Valley (42°38'S 146°29'E), Tasmania, Australia. Most beetles were collected 

from leaves during October - March (late spring-early autumn), but some 

diapausing beetles were collected from leaf litter. After return to the laboratory, 

beetles were killed and separated by their sex (Baly, 1862) and into generation 

(parental or Fl, based on elytral and hindwing colouration). Whether or not 

female beetles had mated was determined by removing the spermatheca, crushing 

it under a coverslip, and examining it at 400x under phase-contrast. 

The presence/absence of mites was recorded from spring 2000 to autumn 2002. 

In spring - autumn 2001-02, the number of mites, presence of mite eggs, and 
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position of mites were recorded. Positions recorded included the dorsal abdomen 

(usually anteriorly), dorsal metathorax, elytra (ventral surface of the elytra, 

usually anteriorly), and a cavity formed by the flap-like mesepistemum, attached 

anteriorly to the beetle. 

Representative mites were slide-mounted, and a manuscript describing this new 

species is currently under review. Type specimens have been deposited in the 

Australian National Insect Collection (ANIC), CSIRO, Canberra, Australia. 

Transmission experiment 

Female beetles were collected from the field, their elytra gently lifted, and the 

dorsum and elytra examined for mites. Four female beetles bearing mites were 

found, and each of these was placed in a container with an uninfected virgin male 

(reared in a laboratory colony) and allowed to mate for 2 hours. Absence of mites 

on male beetles was confirmed by the same method used for female beetles. 

After mating, the beetles were killed in separate vials of 70% ethanol, and the 

number and life-stages of mites on each beetle counted. 
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Results 

Collection data 

Mites were rare in the Florentine Valley, with only 5of234 beetles (2.1 %) and 16 

of 424 (3.8%) carrying mites in 2000-01 and 2001-02, respectively. In contrast, 

mites were common at Frankford, with 85 of 496 beetles (17 .1 % ) carrying mites 

in 2000-01 and 236 of 1,405 beetles (16.8%) carrying mites in 2001-02. 

Therefore, only data from Frankford were used for further analysis. 

Sexual transmission is the most important, perhaps only, method of transmission 

because no teneral, unmated female beetles (n = 454) carried mites, but 35of192 

(19.2%) teneral, mated female beetles carried mites. The adult female mite is the 

dispersive life stage. Of 14 mated, mite-infested, teneral beetles collected in 

February 2002, all carried 1-2 adult female mites and up to 18 mite eggs. Only 1 

newly-emerged larval mite was found. 

By 8 October 2001, beetles were emerging from their diapause sites. Of 133 

beetles collected from leaf litter 8 carried mites (6.0%), compared with 7 of 57 

recently-emerged beetles carrying mites (12.2%). A similar level of infection was 

recorded on 30 October 2000: of 69 recently-emerged beetles, 13 (18.8%) were 

infected with mites. In both seasons, mites gradually infested almost all of the 

parental generation, reaching a prevalence of over 80% in both yr by mid summer 

to early autumn (Fig. 1 ). At this time, the Fl generation of adults emerged from 

pupation (Fig. 1 ). However, beetles from the parental generation represented a 

small percentage of the population by late summer. For example, by 14 Jan 2001, 

Fl generation beetles comprised 65% of the adult population; 2 wk later, Fl 
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generation beetles comprised 88% of the adult population (Fig. 1 ). Copulation 

between beetles of the parental and Fl generation must, at least initially, account 

for mites on the Fl generation. 

Mean intensity of mites on the parental generation of beetles was fairly uniform in 

2001-02, with the exception of initially large (but variable) populations at the start 

of the season (Fig. 2). This initial peak of mite population size probably reflects a 

build-up during beetle diapause. The most mites on a female and male beetle was 

66 and 42, respectively, and the mean intensity of mites on infected female and 

male beetles of the parental generation was 5.5 ± 1.1 (n = 68) and 2.4 ± 0.4 (n = 

52), respectively. Female beetles carried more mites than male beetles (Fig. 2; 

ANOVA, F1,114 = 4.96, P = 0.03), and more female than male beetles were 

infested with mites (x2
1 = 22.2, P < 0.0001), a trend that was especially obvious in 

2000-01 (Fig. 3). 

The spatial distribution of mites changed throughout the 2001-02 season. Mites 

on diapausing beetles primarily occurred on the dorsal abdomen, but soon after 

beetle emergence, they moved to the ventral surface of the elytra (Fig. 4). Mites 

remained on the ventral surface of the elytra for the rest of the season, although 

during January - February some mites also moved to the space beneath the 

mesepistemum. 

Transmission experiment 

Laboratory data confirmed evidence from field data that the adult female mite 

was the dispersive life stage. Of the 4 mating pairs, adult female mites moved 
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onto the male beetles in 2 instances, yet the female beetles had mites of all life 

stages. 

Discussion 

Transmission of mites occurs primarily during beetle copulation because mites 

were absent on unmated female beetles (n = 454). Other possible means of 

transmission are mites infecting immature life stages of beetles, via non

copulatory contact of adult beetles, and mites infecting beetles via the substrate. 

Mites moving onto eggs, larvae or pupae is improbable because mites have never 

been found associated with these life stages, despite C. agricola being the focus 

of several studies where the researchers have been aware of the mites (Nahrung 

and Allen, in press, 2003a; Nahrung and Murphy, 2002; Nahrung et al., 2001). 

Additionally, laboratory colonies of C. agricola are mite-free (pers. obs.), 

probably because pupae are removed to new rearing containers, ensuring contact 

with adult beetles from previous generations does not occur. Transmission of 

mites via non-copulatory contact is unlikely because beetles do not cluster 

together, even when in diapause. Transmission via the substrate is possible, 

although we have never noticed mites on the exterior surface of beetles, leaving 

dead or dying beetles, or on leaves. 

This species of mite is probably dependent on the overlap of its hosts' adult 

generations (Fig. 1). For example, field collections in the 2000-01 season 

indicated that the parental generation mingled with the Fl generation for just 1 

mo (Fig. 1 ). Mites would become extinct without matings between beetles of the 

parental and Fl generations, unless mites were able to move onto adult beetles by 
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non-sexual means of transmission. A similar dilemma faces Co. hippodamiae, the 

podapolipid mite of the ladybird Adalia bipunctata (L.), which is also reliant on 

an overlap of adult generations (Hurst et al., 1995). Thus, STOs of insects should 

be restricted to host species that have an overlap of adult generations. 

STOs of invertebrates should also be restricted by the life stage the host 

diapauses. This must be the adult, otherwise STOs will require non-sexual 

means of transmission, alternative hosts or vertical transmission to exist from 

season to season. To our knowledge, most paropsine beetles diapause as adults 

and are therefore potential hosts for myriad podapolipid species. 

Perhaps our most interesting finding is that the prevalence of mites on female 

beetles is greater than on male beetles (Fig. 3). Although we are unsure as to the 

reason why male beetles are less likely to bear mites than female beetles, the most 

probable explanation is that males experience greater variability than females in 

mating success. Because mating success is inextricable from the risk of acquiring 

a STO, males will also experience greater variability in the acquisition of sexually 

transmitted infections. Therefore, females are exposed to a higher risk of 

infection than males through mating with more uniform numbers of sexual 

partners, and also mating with the more successful (and thus risky) males in the 

population. Models of STD ecology have predicted this female-bias of infection 

(Thrall et al., 2000; Kokko et al., 2002), but empirical data is rare. To our 

knowledge, this pattern has only been observed in primates for the retroviruses 

SN (Simian immuno-deficiency virus) and STLV (Simian T-Cell lymphoma 

virus) (Nunn and Altizer, in press). 
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In the case of primate mating systems, choosy females or male-male competition 

for mates is the likely cause of differential male mating success (Thrall et al., 

2000; Nunn and Altizer, in press). However, choosy females in C. agricola 

appears unlikely, as female C. agricola have never been observed to successfully 

reject males in the laboratory or field, and there is no evidence for size, colour, 

parasite or age-based mate choice (Nahrung, unpubl. ohs.). Male competition is 

similarly unlikely: male beetles guard the female they are mating with, but they 

exhibit no behaviours that result in harems or defence of mating-grounds 

(Nahrung, pers. obs.). We think that differential mate-finding success is a more 

likely explanation; i.e., some males are likely to find and mate with more females 

than others. 

In insects, 1 sex is frequently responsible for actively seeking out mating partners. 

In C. agricola, males probably seek out females because about 10 times more 

male C. agricola are captured on field-placed sticky traps than females (Nahrung, 

unpubl. ohs.). Thus, male C. agricola could experience a large variation in 

mating success depending on factors such as physical fitness, energy reserves, 

mate-detection, and disease resistance. Therefore, males that are weak, diseased, 

lack energy reserves or are poor at mate-finding will find fewer mates than others 

and, thus, result in a greater variation in mating success compared with females. 

However, should male beetles have a higher variance in mating success compared 

with female beetles, we could expect a greater standard error in mean intensity of 

mites on male beetles compared with female beetles. Our data do not show this, 
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although such analysis could be confounded by the higher mean intensity of mites 

on female beetles (Fig. 2). 

The observation that males fly more than females raises another possible 

hypothesis, i.e., that flight causes significant mortality of mites. However, our 

data do not support this hypothesis. Female mites lay their eggs in a cement-like 

substance. Therefore, if mites were shed during flight, we would expect 

motherless infestations to be more common on male beetles. This is not the case 

as infestations of only eggs or larvae were rare, and occurred only on female 

beetles (2001-02 season: 4of164 on females; 0 of72 on males). 

Seasonal changes in the spatial distribution of mites (Fig. 4) on beetles probably 

represent a response to beetle activity. Soon after beetles emerged from their 

diapause sites, mites transferred from the dorsal abdomen to beneath the elytra, a 

position inhabited by most mites until the end of the season. An exception to this 

was a tendency for mites to move to a natural cavity (beneath the mesepistemum) 

during January, near the end of their host's life but also when the next generation 

is emerging. We speculate that this cavity may be a position where mites wait for 

beetle copulation. This hypothesis is supported by observations of only adult 

females (the dispersive life stage) and no eggs in this cavity. 

This mite-beetle system is an ideal model for examining the ecology and 

evolutionary effects of STOs because infestations are quickly detected and beetles 

of different generations are easily separated by external colouration. Data 

showing that STO infections are more prevalent in females than in males, and in 

hosts as disparate as primates (Nunn and Altizer, in press) and beetles, hints that 
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this pattern could be common throughout the animal kingdom. However, future 

work must examine the mechanisms behind this pattern. We also intend to 

measure the impact of the mites on their beetle hosts, and compare this parasite-

host system with that of other beetle species related to C. agri<;ola. 
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List of Figures 

Figure 1. Percentage of parental and Fl generation beetles (Chrysophtharta 
agricola) infested with podapolipid mites during spring - autumn 2000-01 and 
2001-02 at Frankford, Tasmania. Numbers below graph correspond vertically to 
the number of parental and Fl generation beetles captured on each sample date. 

Figure 2. The average number ± standard error of podapolipid mites on male and 
female beetles (Chrysophtharta agricola) collected from eucalyptus trees in 2001-
02 at Frankford, Tasmania. Results were excluded if less than 6 beetles were 
captured. Only beetles of the parental generation were included. 

Figure 3. Percentage of the parental generation of male and female beetles 
(Chrysophtharta agricola) infested by podapolipid mites in (Top) 2000-01 and 
(Bottom) 2001-02 at Frankford, Tasmania. Results were excluded if less than 6 
beetles were captured. 

Figure 4. The percentage of podapolipid mites in four positions on parental 
generation beetles (Chrysophtharta agricola) collected from eucalyptus foliage in 
2001-2002 at Frankford, Tasmania. 8 Oct A = diapausing beetles; 8 Oct B = 

recently emerged from diapause. 
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