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Abstract 
 

This thesis aimed to address the deficit of knowledge relating to hymenopteran 

parasitoids of potential forensic significance, through investigation of aspects of their 

ecology, behaviour and development. A series of studies identifying and investigating 

the hymenopteran parasitoids associated with carrion flies inhabiting decomposing 

remains in Western Australia (WA) was conducted. The primary aim was to provide 

data to facilitate the effective use of parasitoids as indicators of time since death or post 

mortem interval (PMI) in forensic practice within Australia. 

 

A two year survey of hymenopteran parasitoids associated with carrion flies was 

conducted to establish the species of potential forensic significance in WA. Host 

associations, seasonality, and rates of parasitism in the field were examined. Four 

species of parasitoid emerged from Diptera specimens collected from carcasses: 

Tachinaephagus zealandicus Ashmead (Encyrtidae), Nasonia vitripennis Walker 

(Pteromalidae), Spilomicrus sp. (Diapriidae) and Aphaereta sp. (Braconidae). Overall 

parasitism of carrion breeding flies was 11.8%. T. zealandicus and N. vitripennis were 

the predominant species accounting for 86.3% and 11.5% of parasitism observed 

respectively. In contrast, Aphaereta sp. and Spilomicrus sp. occurred intermittently on 

carcasses and the parasitism rates of both species were low (≤ 3.0%).  

  

The insects frequenting decomposing remains were investigated seasonally and 

annually to determine the role of parasitoids in the process of insect succession onto 

carcass remains. Insect succession patterns were assessed for predictability over time 

and between two locations for application to estimations of time since death. Within 

years, insect assemblages varied significantly over time with respect to both season and 

decomposition stage. Succession patterns, within corresponding time periods (season, 

decomposition stage) were not significantly different between years or locations. As 

such, succession data, pertaining to the parasitoids studied, can be applied to a range of 

locations within a given region and to corresponding time periods across years.    

 

Knowledge of the cues that mediate host location for parasitoids can assist in predicting 

parasitoid arrival time at decomposing remains and host age at parasitization for use in 

estimating time since death. The role of odour cues used during host location by the 



iv 
 

predominant parasitoid, T. zealandicus, were investigated under different choice 

scenarios within the laboratory. Females demonstrated a preference for odours arising 

from liver substrates following interaction with a potential host however, this was 

dependant on the stage of liver decay. Females were not attracted to liver that had never 

been in contact with a host, regardless of the stage of decay, nor were they attracted to 

larvae alone. This suggests that the host-substrate complex is important and that T. 

zealandicus females can differentiate between infested and uninfested liver based on 

specific chemical compounds released from the host and the liver during the feeding 

process. Attraction of T. zealandicus to substrates following host modification 

corresponded to attendance at carcasses during the bloat stage of decomposition. 

 

The effects of temperature and host species on the development of N. vitripennis and T. 

zealandicus were studied under laboratory conditions within five species of 

Calliphoridae (Diptera) identified as common hosts of these parasitoids, Calliphora 

albifrontalis Malloch, Calliphora dubia Macquart, Lucilia sericata Meigen, Chrysomya 

rufifacies Macquart and Chrysomya megacephala Fabricius. The parasitoid N. 

vitripennis completed development between 15 °C and 33 °C on all five host species 

but no adult parasitoids emerged successfully at 36 °C. In contrast, the temperature 

tolerance range of T. zealandicus was narrower with parasitoids emerging successfully 

between 15 °C and 27 °C but not at temperatures ≥ 30 °C on all five host species. 

Temperature and host species significantly influenced development time, emergence 

success and progeny size of emerging parasitoids. Development time of T. zealandicus 

was significantly longer on the two Chrysomya hosts between 18 - 24 °C and on Ch. 

rufifacies and C. albifrontalis hosts at 15 and 27 °C. Similarly, N. vitripennis 

development varied significantly on the different host species at all temperatures, 

particularly at the highest and lowest temperatures investigated. As such, host-specific 

development data is needed to ensure the accuracy of PMI estimates based on 

parasitoid evidence. 

 

The results of this work indicate that the majority of fly species attending decomposing 

remains in WA are parasitized by hymenopteran parasitoids and establishes the forensic 

value of these species as alternative indicators of time since death. Comprehensive data 

detailing seasonality, succession and development of parasitoids onto decomposing 

remains are documented, providing essential reference data for use in entomological 

based estimates of time since death.  
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Thesis Structure 

 

This thesis is presented as a series of scientific manuscripts either published or prepared 

for publication, prefaced by an encompassing literature review and explanatory 

chapters. A subsequent chapter discusses the general conclusions and implications of 

the combined research findings of the thesis and outlines recommendations for areas of 

future research. A bibliography and an appendix, containing an image gallery that 

details aspects of interest pertaining to structural features identified by scanning 

electron microscopy (SEM) of two of the species under study, follows. Details of the 

manuscripts contained within this thesis and my contribution to each are detailed 

below. I was responsible for the concept, experimental design, data collection, analysis 

and writing of each of the following manuscripts:  

 

 

Publications arising from this thesis: 
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Contribution 90%. 
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A.13 T. zealandicus – partial view of midleg (a, mesotibia; b, basal tarsus 

segment; c, tibial spur and d, apical pegs). 

A-9 

A.14 N. vitripennis – host pupae (calliphorid sp.) from which parasitoid 

emergence was unsuccessful (adults died in the process of exiting). 

A-9 

A.15 N. vitripennis – specimen trapped and died in the process of emerging from 

host pupae (calliphorid sp.).  

A-10

A.16 N. vitripennis – lateral view of specimen partially emerged from host 

pupae (calliphorid sp.). 

A-10

A.17 N. vitripennis – dorsal view of specimen trapped in the process of 

emerging from host pupae (calliphorid sp.). 

A-11

A.18 N. vitripennis – two failed emergence attempts from a host pupae (a, 

secondary exit hole, partially completed, mouth parts of a second 

parasitoid visible). 

A-11
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1.1 Introduction 
 

Comprehensive data detailing insect succession on decomposing remains and the 

relationship between temperature and larval development, among other aspects of 

behavior and biology, are crucial for entomological based estimates of time since death 

or post mortem interval (PMI) (Amendt et al. 2007). To date, forensic entomologists 

have focused on the use of synanthropic flies, particularly calliphorids as forensic 

indicators of time since death (Catts & Goff, 1992; Greenberg, 1991; Gruner et al. 

2007; Morris & Dadour, 2005). Issues arise, however, in situations where time since 

death has extended beyond the larval development time of these species. For instance, 

where only empty fly pupae cases are recovered from human remains the time lapse 

between the emergence of adult flies from the pupae cases and the discovery of the 

body is unknown. Under such circumstances, estimates of PMI are generally based on 

timeframes associated with insect succession alone, however, such estimates are rarely 

as precise as those based on both insect succession and larval age (Amendt et al. 2007; 

Morris and Dadour 2005). Hence, the use of alterative indicator species, such as 

parasitic wasps, can assist in improving the accuracy of PMI estimates.  

 

This thesis describes the results of a series of experiments designed to identify and 

investigate aspects of the biology and behaviour of parasitic wasps that parasitize 

Diptera inhabiting decomposing remains in Western Australia. The primary aim was to 

provide data to facilitate the effective use of parasitic wasps, or more accurately 

parasitoids, as indicators of time since death in cases of homicide, suicide or unresolved 

death in forensic practice within Australia. The term ‘parasitoid’ encompasses those 

arthropod species whose larvae feed exclusively on the body of an arthropod host, 

eventually killing it (Godfray 1994).  

 

The parasitoid life history strategy can be found in a variety of insects, principally from 

the Hymenoptera, Diptera, Strepsiptera and Coleoptera but there are parasitoids in other 

insect orders such as the Lepidoptera (eg. Epipyropidae). The order Hymenoptera 

contains an extremely diverse range of parasitoids that use a broad spectrum of hosts 

including necrophagous insects found in association with decomposing remains 

(Turchetto and Vanin 2004). Hymenopteran parasitoids of Diptera have the greatest 

potential as alternative indicator species as they develop within dipteran hosts and 

commonly their development time extends beyond that of the non-parasitized host 
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(Grassberger and Frank 2003). Knowledge of the development time of both the host 

and parasitoid, placed in the context of insect succession patterns, can provide an 

extended and more precise PMI than an interpretation of succession timeframes alone 

(Grassberger and Frank 2003).  

 

The use of parasitoids as tools in criminal investigations has previously been suggested 

by forensic practitioners (Grassberger & Frank, 2003; Mello & Aguiar-Coelho, 2009; 

Turchetto & Vanin, 2004), however, the parasitoid species of potential forensic 

significance are largely unknown for many geographic regions. In Western Australia, 

the parasitoid species of relevance to forensic investigations and the host species they 

parasitize are currently unknown. While various parasitoid species may prove 

beneficial in forensic investigations, a lack of sufficient data on many aspects of their 

biology and behaviour currently hinders their use as indicators of time since death. 

Effective use of parasitoids in estimating PMI requires knowledge of the timeframe in 

which parasitoids arrive and depart decomposing remains in respect to insect 

colonization; the likely age of the host when parasitized; the factors involved in host 

location within a decomposition habitat that may affect parasitoid arrival and host age 

when parasitized; and baseline data on the temperature-dependant development of both 

the host and parasitoid species (Amendt et al. 2007; Godfray 1994). 

 

At present, the timeframes associated with parasitoid succession onto decomposing 

remains in Western Australia are undefined. Furthermore, in Australia, few studies 

detailing insect succession patterns have been published, and of these, only two studies 

have assessed insect succession in Western Australia (Bornemissza 1956; Voss et al. 

2008). Problematically, the available succession data for Western Australia are limited 

in scope, encompassing only a single season or focused on a specific forensic scenario 

and thus disregard annual and seasonal variation in insect succession patterns. 

Therefore, comprehensive documentation of insect succession onto decomposing 

remains in Western Australia is still required prior to the establishment of the role of 

parasitoid species within the succession process. In addition, few studies globally, and 

none within Australia, have evaluated the legitimacy of applying data on insect 

succession generated in one location or habitat type to another within the same local 

area. 
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Establishing when an adult parasitoid arrives and departs decomposing remains 

requires an understanding of the host foraging process. Numerous studies have linked 

successful parasitoid foraging with orientation to specific odour cues (Reznik et al. 

1992; Vet et al. 1995). As decomposing remains emit volatile odours that change as 

decomposition progresses, it is likely that parasitoid species orient towards specific 

odours emitted by carrion as an indicator of host presence. The physical and chemical 

cues used by forensically relevant parasitoids during host foraging are important 

aspects in elucidating parasitoid succession. These aspects have, however, received 

limited attention in the literature in respect to forensic applications (Edwards 1954; 

Reznik et al. 1992). 

 

Knowledge of when an adult parasitoid locates, arrives at and parasitizes a host is 

essential for the estimation of time since death. The accuracy of entomologically based 

estimates of PMIs are, however, improved when they are determined by aging the 

larvae of key indicator species, found in association with the body, in the context of 

insect succession (Amendt et al. 2007; Goff 1993). As such, additional data detailing 

the predictable relationship between species-specific parasitoid development time 

within the host and ambient temperature is also of considerable importance in 

accurately estimating PMI. As parasitoid development can vary with host species 

(Rivers and Denlinger 1995) and geographic origin (Stenseng et al. 2003) of both host 

and parasitoid (genetic differences) there is a current deficit of host-specific 

developmental data for use in parasitoid based estimates of PMI within Australia 

 

This study aimed to address the deficit of knowledge relating to parasitoids of forensic 

significance in Western Australia and to investigate aspects of their biology, behavior 

and development for use in estimation time since death. As such the following 

questions were posed and subsequently addressed by this thesis: 

 

1) What are the parasitoid species of forensic importance in Western Australia? 

2) When do these parasitoids arrive and depart decomposing remains in relation to 

the stage of decomposition and other colonising insects? 

3) Are volatile odour cues, reflective of carcass age and decomposition stage, 

important in respect to host location in a parasitoid-host-carrion relationship? 

4) What is the relationship between temperature and development for forensically 

significant parasitoids developing within specific host species? 
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More specifically I addressed the following aims: 

 

 

1.2 Thesis Aims 

 

Species and Succession 

1) Identify parasitoid species associated with decomposing remains in Western 

Australia and their forensically relevant hosts. 

2) Determine the relative seasonal abundances of these parasitoid species and rates 

of parasitism in the field. 

3) Establish the stage of decomposition at which these parasitoid species arrive 

and depart a carcass.  

4) Place information from Aim (3) in the context of the seasonality of the various 

insect species that colonise decomposing remains in Western Australia. 

5) Assess the impact of spatial and temporal variation on the pattern of insect 

succession onto decomposing remains in Western Australia to evaluate the 

validity of applying reference data to alternative locations and time periods.  

 

Parasitoid Foraging Behaviour   

6) Investigate the innate responses of parasitoids to specific odour cues   

associated with the parasitoid-host-carrion relationship: 

(i) Determine if females are attracted to volatile odours cues and if so, determine 

which odours are attractive and thus if the odours are derived from the host, 

host-habitat or combination of the two.  

(ii) Establish any hierarchical preference between different odours. 

(iii)Examine any discernable differences in parasitoid behaviour over time in 

relation to the presence of different odour combinations. 

 

Temperature-dependant Development  

7) Determine the influence of temperature and host species on the development of 

forensically relevant parasitoid species and provide developmental reference 

data. 

 

 
 



1-6 
 

1.3 Concluding Statement 
 

The major goal of this thesis was to explore the potential of hymenopteran parasitoids 

of Diptera as alternative indicators of time since death while addressing the deficit of 

knowledge relating to the parasitoid species that frequent decomposing remains in 

search of hosts. As such, this thesis aimed to investigate factors influencing parasitoid 

arrival and development on decomposing remains and hence the accuracy of time since 

death estimates based on parasitoid evidence.  

 

Furthermore, comprehensive, baseline data detailing insect succession are an essential 

component of entomological based estimates of PMI and a prerequisite to any 

investigation of alternative indicator species. Consequently, this study aimed to 

investigate the role of parasitoids within the broader process of insect succession 

patterns on to decomposing remains in Western Australia and to assess the level of 

temporal (i.e. season, year) and spatial (i.e. location, habitat) variation in these patterns 

with respect to the validity of applying reference data generated under one set of 

temporal and spatial conditions to another (i.e. death scene). Ultimately, the aim of this 

thesis was to improve the accuracy of entomologically based estimates of PMI in 

Western Australia through the expansion of our understanding of the relationships 

between insect fauna and decomposing remains. 
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2.1 Forensic Entomology 

 

Forensic entomology, the use of arthropods as tools in legal investigations, has been 

employed throughout various parts of the world since the nineteenth century and it a 

well established field within Western Australia (Dadour et al. 2001; Megnin 1894; 

Morris and Dadour 2005). The discipline has several areas of application, usually 

subdivided into the fields of urban, stored product and medico-criminal entomology 

(Hall 2000). Urban entomology encompasses civil proceedings involving nuisance 

insects and negligence cases such as termite damage, agricultural pest issues and 

incidents of myiasis in patients under hospital care (Catts and Goff 1992). Stored 

product entomology deals with insect contamination such as the presence of insect 

material in food products (Hall 2000). The main area of application, however, is 

medico-criminal entomology, involving the use of insects in the investigation of 

criminal proceedings and primarily in the determination of minimum time since death 

in cases of homicide, suicide and unexplained fatality (Catts and Goff 1992; Marks et 

al. 2009). In the last century, insect evidence has proven a crucial component of such 

investigations providing one of the most accurate means of estimating time of death 

(Marks et al. 2009). 

 

In medico-criminal entomology, considerable importance is placed on the 

establishment of time since death or post-mortem interval (PMI). This information 

provides a time frame that can help focus the direction of an investigation by assisting 

in the reconstruction of events and providing a basis for suspect inclusion or 

elimination (Schoenly et al. 1996). Insects are commonly found in association with 

decomposing remains and the systematic collection of such insect evidence and 

subsequent species identification can provide an accurate estimate of PMI in cases of 

homicide, suicide or accidental death (Anderson and Vanlaerhoven 1996; Greenberg 

1991; Lopes de Carvalho and Linhares 2001).  

 

 

2.2 Estimating PMI Based on Insect Evidence 

 

The use of insects in the estimation of PMI is based on the assumption that insects will 

arrive at a carcass shortly after death (Morris and Dadour 2005). The occurrence of 

decomposing remains presents a transient habitat and food resource opportunity for 
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numerous insect species (Wells and Greenberg 1992). The arrival time, activity and 

departure time of the different insect species inhabiting a carcass is closely linked to the 

progression of carcass decomposition (Anderson and Vanlaerhoven 1996). 

Entomological estimates of PMI are based on the insect species associated with each of 

the different stages of decay and the lifecycles of these species (Centeno et al. 2002).  

 

Research has traditionally focused on the behaviour and lifecycle of flies, particularly 

calliphorids, as the primary methods of estimating time since death (Amendt et al. 

2007; Anderson 2000a; Campobasso et al. 2001; Goff et al. 1988). Within hours of 

death, insect groups such as the blowflies are olfactorily attracted to remains which are 

both a source of protein for egg development and a site for oviposition (Archer and 

Elgar 2003b; Morris and Dadour 2005). As such, the age of the oldest immature fly 

larvae collected from a carcass indicates the time since oviposition. Development in 

insects is primarily governed by temperature and where this relationship has been 

quantified for a species, the age of a specimen can be determined based on the level of 

development and the thermal history of the specimen (Introna et al. 1989). 

Interpretation of larval age in relation to the expected arrival time of adult flies at the 

carcass and the subsequent timing of oviposition provides a minimum time since death 

(Catts and Goff 1992). Where immature fly larvae are not present, as is often the case 

in advanced stages of decomposition when larvae have completed their development, 

PMI estimates are currently based on the composition of the insect community found 

on the carcass. The species present are compared to known patterns of insect 

colonization and the time frame associated with each phase of colonization (Lopes de 

Carvalho and Linhares 2001). Such estimates are not as precise as those based on an 

assessment of larval age interpreted in relation to the timing of colonization but they do 

provide a broad time frame within which death occurred (Amendt et al. 2000).  

 

 

2.3 Insects Succession 

 

Insect colonisation or ‘insect succession’ onto a carcass is a predictable and orderly 

process in terms of the sequential arrival of different species over time (Early and Goff 

1986; Gruner et al. 2007). The presence and activity of early insect colonisers directly 

alters the carcass environment, changing it in such a way that it becomes suitable for 

additional insect colonisers and often less suitable for the original inhabitants 
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(Bornemissza 1956; Centeno et al. 2002). Insects that use the carcass as a food source 

(necrophagous species) in either the adult or larval stage of development are shortly 

followed by the arrival of their predators and parasites (Catts and Goff 1992). This 

pattern is interspersed by the arrival of omnivorous insects that feed on both the carcass 

and the necrophagous species and adventives or incidental species that use the carcass 

as an extension of their natural habitat (Goff 1993).  

 

In general, the carcass community consists chiefly of species from the orders Diptera 

and Coleoptera. Representatives of the Diptera are the most common necrophagous 

insects found in association with decomposing remains (Centeno et al. 2002). Different 

fly species are attracted to the carcass at different stages of the decomposition process 

and species are considered to be either, primary, secondary or tertiary colonizers, 

depending on the sequence of adult arrival at a carcass and subsequent oviposition by 

females (Fuller 1934; O'Flynn 1983). Fly larvae are the primary contributors to tissue 

removal from a carcass, followed by the larvae of certain species of beetle (Putman 

1978). The majority of adult beetles are predators of necrophagous species and 

commonly arrive during later stages of decomposition (Kocarek 2003).  

 

Insect succession is closely linked to the progression of carcass decomposition 

(Rodriguez and Bass 1983). The gradual breakdown of remains changes the physical 

and chemical nature of the carcass as a habitat resource, and thus different stages of 

decomposition are attractive to different insect groups. Further, the activity of insect 

colonizers alters the physical state of the remains and influences the rate of 

decomposition (Lopes de Carvalho and Linhares 2001). Payne (1965) and Kocarek 

(2003) compared decomposition in carcasses exposed to insects and protected from 

insect colonization. Both studies identified marked differences in the duration of 

decomposition and carcass disintegration between treatments. Insect activity was noted 

to hasten the decay process and facilitate carcass breakdown (Kocarek 2003).  

 

The relationship between decomposition and insect activity has been well documented 

(Early and Goff 1986; Fuller 1934; LeBlanc and Strongman 2002; Mann et al. 1990b; 

Payne 1965; Reed 1958; Rodriguez and Bass 1983). Such studies have classified the 

progression of decomposition into distinct stages and linked these stages to specific 

insect groups as markers for use in estimating a time since death (Campobasso et al. 

2001). While a continuous process, decomposition is often characterized within 
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temperate regions into five recognised, sequential stages; fresh, bloat, wet, dry and 

skeletal (Anderson and Vanlaerhoven 1996; Rodriguez and Bass 1983; Voss et al. 

2008). A distinct faunal community is associated with each stage of decomposition. 

Several factors can, however, alter the expected species composition and the overall 

pattern of insect succession. 

 

 

2.4 Factors Influencing Insect Succession 

 

A variety of abiotic and biotic factors influence the rate of decomposition and insect 

succession. Succession patterns and the individual species colonising a carcass can vary 

dependant on geographic location, environmental conditions, the physical state of a 

carcass and the decomposition environment (Archer 2003; Avila and Goff 1998; 

Campobasso et al. 2001; Lopes de Carvalho and Linhares 2001; Shalaby et al. 2000). 

The rate of decomposition is also influenced by factors such as carcass size, carcass 

composition (proportion of fat and muscle tissue), cause of death, scavengers and 

climatic variables (Hewadikaram and Goff 1991; Mann et al. 1990b; O'Brien et al. 

2007). The effect of these factors on decomposition and insect succession need to be 

considered and incorporated into PMI estimates. As such the reference data used to 

estimate PMI must be applicable to the details of the forensic case in question.  

 

Carcass (Type, Size, Age and Condition)  

Forensic investigations that require an estimation of PMI are primarily concerned with 

human death in either natural, homicide or suicide situations (Amendt et al. 2000; 

Benecke 2001; Catts and Goff 1992; Dadour et al. 2001; Keh 1985). An allied field, 

wildlife forensics, applies the same entomological principles to estimate PMI for 

animal remains in cases such as poaching (Anderson 1999). Invariably, differences in 

carcass size, composition and condition arise in the case of human remains and such 

differences are even more extreme when human remains are compared to animal 

carcasses. Current research suggests that differences in carcass size can affect the rate 

of decomposition and the composition of the insect fauna frequenting remains 

(Campobasso et al. 2001).  

 

Hawadikaram and Goff (1991) conducted one of the few studies that specifically 

examined the effect of carcass size on decomposition rates and insect succession. They 
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concluded that the decay rate for a 15.1 kg pig carcass, Sus scrofa Linnaeus 

(Artiodactyla: Sudiae), was faster than that of a smaller 8.4 kg pig carcass due to a 

higher abundance of insects on the larger carcass and subsequently greater biomass 

removal through feeding. Size related differences were noted in regard to insect 

composition but in general succession patterns were similar regardless of carcass size 

(Hewadikaram and Goff 1991).  In contrast, Watson and Carlton (2003) compared 

patterns of insect succession onto representative carcasses of four species; alligator 

(Alligator mississippiensis Daudin (Crocodilia: Alligatoridae)), pig, white tailed deer 

(Odocoileus virginianus Rafinesque (Artiodactyla: Cervidae)) and black bear (Ursus 

americanus Griffith (Carnivora: Ursidae)) and determined that insect succession 

patterns varied between carcass types. Insect succession patterns were significantly 

variable between alligator and mammalian carcasses and to a lesser extent between the 

three mammalian carcasses. Comparatively, fewer taxa were associated with the 

alligator carcasses and blowfly arrival occurred up to 24 hours later than observed on 

the mammalian carcasses. Variability in the resources offered to colonizing insects in 

terms of carcass composition may account for the observed differences.   

 

The proportion and type of tissue available to colonizing insects can influence insect 

attraction to carcasses and the duration of insect colonization (Ireland and Turner 2006; 

Watson and Carlton 2003; 2005). The chemical pathways of tissue breakdown during 

decomposition can differ between tissue types and therefore can produce different 

odours which attract different insect species (Morris et al. 1998; Vass et al. 2004; Wall 

and Fisher 2001). Differences between carcasses in terms of surface topography such as 

hair, scales, feathers or skin can also lead to variation in the observed patterns of insect 

succession (Watson and Carlton 2003; 2005). Given these factors can influence the rate 

of decomposition and affect insect succession patterns, forensic entomologists ideally 

require reference data based on human decomposition for a variety of age and size 

brackets (Rodriguez and Bass 1983). Problematically, studies on insect succession have 

been conducted mainly through the use of non-human models such as dogs (Canis lupis 

familiaris Linnaeus (Carnivora: Canidae)), rats (Rattus norvegicus Berkenhout 

(Rodentia: Muridae)) and pigs (Fellers and Fellers 1982; Grassberger 2004; Gruner et 

al. 2007; Martinez 2007; Putman 1978; Reed 1958; Smith and Wall 1997).  

 

Difficulty in obtaining human remains, availability of suitable sites for decomposition 

and legal issues all contribute to restrict the frequency of human based studies (Mann et 
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al. 1990b). Few studies compare human and animal decomposition, yet a general 

consensus in the literature states that the 25 kg pig most closely approximates human 

decomposition (Catts and Goff 1992; Micozzi 1991). Of published work, only one 

recent study has examined the validity of this assumption experimentally (Schoenly et 

al. 2007). Schoenly et. al. (2007) concluded that insect succession patterns were 

comparable between a human and a 23-27 kg pig carcass, however, the study had 

limited replication with only three carcasses used; two pigs and one human.  

 

While the validity of using animals as models for human decomposition remains 

unsubstantiated, many researchers continue to use a wide range of animal models for 

investigation of insect succession (Fellers and Fellers 1982; Kocarek 2003; Lang et al. 

2006). The variety of different animals models used in forensic research prevents clear 

comparisons between the findings of different studies. For instance comparisons 

between Coe’s (1978) study of elephant and Kocarek’s (2003) study of rat 

decomposition is difficult given the extreme differences in the biomass of these carcass 

types. Nevertheless, in the absence of human research options, animal models provide 

the only applicable data on insect succession, community structure, seasonality and 

ovipositional preferences for use in estimating PMI (Schoenly et al. 2007). 

 

One of the main issues relating to the choice of animal model is the replication 

requirements of experimental research. The pig model, while favoured, is often 

associated with stringent ethical restrictions, high cost and manageability issues that 

result in studies with low replication. Many studies, including recent work, are based 

on results from less than five animals in each treatment (Early and Goff 1986; 

Eberhardt and Elliot 2008; Grassberger 2004; Hewadikaram and Goff 1991; Payne and 

King 1968; Shalaby et al. 2000; Shean et al. 1993; Turner and Wiltshire 1999). 

Martinez et. al. (2007) investigated succession patterns using only three pigs for each 

season while Lopes de Carvalho and Linhares (2001) used only two pigs per season. 

Inadequate replication and consequently low statistical power reduces the value of 

much of the available succession data (Schoenly et al. 2007). 

 

Geographic Region 

The species assemblage found on a carcass is often dependant on the geographic 

location in which the carcass is decomposed, due largely to differences in the 

distribution of individual species and variation in environmental conditions between 
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locations (Archer and Elgar 2003c). For instance, Eberhardt and Elliot (2008) identified 

the fly species, Calliphora stygia Fabricius (Diptera: Calliphoridae), Chrysomya 

rufifacies Macquart (Diptera: Calliphoridae) and Hydrotaea rostrata Robineau-

Desvoidy (Diptera: Muscidae) as the first wave of insect to arrive at pig remains in the 

north island of New Zealand. In contrast, the flies, Lucilia illistris Meigen (Diptera: 

Calliphoridae) and Phormia regina Meigen (Diptera: Calliphoridae), were the initial 

colonizers of carrion in Southwestern British Columbia (Anderson and Vanlaerhoven 

1996). Thus, while a general pattern of insect succession is usually evident between 

regions in regard to insect family groups, the actual species to colonise a carcass varies 

from region to region. Within species, different geographic populations may also 

exhibit behavioural differences in regard to carcass colonization.  For instance, in 

Queensland, Australia, C. rufifacies is a primary strike fly during summer, ovipositing 

on a fresh corpse within minutes of initial exposure (O'Flynn and Moorhouse 1979). In 

comparison, the same species is a secondary strike fly in Canberra, Australia, and 

prefers to oviposit only when other fly larvae are already present (Fuller 1934).  

 

Changes in habitat type, which can occur across small geographic distances, can also 

influence the pattern of insect succession (Avila and Goff 1998; Kuusela 1983). 

Variations in habitat, particularly vegetation differences, can determine the distribution 

of a species (Fuller 1934). Early and Goff (1986) compared insect succession patterns 

on animal models at two locations set 4 kms apart on the Hawaiian Islands;  a rural site 

with xerophytic tropical scrub and a residential area with mesophytic mixed vegetation. 

While the primary indicator species were similar, the composition of the insect 

community between the two sites was different due to localised variation in species 

distributions. Eberhardt and Elliot (2008) also reported insect succession patterns in 

three different habitats in New Zealand (coastal, field and bushland). Insect succession 

patterns and rates of decay observed in an open field, costal sand dune and native 

bushland habitat were significantly different. The primary indicator species identified, 

however, were similar between habitats. Such findings indicate the importance of 

conducting representative studies for specific regions and habitats.  

 

Compiling succession data produced from different regions, locations and habitats 

provides a reference database for use in forensic investigations. Problematically, while 

there is a considerable body of literature available detailing insect succession, 

particularly in parts of Europe, North America and Canada, significant gaps remain in 
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our knowledge of insect fauna and succession patterns in many parts of the world 

(Anderson and Vanlaerhoven 1996; Grassberger 2004; Lane 1975; LeBlanc and 

Strongman 2002; Reed 1958; Rodriguez and Bass 1983). In particular, within localities, 

data for specific habitat types is nearly entirely lacking with only a few research studies 

comparing sites within a single district (Eberhardt and Elliot 2008; Goff et al. 1988; 

Kocarek 2003; Matuszewski et al. 2008).   

 

The applicability of forensic reference data produced in one region and applied in 

another is severely limited, however, in the absence of geographically specific data 

alternative regional data is often used to estimate PMI (Ames and Turner 2003; 

Eberhardt and Elliot 2008). This can lead to erroneous estimates of PMI or limit 

estimates to large time frames that offer little information to death scene investigators. 

Thus, extensive research of insect succession within the locality in which the data will 

be applied is still required for accurate estimation of time since death. 

 

Environmental Conditions 

Closely linked to geographic region, environmental factors, such as temperature, 

humidity, sun exposure and rainfall influence the rate of carcass decay, insect 

composition and succession patterns (Adair and Kondratieff 2006; Shean et al. 1993). 

Temperature is one of the most important factors affecting insect development and 

activity (Ames and Turner 2003; Anderson 2000a; Byrd and Butler 1997; Campbell et 

al. 1974; Greenberg 1991). High temperatures and humidity increase insect activity, 

larval growth and carcass decay rate (Archer 2004a; Shean et al. 1993). Consequently, 

decomposition and patterns of insect succession in temperate regions differ 

significantly to those observed in arid and tropical regions (Galloway et al. 1989).  

 

Insect activity is often determined by environmental cues such as light/dark cycles and 

temperature (Adair and Kondratieff 2006; Archer and Elgar 2003c). For instance, low 

temperatures can induce a state of dipause during blowfly development while warmer 

temperatures can stimulate continued growth (Evans 1935). In response to numerous 

environmental conditions, insect populations can fluctuate in terms of abundance, 

distribution and behaviour (McLeod and Anderson 1992). Archer (2003) and Archer 

and Elgar (2003c) identified considerable seasonal and slight annual variation in 

succession rates for still born pig carcasses decomposed at swamp land within Victoria, 

Australia. Many of the important indicator fly species were entirely absent throughout 
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the winter season while beetles from the family Leiodidae occurred in colder months 

only. The annual appearance and departure time of species varied slightly between the 

two years of the study, likely due to seasonal temperature variations between years 

which may have affected the overwintering status of certain species (Archer and Elgar 

2003c).  

 

A single study of carcass decomposition at one time of year represents only a snapshot 

in time of insect succession patterns (Johnson 1975). Therefore, a comprehensive 

investigation of insect succession requires seasonal investigation of carcass 

decomposition with yearly replication. Despite this, few studies have detailed seasonal 

and annual variation in insect succession patterns (Archer 2003; Watson and Carlton 

2003; 2005). The only experimental succession study conducted in New Zealand ran 

for the duration of carcass decomposition, a period of five weeks throughout 

autumn/winter (Eberhardt and Elliot 2008). In cases such as this, where research is 

limited to a single seasonal study or only spans the seasonal extremes of a geographic 

location, the data obtained does not reflect seasonal or annual variation in insect 

succession patterns and further research is needed at alternative times of year.  

 

Decomposition Environment  

Death scenes vary in that bodies can be clothed, naked, buried, submerged in water, 

indoors or covered by vegetation among other scenarios (Campobasso et al. 2001). The 

environment in which a carcass decomposes greatly influences insect succession (Davis 

and Goff 2000; Goff 1991; Payne and King 1972; Voss et al. 2008). One of the main 

factors contributing to variation in the pattern of insect succession is the level of insect 

access to the body. For instance, wrapping a body in several layers of blankets can 

cause several days delay in blowfly invasion of a corpse (Goff 1992). The rate of 

decomposition can also be affected by a reduction in insect numbers due to the slower 

removal of total biomass through larval feeding (Mann et al. 1990b). 

  

Commonly, baseline succession data for a geographic region is produced from the 

decomposition of exposed, unclothed carcasses placed on the soil surface (Goff 1993; 

Grassberger 2004; Lane 1975; Lopes de Carvalho and Linhares 2001; Martinez 2007). 

While this data is applicable to some death scene situations the accuracy of PMI 

estimates can be enhanced by reference data produced under conditions that match the 

death scene decomposition environment more closely (Catts 1992). To date, 
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comparisons between insect succession on exposed surface carcasses and various other 

decomposition conditions have been investigated, including submerged carcasses 

(Payne and King 1972), indoor carcasses (Goff 1991), buried remains (Payne and King 

1968; Turner and Wiltshire 1999), carcasses enclosed in a vehicle (Voss et al. 2008) 

and hanging bodies (Shalaby et al. 2000). However, many other common scenarios 

have not been comprehensively examined such as decomposition inside a rubbish bin 

or in flowing streams. Given the wide range of death scene scenarios encountered by 

forensic investigators there exists a large gulf between the available succession data 

and the applicability of this data to forensic casework. Considerable work is needed in 

this area to appropriately assess the various effects of differing decomposition 

environments on decay rates and insect succession patterns.  

 

Physical State of Carcass 

The physical condition of remains can also inhibit or increase insect attraction 

(Campobasso et al. 2001). Avila and Goff (1998) compared insect succession onto 

burnt and unburnt remains and concluded that oviposition occurred 24 hours earlier on 

burnt carrion, altering subsequent succession waves accordingly. Insect attraction was 

potentially heightened by breaks in the skin following burning. However, these findings 

should be taken with caution as the results are limited by low replication (one pig per 

treatment). Further research is also needed to gauge the effect of altering the degree of 

burning on insect attraction (Avila and Goff 1998).  

 

Drugs and toxins present in carcass tissues are also known to alter larval growth and 

insect succession (Carvalho et al. 2001; Goff et al. 1989; Introna et al. 2001; Musvasva 

et al. 2001; Sadler et al. 1995). Larvae feeding on remains ingest any drugs or toxins 

along with their metabolites (Introna et al. 2001). Goff et. al. (1989) found that the 

presence of cocaine in decomposing tissue accelerated the larval development of the 

fly, Boettcherisca pergrina Robineau-Desvoidy (Diptera: Sarcohpagidae). Certainly, 

drug related deaths are not uncommon and estimates of PMI based on entomological 

evidence require consideration of toxicology reports and the impact of any findings on 

the development of insects (Musvasva et al. 2001). Such findings demonstrate the need 

for succession data that is reflective of the specific circumstances of death for the 

accurate estimation of time since death.   
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Scavengers 

Large scavengers such as mammals, reptiles and birds can greatly contribute to the 

removal of carcass biomass (Mann et al. 1990b). Many avian scavengers such as, 

ravens, Corvus coronoides Vigors and Horsfield (Passeriormes: Corvidae), are 

omnivourous feeders that remove both tissue and insects from a carcass (O'Brien et al. 

2007). The majority of insect succession research has restricted the access of 

scavengers to investigate the role of arthropod scavengers alone. While this is a 

necessary step in establishing baseline insect succession data, subsequent research is 

needed to address the compounding impact of large animal scavenging on carcass 

decomposition and succession patterns (O'Brien et al. 2007).  

 

Conclusions 

The relationship between insect succession and decomposition is a complex one. 

Forensic researchers have focused on establishing baseline succession data for use in 

estimating PMI and then assessed the relative impact of changes in the decomposition 

environment, physical condition of the carcass and the impact of local scavengers on 

insect succession. However, the existing research data available for use in the 

estimation of PMI is currently inadequate for the wide range of locations, 

environmental conditions and death scenarios encountered. Further work is needed 

throughout many regions of the world to address this deficit, as ultimately, the 

applicability and availability of reference data to a specific forensic investigation is 

crucial for the accurate estimation of time since death. 

 

 

2.5 Australian Research  

 

In Australia, relevant entomological research is largely limited to agriculturally focused 

studies of the biology, ecology and development rates of calliphord and muscid flies 

(Dadour et al. 2001; Lang et al. 2006; Norris 1966). Few forensic studies of insect 

succession patterns have been published using carcasses (Bornemissza 1956; Fuller 

1934). Several pest management studies exist that document blowfly succession in an 

aim to assess the importance of carrion in the support of blowfly numbers. However, 

such studies usually only evaluate the fly species that are responsible for incidents of 

sheep myasis rather than the entire carrion insect fauna (Cook et al. 1995; Lang et al. 

2006).   
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Fuller (1934) investigated the carrion inhabiting insects of Canberra, Australia through 

field observations and experimental examination of insect infested carrion. This 

comprehensive study provided geographically specific and seasonal succession data. 

The level of replication is this study was not reported, however, as the study spanned 

four years presumably carcass numbers were high. The animal carcass type used in 

Fuller’s (1934) study varied and included mice (Mus musculus Linnaeus (Rodentia: 

Muridae)), cats (Felis catus Linnaeus (Carnivora: Felidae)), sheep (Ovis aries Linnaeus 

Artiodactyla: Bovidae)) and guinea pigs (Cavia porcellus Linnaeus (Rodentia: 

Caviidae)). In the main, observational data from all carcass types was pooled although 

it was noted that insect abundance, but not succession patterns, varied between the 

different species, presumably due to size differences between carcass types. 

 

Forensic entomological research in Queensland has mostly focused on fly succession, 

with particular emphasis on the Calliphoridae (O'Flynn and Moorhouse 1980; O'Flynn 

1983; O'Flynn and Moorhouse 1979). O’Flynn (1983) documented blowfly succession 

on sheep, pig and dog carcasses decomposed at two locations. While the study was 

limited to records of blowfly species, useful data was obtained on seasonal abundance, 

behaviour and larval development rates. Importantly, larval developmental stages were 

also recorded throughout the study in relation to days after death (O'Flynn 1983).   

 

More recent work on succession patterns has been conducted in Victoria (Archer 

2004a; Archer and Elgar 2003a; Archer et al. 2006; Archer 2003; Archer 2004b; 

Archer and Elgar 2003b; c).  Archer’s (2003) work, using still born pig carcasses (S. 

scrofa), is one of the few studies to incorporate yearly replication, however the dates 

when carcasses where placed out in the field varied between years making annual 

comparisons difficult. The most important indicators species, the flies, were not 

identified beyond genus level and no separation was made between the arrival and 

departure times of the different species. Further, Archer (2003) linked the difference in 

insect departure time between years to annual temperature variations but no 

temperature data was provided to substantiate this claim. Such issues severely limit the 

value of the study as a forensic reference yet the identification of the level of annual 

variation in insect succession patterns is important for accurate estimation of PMI.  

 



2-14 
 

In Western Australia, Bornemissza (1956) investigated arthropod succession on ten 

guinea pig carcasses during spring. While useful, the study investigated insect 

succession patterns at only one decomposition site (sclerophyll woodland) and it was 

limited to a 40 day period of insect collection during a single season. Thus, the study 

does not provide information on differing habitat locations, seasonal or annual 

variations in insect succession patterns. The methodology used also presents several 

issues. Carcasses were suspended off the soil on wire mesh above pitfall traps which 

were checked regularly for insect collection (Bornemissza 1956). While this sampling 

protocol provided a measure of absolute insect abundance and the order of insect 

arrival, the removal of all insects daily from the carcass would have altered the rate of 

decomposition. Many fly species, such as C. rufifacies, prefer to oviposit in the 

presence of conspecifics and as such the removal of insects from the carcasses is likely 

to have affected the pattern of insect succession (Wells and Greenberg 1992). In 

addition, an essential component of forensic reference data, larval developmental 

stages, were not recorded in relation to the progression of decomposition.   

 

At present the only other published work conducted in Western Australia on succession 

patterns is a comparative investigation of insect succession in different decomposition 

environments. Voss et. al. (2008) examined decomposition rates and insect succession 

in exposed pig carcasses on the soil surface compared to those enclosed within a 

vehicle following carbon monoxide poisoning. Again, while providing useful reference 

data, the study was designed as a preliminary investigation of a specific forensic 

scenario; suicide related death in a vehicle environment. Replication was limited to 

three animals in each of the three treatment groups and the study was only conducted 

throughout autumn and spring (Voss et al. 2008). Thus, the data is not representative of 

seasonal or annual variations. Relevant, applicable, baseline reference data on patterns 

of insect succession in Western Australia is currently lacking.  
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2.6 Current Issues 

 

Entomological estimates of time since death are increasingly accepted in criminal 

courts throughout the world, however, there are substantial issues regarding the level of 

investigative research conducted in the field and the appropriateness of the associated 

reference data available in the literature. As baseline succession data is often 

geographically specific, there is a paucity of reference data available for many of the 

regional areas in which forensic entomology is employed and what is available is often 

limited in scope. Where regional data are available, often carcass decomposition has 

been investigated at a single location, representing only one habitat type. Seasonal and 

annual variations in insect succession patterns are known to occur, but few studies have 

conducted yearly replication of carcass decomposition under all seasonal conditions. 

Further, much of the research conducted is based on limited carcass replication and 

published data often only details the family or genus of the insects involved.  

 

Problems also stem from prohibitive legislation that restricts studies involving human 

decomposition. This results in the use of a wide variety of animal models. Comparisons 

between succession studies using different animal models are difficult and the validity 

of relating data produced using animals to human decomposition remains largely 

unexplored and unquestioned in the literature. As accurate PMI estimates require 

entomological reference data that reflects the conditions and circumstances of the death 

in question, research of insect succession is still needed to establish a comprehensive, 

global, reference database of insect fauna and succession patterns.  

 

 

2.7 Primary PMI Indicators  

 

Establishment of succession reference data is an essential component for determining 

time since death. A second component requires knowledge of the relationship between 

temperature and larval growth for the accurate assessment of larval age. An 

understanding of both aspects is needed as the age of insect larvae collected from a 

carcass is ultimately interpreted in the context of succession patterns and the arrival 

time of the initial ovipositing species (Amendt et al. 2007). Studies to date have 

focused on the use of synanthropic flies, particularly calliphorids as forensic indicators 

of time since death (Anderson 2000a; Grassberger and Reiter 2002; Wells and 
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Kurahashi 1994). As the development of fly larvae is primarily governed by 

temperature, this relationship can be quantified for an individual species. A 

considerable body of reference literature exists documenting the development of 

forensically relevant fly species under varied constant temperatures within the 

laboratory (Altston 1920; Anderson 2000a; Briere et al. 1999; Byrd and Butler 1997; 

1998; Byrd and Allen 2001; Davies and Ratcliffe 1994; Donovan et al. 2006; 

Grassberger and Reiter 2001; 2002; Introna et al. 1989; Nabity et al. 2006; Queiroz 

1996; Wells and Kurahashi 1994).  

 

Issues arise in the estimation of time since death in situations where the various larval 

succession waves are complete and no fly larvae are collected from the body. While the 

presence of empty pupae cases in the vicinity of the body can provide an indication of 

minimum time since death the time difference between the last fly emergence and the 

discovery of the body remains unknown. Currently, under such circumstances PMI 

estimates are based on pupal remnants and the composition of the insect community 

alone (Amendt et al. 2007; Archer and Elgar 2003c). Estimates of PMI based on insect 

succession alone are rarely as precise and usually provide a much broader time frame, 

often encompassing several possible days, at which death could have occurred. 

However, in the absence of key indicator species this method is currently the only 

entomological option for estimating PMI.    

 

An alternative indicator group is needed to address this problem. Observations at sites 

of decomposition indicate that often among predominantly empty fly pupae cases, a 

few intact pupae may be identified and collected from the scene (Grassberger and 

Frank 2003). When reared through to adulthood within the laboratory these pupae cases 

yield parasitic wasps rather than an adult fly. Such observations suggest that the 

development of these parasites exceeds that of the non-parasitized host as the 

development of the surrounding cohort of fly pupae at these scenes was complete and 

emergence had occurred. Thus for cases where the development of the traditional 

indicators of PMI is complete, knowledge of the succession and development of 

parasitic wasp larvae within fly pupae collected from the scene can be used to estimate 

a more accurate PMI.  
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2.8 Parasitoids - Alternative PMI Indicators 

 

The order Hymenoptera contains an extremely diverse range of insects, including 

numerous parasitic wasps or more accurately ‘parasitoids’ (Naumann 1991). The term 

‘parasitoid’ encompasses arthropod species whose larvae feed exclusively on the body 

of an arthropod host, eventually killing it (Godfray 1994). Reproductive development 

within these species is holometabolous; the egg, larval and the pupal stage occur within 

a single host (Figure 2.1). In some species more than one larva can develop 

gregariously within the same host (Alphen and Vet 1986). Parasitoids use a broad 

spectrum of hosts including necrophagous insects found in association with 

decomposing remains (Amendt et al. 2000; Braack 1987).  

 

 

 

 

Figure 2.1: A generalized life cycle of a hymenopteran pupal parastioid within a 

dipteran host. Adapted from (Weeden et al. 2009).  

 

Importantly, once a host is parasitized by a parasitoid it is left in situ rather than taken 

to a nest or cache (Godfray 1994). Thus, there is the potential for parasitized hosts to be 

collected along with other insects from decomposing remains. Certainly, numerous 

decomposition studies and forensic case reports have noted the presence of parasitoids 

and parasitized dipteran hosts in association with decomposing remains. Braack (1987) 

identified two hymenopteran parasitoids, Nasonia vitripennis Walker (Hymenoptera: 

Pteromalidae) and Trichopria lewisi Nixon (Hymenoptera: Diapriidae), in his 
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investigation of community dynamics of carrion in South Africa. In the United States, 

parasitoids within the family, Ichneumonidae, were observed by Reed (1958) in 

association with dog carcasses and in New Zealand two parasitoid species from the 

families, Encyrtidae and Braconidae were observed in association with pig carrion 

(Eberhardt and Elliot 2008). Most significantly, however, a case report from Italy 

reported the collection of two parasitoid species, Tachinaephagus zealandicus 

Ashmead (Hymenoptera: Encyrtidae) and N. vitripennis from human remains 

(Turchetto and Vanin 2004).  

 

 

2.9 Current Research Status  

 

The use of parasitoids as tools in criminal investigations has recently been suggested by 

forensic practitioners, although their presence at crime scenes has been largely ignored 

due to their small size and the paucity of relevant research information available 

(Amendt et al. 2000; Disney and Munk 2004; Grassberger and Frank 2003; Turchetto 

and Vanin 2004). In practice, using parasitoids as indicators of PMI requires a thorough 

understanding of the biology, development rate, ecology and behavior of both the 

parasitoid and the host. Problematically, as the majority of forensic research has 

focused on flies as the primary indicators of PMI, the required body of knowledge 

relating to parasitoids associated with remains is severely limited. In particular, the 

parasitoid species of potential forensic significance are largely unknown for many 

geographic regions. Where parasitoids have been reported in association with 

decomposing remains, identification is commonly limited to the family taxonomic level 

and individual species are not identified (Archer and Elgar 2003c; Eberhardt and Elliot 

2008; Reed 1958).  

 

Within Australia, Fuller’s (1934) comprehensive study of the insect inhabitants of 

carrion in Canberra reported as many as five species of parasitoid that parasitized 

dipteran hosts. Three parasitoid families were represented in this study, the 

Chalcididae, Pteromalidae and Diapriidae. These three families, plus and additional 

parasitoid family, the Encyrtidae, were reported in association with carrion in Western 

Australia during Bornemissza’s (1956) study of insect succession patterns. 

Unfortunately, Bornemissza (1956) did not identify parasitoids beyond family level and 

there is no record of which host species were parasitized. Further, all four parasitoid 
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families were grouped together as ‘Parasitic Hymenoptera’ for consideration of 

succession patterns. As such, the parasitoid species associated with decomposing 

remains in Western Australia and their respective hosts are currently unknown. 

Subsequently, the arrival and departure times of the individual species inhabiting 

decomposing remains requires further investigation. 

 

Biological Control Research 

The majority of information available concerning the behaviour and ecology of 

parasitoids has been gathered for the purposes of biological control (Kaufman et al. 

2001; Legner 1995; Marchiori et al. 2003a; Morgan 1929; Vinogradova and Zinovjeva 

1972; Weinzierl and Jones 1988). Hymenopteran parasitoids are among the most 

important natural enemies of filth flies associated with humans and livestock (Hogsette 

1999). Parasitization of agricultural pests responsible for various economic losses and 

health issues such as the stable fly, Stomoxys calcitrans Linnaeus (Diptera: Muscidae) 

and the house fly, Musca domestica Linnaeus (Diptera: Muscidae) can significantly 

reduce fly numbers and assist in the management of fly populations (Geden et al. 2006; 

Hogsette et al. 2001; Waterhouse and Sands 2001). As individual parasitoid species 

generally parasitize more than one host species, the host range of parasitoids used in 

biological control may encompass more than just the target pest species (Wright et al. 

1989). 

 

One hypothesis is that parasiotid species, known to parasitize fly larvae in the 

agricultural industry, will also use forensically relevant fly species as hosts in the field. 

Biological control records relating to Western Australia detail the release of several 

parasitoid species in an attempt to control, Lucilia cuprina Wiedemann (Diptera: 

Calliphoridae) and Lucilia sericata Meigen (Diptera: Calliphoridae), the two species 

primarily responsible for ovine myiasis in Western Australia (Kitching and Jones 

1981). Notably, three of the parasitoid species reared and released in Western Australia 

have been reported to frequent decomposing remains in other countries and thus may 

be of potential forensic significance. The cosmopolitan pupal parasitoid, N. vitripennis, 

was distributed in Western Australia throughout 1915-1925 while the native larval 

parasitoid, T. zealandicus, was similarly distributed throughout 1928-1931 (Waterhouse 

and Sands 2001). Neither species proved to be an effective biological control agent for 

L. sericata. The exotic larval parasitoid, Alysia manducator Panzer (Hymenoptera: 

Braconidae), was also introduced to Western Australia throughout 1928-1930 but is 
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reported to have failed to become established (Wilson 1960). At present, no records 

exist detailing the current status of these species in Western Australia. 

 

 

2.10 Parasitoid Succession and Host Foraging   

 

Beyond identification of the relevant parasitoid species for a given geographic location, 

knowledge of when the different parasitoid species arrive at a carcass, which host 

species are parasitized and the development stage at which the female wasp parasitizes 

the host is needed to establish a PMI. Ultimately, establishing when an adult parasitoid 

arrives, locates a host and parasitizes a host requires an understanding of the host 

foraging process of forensically important parasitoid species.  

 

As the oviposition decisions made by female parasitoids can directly influence the 

survival and fitness of their offspring, it is expected that host searching and host 

acceptance will be strongly influenced by natural selection (Godfray 1994). 

Researchers have investigated aspects of parasitoid host location and host selection 

behaviour as a means of testing optimisation hypotheses (Buitenhuis et al. 2004; Chau 

and Mackauer 2000; Harvey and Gols 1988; Kivan and Kilic 2004; Quimio and Walter 

2001; Rolff and Kraaijeveld 2001). Such studies provide insight into the selective 

pressures that have shaped host-parasitoid evolution in the species under investigation 

(Broad and Quicke 2000; Thompson 1988).  

 

For parasitoids, successful reproduction encompasses 5 stages; host-habitat location, 

host location, host acceptance, host suitability and host regulation as depicted in Figure 

2.2 (Vinson 1976; Vinson and Iwantsch 1980). The term ‘host selection’ encompasses 

the host searching stages of the foraging female and successful oviposition. However, 

successful reproduction also requires that the host is a suitable development site for the 

parasitoid larvae (host suitability) and that the larvae can regulate the host’s physiology 

(host regulation) for successful development (Vinson and Iwantsch 1980). 
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Host Selection 

(Locate Host Habitat → Locate Host → Host Acceptance)       

↓ 

Host Suitability 

↓ 

Host Regulation  

 

Figure 2.2: Stages involved in female parasitoid foraging (Vinson and Iwantsch 1980). 

 

Host Selection 

Adult females respond to a hierarchy of stimuli, both physical and chemical, as a means 

of seeking out potential hosts (Godfray 1994; Vet and Dicke 1992). Hymenopteran 

parasitoids commonly respond to olfactory cues derived from the host itself, products 

derived from the host or the food source of their hosts (Meiners et al. 2000; Morgan 

and Hare 1998; Vet and Van Alphen 1985). Research indicates that long distance 

detection of host-derived stimuli is generally limited and initially cues derived from the 

host’s habitat direct searching behaviour (Vet and Dicke 1992). Within a selected 

micro-habitat, female foraging intensifies and close range host detection is usually 

guided by host-derived chemical stimuli such as karimones (Vet et al. 1995; Vet 1985).  

 

Host habitat location behaviour has been widely studied in parasitoids that use 

phytophagous insect hosts (Storeck et al. 2000). However, a plant based micro-habitat 

is vastly different to that of decomposing remains. In the case of phytophagous insects, 

the micro-habitat of the host is also a living food source that often benefits from the 

removal of the host. Parasitoids commonly respond to volatile compounds released by 

the plant upon which a potential host is feeding (Henneman 1996; Mackauer et al. 

1996; Morgan and Hare 1998; Wackers and Lewis 1999). This tritrophic relationship 

between the parasitoid-host-plant has evolved under significantly different selective 

pressures to that of a parasitoid-host-carrion relationship. In the absence of any 

selective pressure on the host’s food source in a parasitoid-host-carrion relationship, the 

cues used in long range host detection are unlikely to be as reliable as the emission of 

odour signals by a plant in response to host feeding. For instance, parasitoids of 

drosophila hosts are attracted to odour cues emitted from the host’s food source, such 

as fermenting fruit, regardless of the presence or absence of hosts (Vinson 1981). 
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There is evidence that foraging females improve the potential of locating a host based 

on the chemical condition of the host’s food source. For example, the parasitoid, 

Asobara tabida Nees (Hymenoptea: Braconidae) is attracted to the odour of its host 

food source, fermenting yeast medium. This attraction was found to decrease as the 

material changed over time and became less likely to support a host (Vet et al. 1984). 

Similarly, the larval parasitoid of drosophila, Leptopilina clavipes Hartig 

(Hymenoptera: Figitidae), responded to the odour of mushrooms, but only those in a 

state of decay that was most likely to support host larvae (Vet 1983).  

 

Decomposing substrates release volatile compounds that differ in type and composition 

to that of fermenting substrates and plant-derived odours (Hall 1995; Vass et al. 2004; 

Vinson 1976). Vass et. al. (2004) identified 424 volatile chemicals released during 

human decomposition representing seven compound classes. Volatile compounds such 

as dimethyl disulfide, sulfur dioxide and benzene are common products of human and 

animal decomposition (Telford 2005; Vass et al. 2004). As decomposition progresses 

the volatile compounds released change reflecting the stage of cellular breakdown 

(Statheropoulos et al. 2005). In synchronization with these changes, the successional 

colonisation of the carcass involves the arrival of different fly species at different stages 

of decomposition (Archer and Elgar 2003a). As such, parasitoid species may be 

attracted to the carcass at specific stages of decomposition in accordance with the 

arrival and development of acceptable hosts. There exists the possibility of reduced 

competition through niche segregation allowing for several parasitoid species to be 

attracted to a carcass at different times. However, the physical and/or chemical stimuli 

that may attract parasitoids to decomposing remains as cues to host location are 

currently unknown.  The physical and chemical cues used by forensically relevant 

parasitoids during host foraging are an important aspect of parasitoid succession. 

Currently, this aspect has received limited attention in the literature.  

 

Host Acceptance 

The physiological host range of a parasitoid species is essentially those species on 

which the parasitoid can survive and develop (Mansfield and Mills 2004). Within a 

single micro-environment a parasitoid may encounter a number of host species of 

varying quality. Parasitoids commonly demonstrate a preference for a particular host 

species (Quimio and Walter 2001). Research has focused on comparative investigation 

of larval performance in different host species as a means to explain host preference 



2-23 
 

(Buitenhuis et al. 2004; Morris and Fellowes 2002). Such research attempts to fit 

observed oviposition behaviour to optimal oviposition theory. This theory predicts that 

a female will select a host that offers the maximum fitness gain to her offspring thereby 

maximising her own fitness (Jaenike 1978). Certainly, there are many examples in the 

literature of strong correlations between host preference and larval performance 

measures such as offspring survival, development time, sex ratio and size (Alphen and 

Vet 1986; Mayhew 1997; Pawlitz and Bultman 2000; Thompson 1988). However, in 

many insects, host preference does not always correlate with greater offspring 

performance (Scheirs et al. 2004). Such cases suggest that optimal oviposition theory is 

inadequate for predicting host choice (Mayhew 2001). For instance, host preference can 

be dynamic and change as a result of prior ovipositional experience, host encounter rate 

or  handling time required for a particular host species (Godfray 1994).  

 

Host preference may be linked to both foraging success and larval performance in some 

species. For instance, a preferred host may be the host species that is encountered most 

frequently even though larval performance may not be optimal (Alphen and Vet 1986). 

In addition, not all stages of the host’s life cycle are equally suitable for parasitoid 

development and many parasitoid species prefer to only parasitize a single host stage 

(Buitenhuis et al. 2004). Older, larger instars are often preferred as hosts in many 

parasitoid-host relationships (Chau and Mackauer 2000). Researchers have linked this 

to optimal oviposition theory whereby larger hosts offer greater nutritional resources 

and resulting offspring success (Guillen et al. 2002; Harris et al. 1991; Harvey and 

Gols 1988). Again, however, preference may vary with availability and relative 

seasonal abundance of various hosts (Chau and Mackauer 2000). The preferred host 

species and developmental stage at which a host is most likely to be parasitized are 

currently unknown for carrion inhabiting insects within Australia.  

 

Knowledge of host selection behaviour is a fundamental component for the 

establishment of the age of parasitoids identified within fly hosts collected from crime 

scenes. It is also therefore of prime importance when estimating PMI. Importantly, the 

host species subject to the highest rate of parasitization and the parasitoid species 

responsible for the greatest incidents of parasitization are the species with the greatest 

potential as indicators of PMI. These species are more likely to be regularly collected at 

crime scenes and not overlooked. However, the rates of parasitization observed in 

association with carrion have never been investigated in Western Australia.  
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2.11 Temperature Dependant Development 

 

Estimates of PMI require baseline data on the temperature-dependant development of 

both the host and parasitoid species. The biology and development of numerous 

parasitoids has been well documented (Boohene et al. 2003; Geden 1997; Lysyk 2001; 

Mann et al. 1990a; Morgan et al. 1991; Petersen and Currey 1996; Smith and Rutz 

1986; Smith and Rutz 1987; Stenseng et al. 2003), however, the temperature-dependant 

development of a number of parasitoids has been found to vary with host species 

(Brodeur et al. 1998; Dijkerman 1990; Minot and Leonard 1976; Rivers and Denlinger 

1995). Successful development of the parasitoid within the host depends on several 

factors including the presence/absence of toxins detrimental to parasitoid development, 

the host’s nutritional quality and the parasitoids ability to evade the host’s immune 

responses such as encapsulation (Vinson and Iwantsch 1980). As such, the suitability of 

a host for parasitoid development can vary with host species, host age, host 

physiological condition and host diet (Godfray 1994; Harvey and Thompson 1995; 

Mironidis and Savopoulou-Soultani 2009). 

 

Rivers & Denlinger (1995) demonstrated that the development time of N. vitripennis in 

four different hosts varied by as much as 2.7 days. Total development time from 

oviposition to adult emergence at 25°C took 12.0 ± 0.3 days in the fly host, Sarcophaga 

crassipalpis Macquart (Diptera: Sarcophagidae), compared to 14.7 ± 0.8 days in the 

common house fly, M. domestica. Fecundity, sex ratio and the size of offspring also 

varied between host species (Rivers and Denlinger 1995). Such differences reflect host 

quality and by extension host suitability for parasitoid development (Rivers 1996). As 

parasitoid development time may be host specific, studies relating to biological control 

programs have limited forensic application. While some generalist parasitic wasps may 

potentially parasitize hosts of both forensic and agricultural relevance, the fly species 

associated with decomposing remains are different to those targeted by biological 

control programs. Thus, knowledge of parasitoid-host biology within forensically 

relevant hosts requires further research. 

 

Forensic research of the temperature-dependant development of both host and 

parasitoid species is also almost entirely lacking. Of the existing studies detailing the 

biology of a parasitoid-host relationship for use as a forensic indicator of time since 

death the majority have focused on the pupal parasitoid, N. vitripennis (Grassberger 
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and Frank 2003; Mello and Aguiar-Coelho 2009). Grassberger & Frank (2003) 

described the relationship between temperature and development for N. vitripennis, 

within the forensically significant host fly, Protophormia terraenovae Robineau-

Desvoidy (Diptera: Calliphoridae). 

 

Using the parasitoid development data provided and the known development rate of P. 

terraenovae the difference between the emergence of a non-parasitized host and the 

emergence of adult parasiotids can be calculated. For instance, at 20°C the 

development of the parasitoid, N. vitripennis, within this host from oviposition to adult 

emergence is completed within 22.5 ± 1.1 days. Comparatively, at 20°C the 

development of P. terraenovae from oviposition to eclosion is completed within 21.96 

± 1.45 days (Grassberger and Reiter 2002). However, the host is not parasitized by N. 

vitripennis until the pupal stage and it takes 13.1 ± 1.1 days at 20°C to pupariation for 

P. terraenovae (Grassberger and Reiter 2002). As Grassberger and Frank (2003) used 2 

day old pupae as hosts for N. vitripennis parasitoid emergence from this host occurs 

approximately 15 days after that of a non-parasitized host at 20°C.  

 

Therefore it can be concluded that this parasitoid species was a suitable alternative 

indicator of PMI as the development of N. vitripennis within P. terraenovae exceeded 

that of the non-parasitized host by as much as 30 days at 15°C. The time difference 

between the emergence of a non-parasitized host and parasitoid emergence varied 

inversely with temperature and thus at low temperatures this time difference was 

greater. For cases where the development of the traditional indicators of PMI is 

complete, knowledge of the succession and development of parasitoids such as N. 

vitipennis can be used to estimate a more accurate PMI.  

 

Problematically, this data is geographically specific to the Austrian region in which the 

study was conducted and is only applicable for cases of parasitism in which the same 

host, P. terraenovae, is involved. The development rates of other parasitoid species, 

within forensically relevant hosts, are practically non-existent. Therefore there is 

currently a paucity of relevant reference data detailing species-specific relationships 

between development and temperature required for the estimation of PMI based on 

parasitoid development. The research that is available is either geographically specific 

or is focused on parasitoid species used as biological control agents of filth flies rather 

than in a forensic context.  
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2.13 Conclusion 

 

Despite the long history of forensic entomology in the criminal justice system, it 

remains a fledgling field lacking adequate research in most geographic regions. The 

succession patterns of carrion inhabiting insects have been sporadically documented 

throughout various regions of the world and where regional data is available carcass 

decomposition has been investigated at a single location, representing only one habitat 

type. Few studies document seasonal and annual variations in insect succession patterns 

and numerous studies are based on insufficient replication.  

 

As baseline succession data is geographically specific, issues exist regarding the 

applicability of the available succession data to forensic cases in Australia and other 

geographic regions. Further, the accuracy of entomological based estimates of PMI is 

reduced when time since death extends beyond the larval development time of 

synanthropic flies, the traditional indicators of PMI. In such cases, hymenopteran 

parasitoids of carrion inhabiting fauna can provide a more accurate estimate of PMI. 

However, while various parasitoid species may prove beneficial in forensic 

investigations, a lack of sufficient detailed data on many aspects of their biology and 

behavior currently hinders their use as indicators of time since death. The research that 

is available is either geographically specific or is focused on parasitoid species used as 

biological control agents of filth flies rather than in a forensic context.  

 

Research is therefore needed to establish comprehensive, geographically specific, 

baseline succession data for Western Australia encompassing the behavior and ecology 

of forensically relevant parasitoids. Investigation of the parasitoid-host relationships 

observed in Western Australia and baseline data of the temperature-dependant 

development of both the host and parasitoid will allow more precise estimates of PMI 

to be deduced. Ultimately, such research is needed to effectively incorporate the use of 

parasitoids as indicators of PMI into existing and future casework involving forensic 

entomology.  
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Hymenopteran parasitoids of forensic importance; host associations, seasonality 

and prevalence of parasitoids of carrion flies in Western Australia 

 

 

3.1 Abstract 

 

A two year survey of hymenopteran parasitoids associated with carrion breeding flies 

was conducted to establish the parasitoid species of potential forensic significance in 

Western Australia. Host associations, seasonality, and rates of parasitism in the field 

were examined to assess the value of the identified parasitoids as forensic indicators of 

time since death. Four species of parasitoid emerged from dipteran specimens collected 

from carcasses: Tachinaephagus zealandicus Ashmead (Hymenoptera: Encyrtidae), 

Nasonia vitripennis Walker (Hymenoptera: Pteromalidae), Spilomicrus sp. 

(Hymenoptera: Diapriidae) and Aphaereta sp. (Hymenoptera: Braconidae). Overall 

parasitism of carrion breeding flies was 11.8%. T. zealandicus and N. vitripennis were 

the predominant species accounting for 86.3% and 11.5% of parasitism observed, 

respectively. In contrast, Aphaereta sp. and Spilomicrus sp. were intermittently 

collected from carcasses throughout the study and the parasitism rates of both species 

were low (≤ 3.0%). Our findings provide forensically important biological and 

behavioural data of parasitoid-host interactions within carcass environments. The 

cosmopolitan parasitoids, T. zealandicus and N. vitripennis have the greatest potential 

as indicators of time since death in forensic investigations based on their broad host 

ranges, rates of parasitism, and seasonal prevalence. In combination, these two species 

are present throughout the year and they parasitized nearly all of the dipteran species 

that colonize carcasses. As both are cosmopolitan species, the data presented here are 

applicable to regions experiencing a similar Mediterranean climate. This work reports 

the first incidence of T. zealandicus and N. vitripennis parasitising the dipteran species, 

Calliphora albifrontalis Malloch (Calliphoridae), Calliphora dubia Macquart 

(Calliphoridae) and Hydrotaea rostrata Robineau-Desvoidy (Muscidae).  
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3.2 Introduction 

 

Forensic entomology, the use of arthropods as tools in legal investigations, is 

frequently used to estimate time since death or the post-mortem interval (PMI) in cases 

of homicide, suicide or unexplained death (Dadour et al. 2001). The occurrence of 

decomposing remains within an environment presents a transient habitat and food 

resource opportunity for numerous insect species (Wells and Greenberg 1992). The 

arrival, activity and departure time of the different insect species inhabiting a carcass is 

predictable for a given set of conditions and closely linked to the progression of carcass 

decomposition (Anderson and Vanlaerhoven 1996). Entomological estimates of PMI 

are based on knowledge of the insect species associated with each of the different 

stages of decay and the temperature dependant development of these species (Centeno 

et al. 2002). Knowledge of both aspects is needed as the developmental age of insect 

larvae collected from a carcass is ultimately interpreted in the context of succession 

patterns and the arrival time of the initial ovipositing species (Amendt et al. 2007). 

 

Studies to date have focused on the use of synanthropic flies, particularly calliphorids, 

as forensic indicators of time since death as such species are typically the earliest 

carcass colonizers and thus provide the most accurate basis for PMI estimates 

(Anderson 2000a; Grassberger and Reiter 2002; Wells and Kurahashi 1994). Issues 

arise, however, in situations where time since death has extended beyond the larval 

development time of these species. Under such circumstances, estimates are currently 

based on the composition of the insect community and pupal remnants observed or 

collected at the scene (Amendt et al. 2007; Archer and Elgar 2003c). Pupal remnants 

can provide an indication of the time period required for the completion of fly 

development but not the time between the last fly emergence and the discovery of the 

body. Consequently, such estimates of PMI are rarely precise and a much broader time 

frame is usually given, often encompassing several days during which death could have 

occurred. Use of alterative indicator species, whose development is linked to the early 

colonizing Diptera and yet extends beyond that of dipteran indicators, can assist in 

improving the accuracy of such PMI estimates. 

 

Parasitic wasps are among many of the insects that frequent decomposing remains, 

arriving in search of hosts (Turchetto and Vanin 2004). Hymenopteran parasitoids of 

Diptera have the greatest potential as alternative indicator species as they develop 
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within dipteran hosts and commonly their development time extends beyond that of the 

non-parasitized host (Amendt et al. 2000; Grassberger and Frank 2003). Knowledge of 

the development time of both the host and parasitoid, placed in the context of insect 

succession patterns, can provide an accurate extended PMI time frame.  

  

The use of parasitoids as tools in criminal investigations has previously been suggested 

by forensic practitioners, although their presence at crime scenes has been largely 

ignored due to their small size and the paucity of biological information available 

(Amendt et al. 2000; Disney and Munk 2004; Grassberger and Frank 2003). Although 

various parasitoid species may prove beneficial in forensic investigations, in practice, a 

lack of sufficient data on many aspects of their biology and behaviour currently hinders 

their use as indicators of time since death. The limited data available is either 

geographically specific or is focused on parasitoid species used as biological control 

agents of filth flies (Bishop et al. 1996; Graham-Smith 1916; Hughes and Woolcock 

1976). The parasitoid species of forensic significance are largely unknown for many 

geographic regions. Where parasitoids have been reported in association with 

decomposing remains, identification is often limited to the family taxonomic level and 

individual species are not identified (Archer and Elgar 2003c; Eberhardt and Elliot 

2008; Reed 1958). In particular, the parasitoid species of potential forensic significance 

in Western Australia and the forensically relevant host species that they parasitize are 

currently unknown.  

 

One hypothesis is that the parasitoid species known to parasitize agriculturally 

significant fly larvae and pupae in Western Australia will also use forensically relevant 

fly species as hosts in the field. Biological control records relating to Western Australia 

detail the release of several imported parasitoid species in an attempt to control the pest 

flies, Lucilia cuprina Wiedemann (Diptera: Calliphoridae) and Lucilia sericata Meigen 

(Diptera: Calliphoridae), the two species primarily responsible for myiasis in sheep 

(Kitching and Jones 1981). The cosmopolitan pupal parasitoid, N. vitripennis was mass 

reared and distributed in Western Australia throughout 1915-1925, whereas the larval 

parasitoid T. zealandicus was similarly distributed between 1928 and 1931. Neither 

species proved to be an effective biological control agent for L. sericata (Waterhouse & 

Sands, 2001). A third parasitoid, Alysia manducator Pantzer (Hymenoptera: 

Braconidae) was reared and released in Western Australia during 1928-1930. A. 

manducator is thought to have failed to become established due to adverse weather 
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conditions, competition with N. vitripennis and predation by other insects (Wilson 

1960).  At present, no records exist detailing the status of these parasitoid species in 

Western Australia or their current prevalence in fly populations.   

 

Throughout 2006-2008, a survey of parasitoids affiliated with decomposing remains 

was conducted to identify parasitoids of potential forensic significance in Western 

Australia. This study aimed to firstly identify the parasitoid species associated with 

decomposing remains and their forensically relevant hosts and secondly, to examine 

aspects of the biology and behaviour of these parasitoids. Distribution, prevalence, host 

associations, seasonality, and rates of parasitism in the field were examined to assess 

the value of the identified parasitoids as forensic indicators of time since death.  

 

 

3.3 Materials and Methods 

 

Study Sites 

A two year survey of parasitoids associated with decomposing remains was conducted 

at two study sites from the 1 April 2006 to the 31 March 2008. The first site (bushland) 

was located within a wildlife reserve situated 23 km south of Perth, Western Australia 

(32° 10´S, 115° 50´E). The site encompassed 253 ha of coastal bushland, consisting of 

predominately jarrah (Eucalyptus marginate Donn ex Smith (Myrtales: Myrtaceae)), 

marri (Corymbia calophylla Lindley (Myrtales: Myrtaceae)), paperbark (Melaleuca sp. 

(Myrtales: Myrtaceae)) and grass trees (Xanthorrhoea sp. (Asparagales: 

Xanthorrhoeaceae)). The second study site (agricultural) was located within an 

agricultural field station used for animal and crop research. The 67 ha site, situated 7 

km north of Perth, Western Australia (31° 57´S, 115° 51´E), consisted of fenced, 

irrigated fields of mixed pastures predominantly used for animal grazing. Surrounding 

vegetation consisted predominately of perennial grasses and scattered marri trees (C. 

calophylla).  

 

Daily records of ambient temperature were recorded throughout the study at each site 

using a Datataker DT50 data logger (Hinco Instruments, Perth, Western Australia). 

Records of ambient temperature, rainfall and humidity were also obtained from the 

Australian Bureau of Meteorology. Data were collected from weather stations 

representative of the two study sites (bushland site: 32° 10´S, 115° 88´E; elevation, 30 
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m; and agricultural site: 31° 96´S, 115° 76´E; elevation 41 m). Average monthly 

temperature ranged from 11.6°C to 25.3°C at the bushland site and 13.8°C to 26.0°C at 

the agricultural site (Figure 3.1). Average relative humidity (RH) ranged between 47.0-

63.0% and 59.0-65.0% at each site, respectively. Cumulative precipitation at the 

bushland site was 477.6mm in 2006-2007 and 864.2mm in 2007-2008. Cumulative 

precipitation at the agricultural site was 458.0 mm and 774.6 mm, respectively. 

Generally, mean monthly temperatures were lower and rainfall was higher at the 

bushland site (Figure 3.1). 

 

 

 

 

Figure 3.1: Average monthly ambient temperatures (lines) and average monthly 

rainfall (bars) at two sites in Perth, Western Australia over two years (April 2006 to 

March 2008). Black solid line, bushland site (2006-2007); black dashed line, bushland 

site (2007-2008); grey solid line, agricultural site (2006-2007); and grey dashed line, 

agricultural site (2007-2008). Dark grey bars, 2006-2007 and light grey bars, 2007-

2008.   

 

 

Survey of Parasitoids 
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Guinea pig carcasses, Cavia porcellus Linnaeus (Rodentia: Caviidae), were used as an 

attractant for fly oviposition and subsequent parasitoid oviposition. Carcasses were 

exposed to insect fauna and decomposed under natural climatic conditions over a one 

month period. Guinea pig carcasses (423–553 g) were obtained from the University of 

Western Australia following the humane culling of surplus stocks in accordance with 

standard ethical procedures. Carcasses were collected, individually bagged, labelled 

and frozen until needed. Guinea pig carcasses were thawed in the laboratory (24.0 ± 

1.0°C) prior to use in the field.   

 

On the first day of each month (Day 1), between 0800 and 1000 hrs, twenty carcasses 

were individually placed within scavenger proof cages and positioned 50 m apart 

throughout each study site (10 carcasses per site). Scavenger proof cages consisted of a 

black plastic box, 65 x 42 x 38 cm, filled with soil from the site and covered by a 

tightly fitting wire mesh lid (diameter of mesh grid openings 30 x 35 mm). The cage 

design prevented animal scavenging, allowed insect access and facilitated the collection 

of pre-pupae and pupae samples. Sampling of colonising insects was conducted on Day 

3, 6, 9, 12, 20 and 28 of each month. Representative samples of colonising immature 

Diptera from each replicate were collected. In the advanced stages of decomposition, 

sections of the soil surrounding the carcasses were carefully hand sieved for the 

presence of immature specimens.  

 

Collected specimens were labelled in relation to replicate number, sampling time and 

collection site before transport to the laboratory for rearing. Rearing was conducted 

under environmentally controlled conditions of 24.0 ± 1.0°C, 60 ± 10% RH and 

photoperiod of 16:8 (L:D) hrs. Samples of eggs and larvae were reared on a meatmeal 

(slaughterhouse by-product) food substrate through to pupation. Pupae from labelled 

sample batches were individually placed in gelatine capsules (size 00) and stored 

together in plastic containers until either emergence of an adult fly or parasitoid/s. 

Emerged specimens were killed in 70.0% ethanol, identified and counted. Pupae from 

which adult flies or parasitoids had not emerged after 6 weeks were dissected for 

evidence of parasitoid or host tissue.  

 

Adult flies and larvae were identified based on published keys (Wallman 2001a; 

Wallman 2001b) and with the aid of reference specimens identified by A. Szito, 

Department of Food and Agriculture, Western Australia. Parasitoid hosts were 
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identified on the basis of larval and pupal morphology and on the identification of adult 

flies reared from the same sample batch. Parasitoid specimens were identified by A. 

Austin (Encyrtidae, Pteromalidae) University of Adelaide, Australia and M. Buffington 

(Diapriidae, Braconidae) Systematic Entomology Laboratory, Washington, DC. 

Voucher specimens were placed in the National Museum of Natural History, 

Smithsonian Institution, Washington, DC (USNM). 

 

Data Analyses 

Parasitization was calculated as P/H x 100, where P is number parasitized and H is 

number of hosts collected. Relative abundance was calculated as the HS/H x 100, where 

S is individual host species. Host susceptibility to parasitization was calculated for each 

host species as PS / HS x 100 and compared to those species most commonly parasitized 

by each parasitoid species, calculated as PS/P x 100. The effect of host species on the 

number of parasitoid offspring emerging per host was examined using Kruskal-Wallis 

one-way analysis of variance (ANOVA) and Dunn’s post hoc comparison test. Data 

was analysed using SigmaStat for Windows v3.5 (Systat Software, Inc., San Jose, CA).  

 

 

3.4 Results 

 

In total, 66,792 immature flies were collected from carcasses throughout the study. Of 

these, 7879 (11.8%) were parasitized by hymenopteran parasitoids yielding 87,169 

successfully emerged parasitoid specimens. Four species of parasitoid, all gregarious, 

emerged from larval and pupal samples collected in the field, Tachinaephagus 

zealandicus (Encyrtidae: Encyrtinae), Nasonia vitripennis (Pteromalidae: 

Pteromalinae), Spilomicrus sp. (Proctotrupoidea: Diapriidae) and Aphaereta sp. 

(Braconidae: Alysiinae).  

 

Tachinaephagus zealandicus and N. vitripennis accounted for almost all the parasitism 

observed over the course of the study (86.3% and 11.5% respectively). T. zealandicus 

was the predominant species at both the agricultural and bushland sites. 

Comparatively, parasitism of fly larvae by Aphaereta sp. and Spilomicrus sp. was rare 

with both species contributing ≤ 3.0% of the total parasitism recorded. Parasitism by T. 

zealandicus declined in the second year of the study (2007-2008) at both the bushland 
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and agricultural sites. In contrast, parasitism by N. vitripennis increased at both sites in 

the second year of the study (Table 3.1).  

 

 

Table 3.1: Number of Diptera collected and percentage parasitism at two study sites 

from April 2006 to March 2008 in Perth, Western Australia. 

 

 Bushland Site Agricultural Site 

Parasitized 2006-2007 2007-2008 2006-2007 2007-2008 

 N % N % N % N %

Total Parasitism 1,601 7.97 1,707 8.00 3,007 21.18 1,564 13.98

T. zealandicus 1,429 7.12 1,228 5.76 2,797 19.70 1,344 12.02

N. vitripennis 147 0.73 437 2.05 166 1.17 157 1.40

Aphaereta sp. 5 0.02 35 0.16 42 0.30 62 0.55

Spilomicrus sp. 20 0.10 7 0.03 2 0.01 1 0.01

COLLECTED 20,083 21,327 14,198  11,184

Total parasitized hosts, 7,879. Total immature flies collected, reared to maturity and 

yielding either an adult fly or parasitoids, 66,792. Percentage of parasitism, 11.8%. 

 

 

Parasitoid-Host Associations 

Of the Diptera specimens collected during sampling, nine species representing three 

families (Calliphoridae, Muscidae and Sarcophagidae) were identified in association 

with carcasses (Table 3.2). All nine species have previously been reported as carrion 

breeding flies in Western Australia (Voss et al. 2008). Only Musca domestica Linnaeus 

(Diptera: Muscidae) specimens were not subject to parasitization throughout the study; 

however, this species was rarely associated with carcasses (only 41 individuals 

collected; relative abundance ≤ 0.1%). All four parasitoid species emerged from more 

than one host species. Emergence of more than one parasitoid species from a single 

host was not observed.  
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Table 3.2: Diptera species and hymenopteran parasitoids collected throughout 2006-2008 from carcasses decomposed at two locations in Perth, 

Western Australia.  

 

Diptera  Hymenopteran Parasitoids 

 Encyrtidae  Pteromalidae  Braconidae  Diapriidae Family Species 
 T. zealandicus  N. vitripennis  Aphaereta sp.  Spilomicrus sp. 

Calliphoridae Calliphora dubia (Macquart)  XN  XN  X  X 

 Calliphora albifrontalis (Malloch)  XN  XN  X  X 

 Lucilia sericata (Meigen)  X  X  X  X 

 Chrysomya megacephala (Fabricius)  X       

 Chrysomya rufifacies (Macquart)  X  X     

 Chrysomya varipes (Macquart)  X  X     

Muscidae Hydrotaea rostrata (Robineau-Desvoidy)  XN  XN     

 Musca domestica (Linnaeus)         

Sarcophagidae Sarcophaga sp.  X  X  X   

X denotes parasitism and successful emergence by parasitoid from associated host species. XN denotes new reported host associations. 
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Calliphora albifrontalis was the most abundant fly species available for parasitization 

at both sites throughout the study (Figure 3.2; bushland site: 49.8% of the sampled fly 

specimens, agricultural site: 25.7% of specimens collected). Chrysomya rufifacies 

Macquart (Diptera: Calliphoridae) and C. dubia were also prominent at both sites with 

C. rufifacies the second most abundant species (bushland site, 12.0%; agricultural site, 

19.8%) closely followed by C. dubia (bushland site, 11.9%; agricultural site, 18.2%).  

 

Tachinaephagus zealandicus most commonly parasitized C. albifrontalis (53.1%) 

followed by C. dubia (30.1%), L. sericata and C. rufifacies (12.3% and 3.4% 

respectively).  The remaining identified host species comprised only 1.1% of the 

number of specimens parasitized by T. zealandicus. However, when the abundance of 

each host species available for parasitization is considered, Chrysomya megacephala 

Fabricius (Diptera: Calliphoridae) was the fourth most highly susceptible species to 

parasitization by T. zealandicus (Figure 3.3). C. dubia was the most susceptible to 

parasitization by T. zealandicus followed by C. albifrontalis and L. sericata. In 

contrast, while more abundant and more commonly parasitized by T. zealandicus, C. 

rufifacies was less susceptible to parasitization by T. zealandicus than either C. 

megacephala or Sarcophaga sp. (Figure 3.3).  

 

Chrysomya rufifacies and C. albifrontalis were more frequently parasitized by N. 

vitripennis (83.9% and 9.9% respectively) than any other host species. Further, C. 

rufifacies was more susceptible to parasitization by N. vitripennis than T. zealandicus 

(Figure 3.3). C. albifrontalis was the most commonly attacked host species (76.4%) of 

Aphaereta sp. and the most susceptible to attack by this parasitoid species. 

Sarcophagidae hosts were also highly susceptible to attack by Aphaereta sp. although 

Sarcophagidae were less abundant than C. albifrontalis. Of the host species parasitized 

by Spilomicrus sp., C. dubia was the most common (76.7%) and the most susceptible to 

parasitization (Figure 3.3).      

 

New Host Records 

The flies, C. albifrontalis, C. dubia and H. rostrata are endemic to Australia and have 

not previously been reported as host species for the parasitoids, T. zealandicus and N. 

vitripennis. This is also the first report of Aphaereta sp. and Spilomicrus sp. in 

association with carrion linked hosts in Western Australia.  
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Figure 3.2: Relative abundance (percentage) of dipteran species collected from carcasses decomposed at two study sites from April 2006 to March 

2008 in Perth, Western Australia (black bars, agricultural site and white bars, bushland site). 
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Figure 3.3: Susceptibility of dipteran species to parasitization, relative to abundance, for Diptera collected from carcasses decomposed at two study 

sites from April 2006 to March 2008 in Perth, Western Australia.  
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Seasonal Dynamics 

Parasitoid activity varied seasonally and corresponded closely to the activity of 

perspective hosts and temperature variations (Figures 3.4 - 3.5). T. zealandicus was 

prevalent from April to December. Parasitism rates by this species declined steeply 

during summer at both sites during both years. Peak parasitism by T. zealandicus 

occurred in spring (Sep-Nov) at the bushland site during both years and at the 

agricultural site during 2007-2008. During 2006-2007, parasitism by T. zealandicus 

peaked at the agricultural site in winter (Jun-Aug) with the highest recorded parasitism 

rate of 44.7% occurring in July 2006 (Figure 3.4a). Seasonal abundance of T. 

zealandicus and the predominant host species parasitized, C. albifrontalis, were similar. 

Both T. zealandicus and C. albifrontalis were prevalent throughout April to October 

with numbers declining in November and remaining negligible until late March 

(Figures 3.4a and 3.5a). Secondary hosts, C. dubia and L. sericata were prevalent 

throughout the year with declines in abundance observed during the winter (Figure 

3.5c-d).  

 

In contrast, N. vitripennis activity was highest throughout summer and autumn (Nov-

May) and negligible from June to October (Figure 3.4b). Similarly, C. rufifacies, the 

most commonly parasitized host of N. vitripennis was prevalent throughout November 

to April, declining in May and not observed on carcasses again until late October 

(Figure 3.5b).  

 

Parasitism by Aphaereta sp. occurred almost exclusively in late winter to early spring 

(Jul-Sep) (Figure 3.4c). Parasitism by Aphaereta sp. peaked in August in both 2006 and 

2007 at the agricultural site (2.8% and 4.0% respectively). Spilomicrus sp. activity was 

rare and only observed sporadically throughout both years of the study (Figure 3.4d).  
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Figure 3.4: Monthly parasitism by T. zealandicus (A), N. vitripennis (B), Aphaereta sp. (C) and Spilomicrus sp. (D) of Diptera collected from 

carcasses decomposed at two sites, bushland and agricultural, over two years (Apr 2006 - Mar 2008) in Perth, Western Australia. Black line, bushland 

site (06-07); black dashed line, bushland site (07-08); grey line, agricultural site (06-07); and grey dashed line, agricultural site (07-08).  
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Figure 3.5: Relative monthly abundance of the dipteran C. albifrontalis (A), C. rufifacies (B), C. dubia (C) and L. sericata (D) collected from 

carcasses decomposed at two sites, bushland and agricultural, over two years (April 2006 - March 2008) in Perth, Western Australia. Black line, 

bushland site (06-07); black dashed line, bushland site (07-08); grey line, agricultural site (06-07); and grey dashed line, agricultural site (07-08). 
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Parasitoid Load 

A total of 34,496 parasitoids emerged from hosts collected from the bushland site (T. 

zealandicus, 28,155; N. vitripennis, 5,762; Aphaereta sp., 300 and Spilomicrus sp., 

279) and a further 52,673 parasitoids emerged from hosts collected at the agricultural 

site (T. zealandicus, 48,861; N. vitripennis, 2,983; Aphaereta sp., 815 and Spilomicrus 

sp., 14). Aphaereta sp. yielded an average 7.5 ± 2.9 offspring per host and Spilomicrus 

sp. yielded an average of 10.3 ± 3.1 offspring per host. The number of offspring of T. 

zealandicus and N. vitripennis emerging from a single host varied widely and ranged 

from 1-54 and 1-36 respectively with the highest number of offspring emerging from a 

single Sarcophagidae host in both cases. The number of N. vitripennis and T. 

zealandicus offspring emerging from a single host significantly differed between host 

species (H = 29.5, df = 5, P < 0.001 and H = 153.1, df = 5, P < 0.001, respectively) and 

varied roughly in proportion to the normal size of each host species parasitized. Due to 

low sample size, the host species Chrysomya varipes Macquart (Diptera: 

Calliphoridae), and H. rostrata were not included in the analysis of T. zealandicus 

offspring load and the host species C. megacephala and H. rostrata were not included 

in the analysis of N. vitripennis offspring load.  

 

The smallest of the analysed host species, L. sericata, yielded a significantly lower 

number of T. zealandicus offspring per host (9.1 ± 5.6) (P < 0.05; Dunn’s Test) than the 

other host species. Similarly, the number of N. vitripennis offspring emerging from L. 

sericata and the equally small C. varipes were not significantly different (6.0 ± 2.4 and 

7.8 ± 1.8) (P > 0.05; Dunn’s Test), however, the offspring emergence of these two 

species was significantly less than that of all other host species. Further, the number of 

T. zealandicus and N. vitripennis offspring emerging from the largest host group, the 

Sarcophagidae, was significantly higher than all other host species (19.6 ± 8.5 and 21.1 

± 6.9) (P < 0.05; Dunn’s Test). There was no significant difference between the 

remaining species analysed in regards to the number of T. zealandicus offspring (C. 

albifrontalis, 11.1 ± 6.5; C. dubia, 12.4 ± 6.9; C. megacephala, 10.7 ± 6.5; C. 

rufifacies, 11.0 ± 6.1) or N. vitripennis offspring (C. albifrontalis, 11.7 ± 5.7; C. dubia, 

9.9 ± 5.0; C. rufifacies, 10.2 ± 4.6) per host. Host species comparisons were not 

preformed for Aphaereta sp. and Spilomicrus sp. due to low sample sizes.  
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3.5 Discussion 

 

This is the first two year, comprehensive survey of hymenopteran parasitoids 

associated with carrion breeding flies for application to time since death estimates. All 

previous reports from Western Australia have been anecdotal, limited to family level, 

carrion fauna lists or based on parasitism of dipteran hosts collected from dung, ovine 

myiasis cases or decaying plant material (Bornemissza 1956; Newman and 

Andrewartha 1930; Waterhouse and Sands 2001). This study identified four species of 

parasitoid that frequented decomposing remains in search of hosts and parasitized 

carrion breeding flies, Spilomicrus sp., Aphaereta sp., T. zealandicus, and N. 

vitripennis. The latter two species have previously been reported in Western Australia 

as biological control agents for ovine myiasis causing flies and were the basis of 

several mass rearing and release programs throughout 1915-1931. Since their 

systematic release, the status of N. vitripennis and T. zealandicus has received scant 

attention. The extent to which these species have become established, their distribution 

range and their prevalence in the Perth region has not been investigated since the 

1930s. As such the data reported here are relevant not only to the field of forensic 

entomology but also to aspects of biological control research.  

 

Our findings indicate that T. zealandicus and N. vitripennis are firmly established in 

Western Australia and are generalist parasitoids that use a broad spectrum of dipteran 

hosts including those species associated with decomposing remains. Parasitism 

associated with carrion fly communities was high suggesting that the transient nature of 

carcass availability was not a limiting factor for parasitoid populations. Higher rates of 

parasitism were evident at the agricultural site in both years of the study. While 

average monthly ambient temperatures were typically marginally higher at the 

agricultural site, the observed difference in parasitism is likely to relate to the 

availability of alternative host sources. Both T. zealandicus and N. vitripennis are 

known to parasitize a wide range of hosts occupying various habitats (Ables 1977; 

Bishop 1998; Oliveira et al. 2008; Whiting 1967). Presumably, a greater number of fly 

breeding sites such as manure, garbage and rotting vegetation would be available at the 

agricultural site during periods when carrion resources were unavailable.  

 

Of the four parasitoid species identified, T. zealandicus was the most abundant and 

parasitized the broadest range of host species, closely followed by N. vitripennis. T. 
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zealandicus parasitized eight and N. vitripennis seven of the Diptera species collected 

from carcasses throughout this study including three new host records for the native 

species, C. albifrontalis, C. dubia and H. rostrata. A ninth species, M. domestica, was 

not parasitized by either T. zealandicus or N. vitripennis although this species has 

previously been reported as a host for both parasitoids (Olton and Legner 1974; Rivers 

1996). Further, C. megacephala is a reported host of N. vitripennis but was not 

parasitized by N. vitripennis throughout this investigation (Marchiori et al. 2003b; 

Ribeiro de Carvalho et al. 2005). M. domestica, while common in manure habitats, 

would appear to be an extremely rare colonizer of carrion and few specimens were 

collected throughout this study. Similarly, C. megacephala was infrequently present on 

carrion and typically absent during the warmer month of the year when N. vitripennis 

was most abundant.   

 

Seasonality 

Of the four parasitoids identified, T. zealandicus was active throughout a greater 

portion of the year, being the predominant species between April and December in both 

years of the study. T. zealandicus was replaced by N. vitripennis throughout late 

December to March corresponding to increases in temperature with the onset of 

summer and changes in host species abundances. In contrast, Aphaereta sp. and 

Spilomicrus sp. were intermittently collected from carcasses throughout the study and 

the parasitism rates of both species were low. 

  

The seasonal activity of T. zealandicus reported here is in agreement with previous 

observations of T. zealandicus behaviour and physiological limitations. Ferreira de 

Almeida et. al. (2002b) reported that T. zealandicus was most prevalent between 

August and December in Sao Paulo (Brazil) when temperatures ranged from 17.0 - 

24.6°C. Similarly, Newman and Andrewartha (1930) reported that at temperatures 

above 30°C, T. zealandicus activity declined. High temperatures and low humidity 

were also associated with increased mortality for parasitoids prior to emergence from 

hosts. Difficulty drilling through the host pupae at low humidity was cited as the cause 

(Newman and Andrewartha 1930). Investigation of the development of T. zealandicus, 

within various host species, under constant temperatures indicated that at temperatures 

above 27°C parasitoids failed to emerge (Ferreira de Almeida et al. 2002b; Olton 

1971). Such findings suggest that T. zealandicus is unsuited to the high temperatures 

experienced during summer in Perth and this may account for the observed population 
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decline. In contrast, N. vitripennis is active at higher temperatures than T. zealandicus 

and successfully develops at temperatures between 12.5 and 35°C (Fuller 1934; 

Grassberger and Frank 2003; Whiting 1967).  

 

Host availability also influenced the seasonal abundance of parasitoids with peaks 

closely following that of the primary hosts of each species. T. zealandicus was strongly 

associated with the two endemic species (C. albifrontalis and C. dubia) while C. 

rufifacies was the primary host of N. vitripennis. Both parasitoids, however, are 

generalists, parasitizing and successfully emerging from multiple host species. By 

switching between hosts, parasitoid populations can remain active throughout a greater 

portion of the year than the species that attack a single host species. Thus the 

availability of secondary hosts, C. dubia and L. sericata, throughout summer suggests 

that the observed decline in parasitism by T. zealandicus is linked primarily to changes 

in climatic conditions rather than a decline in host availability. In contrast, the limited 

seasonal activity of N. vitripennis is likely due to changes in host availability.  

 

The dispersal behaviour of hosts prior to pupation can greatly influence the ability of 

the pupal parasitoid N. vitripennis to successfully locate and parasitize hosts and thus 

can limit the availability of hosts. Carrion flies can be divided into those that pupate in 

or near the food source and those that move away from the carcass to bury into the soil 

prior to pupation.  N. vitripennis is not considered to be adapted for burrowing and 

buried pupae are typically beyond the reach of parasitizing females (Altston 1920; 

Ullyett 1950; Whiting 1967). Ullyett (1950) reported a higher incidence of parasitism 

by N. vitripennis in pupae located on or near the surface of a carcass than those buried 

in the soil. C. rufifacies and C. varipes are the only two species reported in this study to 

not exhibit burial behaviour prior to pupation. The high parasitism of C. rufifacies by 

N. vitripennis is likely linked to the behaviour of the dispersing fly larvae prior to 

pupation.   

 

Further, T. zealandicus parasitizes host that are primarily in the 3rd instar and 

wandering stages of development while N. vitripennis is a known pupal parasitoid 

(Olton and Legner 1974, Whiting 1967). As such, the number of hosts available to N. 

vitripennis may be further limited by competition between the two species. N. 

vitripennis is known to discriminate between parasitized and unparasitized host pupae 

and demonstrates selective ovipositional behavior, preferring to oviposit in 
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unparasitized pupae (Kaufman et al. 2001; Wylie 1970). The competitive interaction 

between these two species requires further investigation.  

 

Finally, while several factors, such as immigration of parasitoids from alternative host 

breeding sources, may have contributed to the rapid rise in the abundance of T. 

zealandicus and N. vitripennis following steep seasonal declines, the population 

recovery observed can be partially attributed to the high offspring load of both species. 

Differences between host species in regard to the average number of parasitoid 

offspring emerging per host is likely related to host size. The influence of host species 

on parasitoid load has previously been demonstrated for numerous parasitoid species 

(Kivan and Kilic 2004; Rivers and Denlinger 1995). For gregarious parasitoids, the 

available nutrients per individual host decreases as the number of parasitoid offspring 

per host increases. Other factors that influence host quality and the availability of 

nutrients include host size. Smaller species such as C. varipes and L. sericata represent 

a comparatively smaller nutritional resource than larger species and thus size may have 

influenced the oviposition behaviour and development of T. zealandicus and N. 

vitripennis.   

 

Forensic Importance 

Parasitoids exhibiting a wide host range and high rates of parasitism in the field are 

more likely to be valuable forensic indicators as these species are more likely to be 

found and collected from crime scenes. Of the four species identified in this study, T. 

zealandicus and N. vitripennis have the greatest potential as indicators of PMI. High 

rates of parasitism and prevalence throughout most of the year suggest that T. 

zealandicus is highly likely to be present at crime scenes and collected along with other 

entomological evidence. N. vitripennis, although less prevalent, was active throughout 

the summer months when parasitism by T. zealandicus declined steeply in the field. In 

combination these two species are present throughout the entire year and parasitized 

nearly all of the Diptera species that colonize carcasses. T. zealandicus and N. 

vitripennis also have a broad cosmopolitan distribution resulting from introductions 

related to biological control. Internationally, both species have previously been 

reported in association with carrion and human remains (Grassberger and Frank 2003; 

Turchetto and Vanin 2004). As such, the behavioural and biological data presented here 

for T. zealandicus and N. vitripennis have important applications internationally. 
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This study identified the parasitoid species associated with decomposing remains in 

Western Australia and their forensically relevant hosts.  Knowledge of the relevant 

parasitoids, their host species and seasonal periods of activity will assist with the 

collection and handling of insect evidence from crime scenes. The data presented here 

provide the groundwork for further research ultimately aimed at facilitating the use of 

parasitoids in establishing PMI estimates in cases where traditional indicator species 

have completed their development cycle. Given the high likelihood of host 

parasitization by N. vitripennis and T. zealandicus in Western Australia, the appropriate 

search and handling protocol of pupal remnants should be conducted during the 

collection of entomological evidence. Pupae that have not emerged simultaneously with 

their cohort should be treated as potential hosts of parasitoids and reared appropriately. 

Pupal remnants collected after the completion of parasitoid development within the 

host can also provide an improved PMI estimate that is based on the extended 

developmental time frame of parasitoid and host. Further, in skeletal cases, evidence of 

parasitoid emergence (exit holes) from collected pupae can indicate a seasonal time 

frame based on the diverging seasonality of N. vitripennis and T. zealandicus and that 

of their hosts. As T. zealandicus and N. vitripennis have a cosmopolitan distribution, 

the data presented here is applicable to regions experiencing a similar Mediterranean 

type climate. Future directions include investigation of the factors influencing 

parasitoid attendance at carcasses and the host specific, temperature-dependant 

development of parasitoids within forensic host species.  
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Annual and seasonal patterns of insect succession on decomposing remains at two 

locations in Western Australia 

 

 

4.1 Abstract 

 

This study considered annual, seasonal and shorter-term variation in patterns of insect 

succession onto decomposing remains at two contrasting locations in Western 

Australia, bushland and agricultural. The degree of consistency in insect succession 

patterns over spatial and temporal scales was evaluated through multivariate analysis of 

occurrence-based distance matrices. Insect assemblages were strongly correlated 

between locations, within corresponding time periods, indicating that patterns of insect 

succession were similar between localised sites within the same broad geographic area. 

This suggests that there is reasonable scope for the application of baseline succession 

data generated at a single study site to a range of decomposition sites within a given 

region. Differences were largely due to species absences at the agricultural site. Three 

species of Coleoptera were identified as possible representatives of bushland habitat, 

Ptomaphila lacrymosa (Silphidae), Omorgus tatei (Trogidae) and Helea castor 

(Tenebrionidae), and may be indicative of post-mortem movement between habitat 

types. Within locations, variation in insect assemblages was not significant between 

years. Within years, insect assemblages varied significantly over time on a seasonal 

time scale and as decomposition progressed through defined decomposition stages. 

Forensically relevant data detailing the seasonal pattern of insect succession onto 

decomposing remains for Western Australia are reported. Additional focus has been 

directed towards hymenopteran parasitoids that frequent decomposing remains and 

parasitize Diptera colonisers. Parasitoids can be used to provide an extended PMI 

timeframe in cases where traditional forensic indicators have completed their 

development. 
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4.2 Introduction 

 

Forensic entomology, the study of insects pertaining to legal investigations, is primarily 

concerned with estimations of time since death or post-mortem interval (PMI) in cases 

of homicide, suicide or unexplained death (Catts 1992; Morris and Dadour 2005). The 

occurrence of decomposing remains within an environment provides a temporary 

habitat and food resource opportunity for numerous insect species (Wells and 

Greenberg 1992). Primary colonizers, such as blowflies, are olfactorily attracted to 

remains within hours of death as both a source of protein for egg development and a 

site for oviposition (Archer and Elgar 2003b). Primary colonisers are followed by other 

arthropod species such that insect colonisation onto decomposing remains is considered 

to be a predictable and orderly process in terms of the sequential arrival of different 

species over time (Bornemissza 1956; Price 1997). Insect succession patterns are also 

closely linked to the progression of carcass decomposition and as such, while a 

continuous process, decomposition can be defined into distinct stages which are linked 

to specific insect groups used as markers for the estimation of PMI (Campobasso et al. 

2001; Goff 1993; Rodriguez and Bass 1983).  

 

Many abiotic and biotic factors influence the rate of decomposition and insect 

succession onto remains including geographic location (Campobasso et al. 2001; 

Galloway et al. 1989), climatic conditions (Archer 2004a; Shean et al. 1993), season 

(Johnson 1975; Tabor et al. 2004), habitat (Davis and Goff 2000; Eberhardt and Elliot 

2008; Goff et al. 1988), the physical state of the remains (Avila and Goff 1998) and the 

decomposition environment (Centeno et al. 2002; Goff 1992; Payne and King 1972; 

Voss et al. 2008). Therefore, entomological estimates of PMI require baseline reference 

data detailing the expected pattern of insect succession onto decomposing remains for a 

given set of parameters. Problems arise when the research conditions under which 

succession data are collected do not match the specifics of the investigated death scene. 

In particular, the accuracy of succession based estimates of PMI is dependent on the 

predictability of patterns of insect succession across temporal and spatial scales. 

 

Currently, there is a paucity of baseline reference data detailing and assessing the level 

of temporal (i.e. seasonal and annual) variation in insect succession patterns on 

decomposing remains. The majority of succession data available are based on research 

conducted over a limited time period, usually a single season, and only a handful of 
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studies encompass yearly replication of carcass decomposition (LeBlanc and 

Strongman 2002; Perez 2005; Tabor et al. 2004). Typically, the level of replication 

employed in such studies is low and correspondingly statistical validation of the 

changes in insect communities over time is rarely addressed (Early and Goff 1986; 

Eberhardt and Elliot 2008; Grassberger 2004; Turner and Wiltshire 1999). The low 

level of replication typically used further hampers statistical validation of the 

reproducibility of the succession patterns observed.  

 

The validity of applying reference data collected in one location to another, within the 

same geographic area, has also received limited attention. Insect succession research is 

typically conducted at a single location, representing only one habitat type within a 

single geographic area (Kocarek 2003; Lopes de Carvalho and Linhares 2001). 

Variation between habitats, particularly temperature and vegetation differences, are 

known to influence insect succession and alter decomposition rates (Campobasso et al. 

2001). Few studies have compared insect assemblages and succession patterns between 

habitat types within the same geographic area and most are observational studies with 

no statistical validation of the observed differences (Davis and Goff 2000; Eberhardt 

and Elliot 2008; Goff et al. 1988). As such, the impact of spatial differences on the 

pattern of insect succession between localised sites has yet to be evaluated and thus, the 

validity of applying baseline data gathered in one location to another is uncertain.  

 

A further gap in previous research relates to a focus on the succession of synanthropic 

flies, particularly calliphorids, which are typically the earliest carcass colonizers and 

thus provide the most accurate basis for PMI estimates (Anderson 2000a). Issues arise, 

however, in situations where time since death has extended beyond the larval 

development time of these species. Hymenopteran parasitoids of Diptera have the 

greatest potential as alternative indicator species as they develop within dipteran hosts 

and commonly their development time is greater than that of the non-parasitized host. 

Consequently, knowledge of the development time of both the host and parasitoid, 

placed in the context of insect succession patterns, can provide an accurate extended 

PMI time frame (Grassberger and Frank 2003). The use of parasitoids as indicators of 

time since death is currently limited by a deficit of information pertaining to parasitoid 

arrival and colonization of decomposing remains. The experimental design of most 

investigations of insect succession involves the killing and preservation of potentially 

parasitized Diptera, prior to parasitoid emergence, to facilitate specimen identification 
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(Amendt et al. 2007). These pupae are typically not dissected for evidence of 

parasitism and thus the timeframes at which parasitoids arrive at decomposing remains 

and parasitize hosts are unknown for nearly all geographic regions.  

 

In Australia, few entomological studies of insect succession patterns onto decomposing 

remains have been published and the majority have been conducted in Queensland and 

Victoria (Archer 2003; Archer and Elgar 2003c; Fuller 1934; O'Flynn 1983). Previous 

research in Western Australia has been limited to a single 40 day study of the insects 

that frequent animal remains (using pitfall traps) and a preliminary investigation of pig 

carcasses inside a vehicle environment following carbon monoxide poisoning 

(Bornemissza 1956; Voss et al. 2008). Therefore, comprehensive baseline reference 

data of temporal and spatial patterns of insect succession onto decomposing remains in 

Western Australia is currently lacking.  

 

This study aimed to provide baseline reference data detailing the insect taxa and 

seasonal succession patterns of insects onto decomposing carcasses at two locations in 

Western Australia. Species composition, succession patterns and seasonal fluctuations 

of insects inhabiting decomposing remains were investigated with annual replication at 

two contrasting habitats; native bush-land and mixed agricultural land. The degree of 

consistency in insect succession patterns on temporal and spatial scales, over two years, 

was investigated through multivariate analysis of occurrence-based distance matrices. 

Sampling was designed to identify the succession patterns of parasitic Hymenoptera of 

dipteran hosts to facilitate the use of such parasitoid species as alternative indicators of 

PMI. 

 

 

4.3 Materials and Methods 

 

Study Site 

A two year survey of animal decomposition was conducted at two study sites from the 

1st of April 2006 to the 31th of March 2008. The first site (bushland) was located within 

a wildlife reserve situated 23 km south of Perth, Western Australia (32° 10´S, 115° 

50´E). The site encompassed 253 ha of coastal bushland, consisting of predominately 

jarrah (Eucalyptus marginate Donn ex Smith), marri (Corymbia calophylla Lindley), 

paperbark (Melaleuca spp.) and grass trees (Xanthorrhoea spp.). The second study site 
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(agricultural) was located within an agricultural field station used for animal and crop 

research. The 67 ha site, situated 7 km north of Perth, Western Australia (31° 57´S, 

115° 51´E), consisted of fenced, irrigated fields of mixed pastures, used for animal 

grazing purposes. Surrounding vegetation, not encompassed by the study site, itself 

consisted predominately of perennial grasses and scattered marri trees (C. calophylla). 

The two study sites were situated approximately 31 km apart. Daily records of ambient 

temperature were recorded throughout the study at each site using a Datataker DT50 

data logger (Hinco Instruments, Canning Vale, WA, Australia). Records of ambient 

temperature, rainfall and humidity were also obtained from the Australian Bureau of 

Meteorology. Data were collected from weather stations representative of the two study 

sites.  

 

Animal Model 

In Australia, the use of human remains in field based research is legally prohibited. 

Animal models, such as, dogs (Canis lupis), rats (Rattus norvegicus), guinea pigs 

(Cavea porcellus) and pigs (Sus scrofa), are the only available option for the 

establishment of geographically applicable insect succession data and information on 

community structure and seasonality of PMI indicator species (Bornemissza 1956; 

Gruner et al. 2007; Putman 1978; Reed 1958). The preferred animal model, the pig 

(Sus scrofa), is associated with stringent ethical restrictions, high cost and 

manageability issues that result in studies with low replication (Early and Goff 1986; 

Eberhardt and Elliot 2008; Grassberger 2004). Further, great variation in carcass size 

has been observed in the literature ranging from 880 g (still born piglets) to 44 kg 

adults (Archer 2003; Grassberger 2004). Differences in carcass size are known to affect 

the rate of decomposition and potentially the insect fauna attending carcasses (Goff 

1993; Meskin 1986). Of published work, only one study has examined and supported 

the validity of using pig carcasses as models for human decomposition experimentally, 

however, the study again had limited replication with results based on only two pigs 

and one human carcass (Schoenly et al. 2007). 

 

For this study, domestic guinea pig carcasses (Cavea porcellus) were selected as 

decomposition models to ensure adequate replication and thus sufficient statistical 

power for an analysis of annual and seasonal variation of insect succession. Guinea pig 

carcasses (423–553 g) were obtained from the University of Western Australia 

following the humane culling of surplus stocks in accordance with standard ethical 
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procedures. Carcasses were collected, individually bagged, labelled and frozen until 

needed. Guinea pig carcasses were thawed in the laboratory (24.0 ± 1.0°C) prior to use 

in the field.    

 

Sampling Procedure 

On the first day of each month (Day 1), between 0800 and 1000 hrs, twenty carcasses 

were individually placed within scavenger proof cages and positioned 50 m apart 

throughout each study site (10 carcasses per site). Scavenger proof cages consisted of a 

black plastic box, 65 x 42 x 38 cm, ¾ filled with soil from the site and covered by a 

tightly fitting wire mesh lid (diameter of mesh grid openings 30 x 35 mm). The cage 

design prevented animal scavenging, allowed insect access and facilitated the collection 

of pre-pupae and pupae samples. Upon set up, the position, time of deposition and a 

brief description of the deposition site conditions were recorded for each replicate. 

Sampling of insect fauna was conducted on Day 3, 6, 9, 12, 20 and 28 of each month. 

Due to the length of the study, the sampling of specimens at each site, every day was 

not logistically possible. The selected sampling days encompassed time periods of 

significant change in carcass decomposition. Representative samples (~ ⅓) of insect 

taxa from each replicate were collected, including adults and immatures (eggs, larvae, 

pupae). Insects associated with carcasses were sampled through aerial sweeps and 

manual collection (paintbrush/forceps). In the advanced stages of decomposition, 

sections of the soil surrounding the carcass were carefully hand sieved for the presence 

of adult insect taxa and immature specimens. Emphasis was placed on the collection 

and identification of Diptera, Hymenoptera and Coleoptera specimens rather than a 

catalogue of all arthropod species present. 

 

Collected specimens were labelled in relation to replicate number, sampling time and 

collection site, placed in ventilated vials and stored at 6 ± 2 °C during transport to the 

laboratory. Adult specimens were killed at -20 °C and pinned for later identification. 

Half of all larval samples were killed in hot water and preserved in 70% ethanol (egg 

samples were directly preserved in 70% ethanol). The remaining specimens were reared 

to adulthood for identification. Rearing was conducted under environmentally 

controlled conditions of 24.0 ± 1.0°C, 60 ± 10% RH and photoperiod of 16L:8D. 

Samples of eggs and larvae were reared on a meatmeal (slaughterhouse by-product) 

food substrate through to adulthood. Prior to emergence, Diptera pupae from labelled 

sample batches were individually placed in gelatine capsules (size 00) and stored 
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together in plastic containers until either emergence of an adult fly or parasitoid/s. 

Pupae from which adult flies or parasitoids had not emerged after 6 weeks were 

dissected for evidence of parasitoid or host tissue. Adult flies were identified based on 

published keys (Wallman 2001a; Wallman 2001b) and with the aid of reference 

specimens identified by the Department of Food and Agriculture, Western Australia. 

Parasitoid specimens were identified by the Australian Centre for Evolutionary Biology 

and Biodiversity, University of Adelaide, Australia and the Systematic Entomology 

Laboratory, Washington DC.  

 

In addition to insect sampling days, carcass replicates were observed daily for the first 

week and subsequently every four days for assessment of the decomposition state of the 

carcass. Decomposition is a continuous process that is commonly characterised into 

discrete stages for descriptive purposes. Five different stages of decomposition have 

previously been defined; fresh, bloat, wet, dry and skeletal (Voss et al. 2008). For the 

purposes of this study, the fresh stage occurred from the moment of death to the onset 

of bloat. Bloat was considered completed upon deflation of the carcass. The wet decay 

stage refers to the period subsequent to carcass deflation and ends when the majority of 

carcass flesh and fluid has been removed and only dry constitutes, predominantly skin, 

cartilage and bone, remain. The dry decay stage commences at this point and continues 

until the eventual loss of all remaining soft tissue. The skeletal stage is defined by the 

absence of soft tissue with only hair and bone remaining. The skeletal stage was rarely 

evident by the end of monthly decomposition and was not included in statistical 

analysis.     

 

Analysis  

Insect assemblage data were analysed using multivariate statistical and ordination 

techniques from the PRIMER v.6 software package (PRIMER-E Ltd, Plymouth, UK). 

A permutation approach using multivariate analysis of variance (PERMANOVA), 

which compares distance or similarity matrices, was used to test for variation in insect 

assemblages between years, seasons and decomposition stages for each site. 

PERMANOVA is a flexible and robust test that can be used with any distance 

similarity matrix as an alternative to MANOVA where the assumptions of MANOVA 

tests cannot be met by the multivariate data analysed (Anderson and Gorley 2008). 

PERMANOVA compares an observed test statistic (pseudo F) generated under a null 
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hypothesis using permutations (random reordering of the data) and partitions variation 

in multivariate assemblage data in a similar way to a univariate analysis of variance.  

 

For multivariate analysis, a data matrix consisted of an array of columns (species and 

life stage) and rows (sample). A sample consisted of the count of each species and life 

stage (insect assemblage) associated with a single replicate (carcass) during a specific 

sampling period (day, month, year and site). Thus, analysis encompassed ten samples 

(replicates) for each site at each sample time (eg; bushland, 2007, June (winter), Day 

3). Data were transformed to presence/absence values to avoid issues of sampling bias 

with regard to insect abundance. Similarities between samples were calculated using 

the Bray-Curtis distance metric (Clarke et al. 2006). As individual carcasses were 

sampled consecutively throughout each month of the study, insect assemblage data 

were analysed using a repeated measures design. Four factors were incorporated into a 

hierarchal design; year (random factor), season (nested in year), decomposition stage 

(nested in season) and individual carcasses (nested within decomposition stage). 

Differences in species assemblages between temporal sampling periods were examined 

visually using non-metric multidimensional scaling ordination (MDS) based on a Bray-

Curtis similarity matrix. For ease of interpretation, the average value for each treatment 

at each sampling event was used in the ordination.  

 

A mantel test (the RELATE routine in PRIMER) was used to determine the degree of 

similarity in species occurrence between locations for corresponding periods over the 

two years of this study and hence test the degree of consistency in succession patterns 

of insects within corresponding periods between sites. The RELATE routine measures 

how closely two sets of multivariate data are, for a matching set of samples, by 

calculating a Spearman’s ρ correlation coefficient between all elements of the 

respective similarity matrices (Clarke and Gorley 2006). The significance of the matrix 

correlation coefficient was assessed by permutation (10,000 times) using the Monte 

Carlo randomization method. Matching similarity matrices (Bray-Curtis distance 

metric) of the insect assemblage data for both sites (agricultural and bushland) were 

compared. Data sets for each site consisted of samples (insect assemblage) ordered by 

sampling times (year, month and day). Similarity matrices for each site were matched 

across sampling times. Replicates were pooled by sample day for RELATE analysis. 

The degree of correlation within each time period was assessed separately for 

significance by permutation.  
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4.4 Results 

 

The progression and duration of each decomposition stage was comparable between 

sites within seasons (Table 4.1 - 4.4). Ambient temperatures at the agricultural site 

between April and November were typically higher in both years (Figure 4.1) and 

corresponded to marginally faster rates of decay (~ 1 day difference) throughout the 

fresh to wet stages of decomposition (Table 4.1 - 4.2). Seasonal variation in the rate of 

decomposition was observed in both years and corresponded with ambient temperature 

variation (Figure 4.1). In summer (Dec-Feb) at average minimum temperatures of 16.8 

± 3.8°C and maximum temperatures of 29.8 ± 4.3°C carcasses decomposed quickly 

with all replicates in bloat by day 4 of exposure. The duration of the wet decay stage 

differed marginally (~1 day difference) between decomposition sites lasting either 9 or 

10 days with all carcass replicates reaching the dry decomposition stage by day 16 

(Table 4.3). In contrast to summer (Dec-Feb), decomposition progressed at a much 

slower rate (11 days longer from fresh to dry decomposition) during winter (Jun-Aug). 

This corresponded with lower average minimum (8.8 ± 4.0°C) and maximum (19.3 ± 

2.1°C) temperatures (Table 4.4). The onset of decay was prolonged and carcasses 

remained relatively fresh until day 6-7. The duration of the wet decay stage was also 

comparatively longer, lasting 15-17 days and dry decomposition was not observed until 

day 26 at the bushland site and day 28 at the agricultural site. Average relative 

humidity ranged between 47.0-63.0% (bushland site) and 59.0-65.0% (agricultural 

site) and average monthly rainfall was generally higher at the bushland site (Figure 

4.1). 

 

 

 

 



4-11 
 

Table 4.1a: Autumn (Mar-May) succession of insects onto carcasses (agricultural study site) over 2 years (Apr 2006 - Mar 2008) in Perth, Western 

Australia. Data summarized by decomposition stage. Life stages identified by A (adult), E (eggs), L (larvae), PP (pre-pupae) and P (pupae). 

 

Agricultural   Days 0-2   3-6   7-18   19-On 

Order Family Species Fresh  Bloat  Wet  Dry 

      A E L   A E L   A L PP P   A L PP P 

Diptera Calliphoridae Lucilia sericata X X   X X X  X X X X      
  Calliphora dubia X  X  X  X  X X X X      

  Calliphora albifrontalis X    X X X   X X X      

  Chrysomya megacephala     X     X        

  Chrysomya rufifacies     X X X  X X X     X X 

  Chrysomya varipes     X X X  X X      X X 

 Muscidae Hydrotaea rostrata         X X    X X X X 

  Musca domestica     X    X X    X    

 Sarcophagidae Not identified beyond family X    X    X X       X 

  Piophilidae Not identified beyond family                 X                 

Coleoptera Dermestidae Dermestes ater     X    X     X X   
  Dermestes maculatus     X    X     X X   

 Histeridae Saprinus sp.     X    X     X X   

 Staphylinidae Creophilus erythrocephalus         X     X X   

  Cleridae Necrobia rufipes                 X         X X     

Hymenoptera Pteromalidae Nasonia vitripennis     X     X    X X   
 Encrytidae Tachinaephagus zealandicus       X  X X     X   

 Braconidae Aphaereta sp.     X  X  X X        

 Diapriidae Spilomicrus sp.          X X        

 Formicidae Iridomyrmex sp. X    X    X     X    

    X, specimen collection from ≥ 10 carcasses on sample days occurring over 3 months, 2 years.  



4-12 
 

Table 4.1b: Autumn (Mar-May) succession of insects onto carcasses (bushland study site) over 2 years (Apr 2006 - Mar 2008) in Perth, Western 

Australia. Data summarized by decomposition stage. Life stages identified by A (adult), E (eggs), L (larvae), PP (pre-pupae) and P (pupae). 

Bushland   Days 0-3   4-7   8-18   19-On 

Order Family Species Fresh  Bloat  Wet  Dry 
      A E L   A E L   A L PP P   A L PP P 

Diptera Calliphoridae Lucilia sericata X X X  X X X   X X X      
  Calliphora dubia X  X  X  X   X X X      
  Calliphora albifrontalis X    X X X  X X X X     X 
  Chrysomya megacephala X X   X X X  X X        
  Chrysomya rufifacies     X X   X X X X  X  X X 
  Chrysomya varipes X    X X X  X X    X   X 
 Muscidae Hydrotaea rostrata         X X    X X X X 
  Musca domestica X    X    X         
  Musca vetustissima     X    X         
 Sarcophagidae Not identified beyond family X    X  X   X X      X 
  Piophilidae Not identified beyond family                           X       

Coleoptera Dermestidae Dermestes ater         X     X X   
  Dermestes maculatus         X     X X   
 Histeridae Saprinus sp.     X    X     X X   
 Staphylinidae Creophilus erythrocephalus              X X   
  Aleochara sp.              X    
 Cleridae Necrobia rufipes         X     X    
 Silphideae Ptomaphila lacrymosa     X    X         
  Trogidae Omorgus tatei                           X       

Hymenoptera Pteromalidae Nasonia vitripennis     X     X    X X   
 Encrytidae Tachinaephagus zealandicus       X   X     X   
 Braconidae Aphaereta sp.       X        X   
 Diapriidae Spilomicrus sp.           X        
 Formicidae Iridomyrmex sp. X    X    X     X    

    X, specimen collection from ≥ 10 carcasses on sample days occurring over 3 months, 2 years.  
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Table 4.2a: Spring (Sep-Nov) succession of insects onto carcasses (agricultural study site) over 2 years (Apr 2006 - Mar 2008) in Perth, Western 

Australia. Data summarized by decomposition stage. Life stages identified by A (adult), E (eggs), L (larvae), PP (pre-pupae) and P (pupae). 

 

Agricultural   Days 0-3   4-9     10-18   19-On 

Order Family Species Fresh  Bloat  Wet  Dry 
      A E L   A E L PP   A L PP P   A L PP P 

Diptera Calliphoridae Lucilia sericata X X X  X  X   X X X X    X X 
  Calliphora dubia X  X  X  X   X X X X    X X 
  Calliphora albifrontalis X X X  X  X   X X X     X X 
  Chrysomya megacephala X X     X            
  Chrysomya rufifacies     X X X   X X X     X X 
  Chrysomya varipes     X     X X      X X 
 Muscidae Hydrotaea rostrata          X X    X X X X 
  Musca vetustissima          X     X    
  Musca domestica X    X     X X    X    
  Sarcophagidae Not identified beyond family         X         X X             X 

Coleoptera Dermestidae Dermestes ater          X     X X   
  Dermestes maculatus          X     X X   
 Histeridae Saprinus sp.     X     X     X X   
 Staphylinidae Creophilus erythrocephalus     X     X     X X   
  Aleochara sp.          X     X    
  Cleridae Necrobia rufipes                             X       

Hymenoptera Pteromalidae Nasonia vitripennis          X     X X   
 Encrytidae Tachinaephagus zealandicus   X  X  X   X X     X   
 Braconidae Aphaereta sp. X    X  X   X X        
 Diapriidae Spilomicrus sp.           X X        
  Formicidae Iridomyrmex sp. X       X         X         X       

               X, specimen collection from ≥ 10 carcasses on sample days occurring over 3 months, 2 years.  
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Table 4.2b: Spring (Sep-Nov) succession of insects onto carcasses (bushland study site) over 2 years (Apr 2006 - Mar 2008) in Perth, Western 

Australia. Data summarized by decomposition stage. Life stages identified by A (adult), E (eggs), L (larvae), PP (pre-pupae) and P (pupae). 

Bushland   Days 0-4   5-9   10-19   20-On 

Order Family Species Fresh Bloat Wet Dry
  A E L A E L PP A L PP P A L PP P

Diptera Calliphoridae Lucilia sericata X X X X X X X X X X
  Calliphora dubia X  X  X  X   X X X X    X X 
  Calliphora albifrontalis X X X  X X X   X X X   X  X X 
  Chrysomya megacephala     X X X   X X       X 
  Chrysomya rufifacies     X  X   X X X   X  X X 
  Chrysomya varipes     X X X   X X    X   X 
 Muscidae Hydrotaea rostrata     X X X   X X    X X X X 
  Musca vetustissima     X     X     X    
  Musca domestica     X     X     X    
 Sarcophagidae Not identified beyond family     X              
  Piophilidae Not identified beyond family                   X         X       
Coleoptera Dermestidae Dermestes ater     X     X     X X   
  Dermestes maculatus     X     X     X X   
 Histeridae Saprinus sp.     X     X     X X   
 Staphylinidae Creophilus erythrocephalus     X     X     X X   
  Aleochara sp.          X     X    
 Scarabaeidae Onthophagus taurus     X     X         
 Tenebrionidae Helea castor          X     X    
 Cleridae Necrobia rufipes          X     X X   
 Silphideae Ptomaphila lacrymosa          X X    X X   
  Trogidae Omorgus tatei                   X         X       
Hymenoptera Pteromalidae Nasonia vitripennis          X X    X X   
 Encrytidae Tachinaephagus zealandicus   X  X  X   X X     X   
 Braconidae Aphaereta sp. X  X  X  X    X     X   
 Diapriidae Spilomicrus sp.            X        
  Formicidae Iridomyrmex sp. X       X         X         X       

             X, specimen collection from ≥ 10 carcasses on sample days occurring over 3 months, 2 years. 
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Table 4.3a: Summer (Dec-Feb) succession of insects onto carcasses (agricultural study site) over 2 years (Apr 2006 - Mar 2008) in Perth, Western 

Australia. Data summarized by decomposition stage. Life stages identified by A (adult), E (eggs), L (larvae), PP (pre-pupae) and P (pupae). 

 

Agricultural   Days 0-3   4-6   7-16   17-On 

Order Family Species Fresh  Bloat  Wet  Dry 

      A E L   A E L   A L PP P   A L PP P 

Diptera Calliphoridae Lucilia sericata X X X  X  X  X X X      X 
  Calliphora dubia X  X  X  X   X X X     X 

  Chrysomya megacephala X  X  X     X        

  Chrysomya rufifacies X X   X X X  X X X X    X X 

  Chrysomya varipes X X   X X X  X X X   X   X 

 Muscidae Hydrotaea rostrata     X    X X    X X X X 

  Musca vetustissima     X    X     X    

  Musca domestica X    X    X         

  Sarcophagidae Not identified beyond family X       X   X   X X X           X 

Coleoptera Dermestidae Dermestes ater     X    X     X X   
  Dermestes maculatus     X    X     X X   

 Histeridae Saprinus sp.     X    X     X X   

 Staphylinidae Creophilus erythrocephalus         X     X X   

  Cleridae Necrobia rufipes         X       X         X X     

Hymenoptera Pteromalidae Nasonia vitripennis     X    X X    X X   
 Encrytidae Tachinaephagus zealandicus       X  X X        

 Diapriidae Spilomicrus sp.           X        

  Formicidae Iridomyrmex sp. X       X       X         X       

                  X, specimen collection from ≥ 10 carcasses on sample days occurring over 3 months, 2 years. 
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Table 4.3b: Summer (Dec-Feb) succession of insects onto carcasses (bushland study site) over 2 years (Apr 2006 - Mar 2008) in Perth, Western 

Australia. Data summarized by decomposition stage. Life stages identified by A (adult), E (eggs), L (larvae), PP (pre-pupae) and P (pupae). 

 

Bushland   Days 0-3   4-6   7-15   16-On 

Order Family Species Fresh  Bloat  Wet  Dry 
      A E L   A E L   A L PP P   A L PP P 

Diptera Calliphoridae Lucilia sericata X X X  X X X   X X X      
  Calliphora dubia X  X  X  X   X X X     X 
  Calliphora albifrontalis X                 
  Chrysomya megacephala     X X X  X         
  Chrysomya rufifacies X X   X X X  X X X     X X 
  Chrysomya varipes X    X X X  X X X   X  X X 
 Muscidae Hydrotaea rostrata         X X    X X X X 
  Musca vetustissima     X    X         
  Musca domestica     X    X         
  Sarcophagidae Not identified beyond family     X   X   X   X   X             

Coleoptera Dermestidae Dermestes ater     X    X X    X X   
  Dermestes maculatus     X    X     X X   
 Histeridae Saprinus sp.     X    X X    X X   
 Staphylinidae Creophilus erythrocephalus         X     X X   
  Aleochara sp.         X     X    
 Scarabaeidae Onthophagus taurus         X         
 Tenebrionidae Helea castor         X     X    
  Cleridae Necrobia rufipes                 X         X X     

Hymenoptera Pteromalidae Nasonia vitripennis     X    X X    X X   
 Encrytidae Tachinaephagus zealandicus     X  X  X X        
 Diapriidae Spilomicrus sp.           X        
  Formicidae Iridomyrmex sp.         X       X         X       

                  X, specimen collection from ≥ 10 carcasses on sample days occurring over 3 months, 2 years. 
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Table 4.4a: Winter (Jun-Aug) succession of insects onto carcasses (agricultural study site) over 2 years (Apr 2006 - Mar 2008) in Perth, Western 

Australia. Data summarized by decomposition stage. Life stages identified by A (adult), E (eggs), L (larvae), PP (pre-pupae) and P (pupae). 

 

Agricultural   Days 0-5   6-9   10-27   28-On 

Order Family Species Fresh  Bloat  Wet  Dry 

      A E L   A E L   A L PP P   A L PP P 

Diptera Calliphoridae Lucilia sericata X    X X   X X X    X X  
  Calliphora dubia X  X  X  X   X X X    X  

  Calliphora albifrontalis X X X  X  X  X X X X  X X X X 

  Chrysomya megacephala         X         

 Muscidae Hydrotaea rostrata         X X    X X   

  Musca domestica                 X                 

Coleoptera Dermestidae Dermestes ater              X    
  Dermestes maculatus              X    

 Histeridae Saprinus sp.         X     X    

 Staphylinidae Creophilus erythrocephalus         X     X    

    Aleochara sp.                 X                 

Hymenoptera Encrytidae Tachinaephagus zealandicus     X  X  X X     X   
 Braconidae Aphaereta sp. X  X  X  X  X X     X   

 Diapriidae Spilomicrus sp.          X         

 Formicidae Iridomyrmex sp.     X    X     X    

    X, specimen collection from ≥ 10 carcasses on sample days occurring over 3 months, 2 years. 
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Table 4.4b: Winter (Jun-Aug) succession of insects onto carcasses (bushland study site) over 2 years (Apr 2006 - Mar 2008) in Perth, Western 

Australia. Data summarized by decomposition stage. Life stages identified by A (adult), E (eggs), L (larvae), PP (pre-pupae) and P (pupae). 

 

Bushland   Days 0-6   7-9   10-25   26-On 

Order Family Species Fresh  Bloat  Wet  Dry 

      A E L   A E L   A L PP P   A L PP P 

Diptera Calliphoridae Lucilia sericata     X  X   X       X 
  Calliphora dubia X  X       X X     X X 

  Calliphora albifrontalis X X X  X X X  X X X   X X X X 

  Chrysomya megacephala     X    X         

 Muscidae Hydrotaea rostrata         X X    X X   

  Sarcophagidae Not identified beyond X                                 

Coleoptera Dermestidae Dermestes ater              X    
  Dermestes maculatus              X    

 Histeridae Saprinus sp.         X     X    

 Staphylinidae Creophilus         X     X    

  Aleochara sp.         X         

  Silphideae Ptomaphila lacrymosa         X       X X       X X     

Hymenoptera Encrytidae Tachinaephagus       X  X X     X   
 Braconidae Aphaereta sp.     X  X  X X     X   

 Diapriidae Spilomicrus sp.          X X        

 Formicidae Iridomyrmex sp. X    X    X     X    

    X, specimen collection from ≥ 10 carcasses on sample days occurring over 3 months, 2 years. 
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Figure 4.1: Average ambient temperature (lines) and rainfall (bars) at two study sites 

in Perth, Western Australia over two years (April 2006 - March 2008). Black solid line 

= bushland site and black dashed line = agricultural site.  

 

 

Insect Succession 

Twenty six insect taxa, representing 17 families were identified in association with 

carcass decomposition throughout this study from a total of 142,882 collected 

specimens (Table 4.1 – 4.4). Representatives of the order Diptera were the primary 

initial colonisers of all carcasses regardless of season or location. Eleven species of fly 

attended carcasses throughout decomposition at both locations, nine of which were 

observed to oviposit/larviposit on carcasses. Early colonisers arriving and ovipositing 

during the fresh stage of decomposition included the calliphorids, Lucilia sericata 

(Meigen), Calliphora dubia (Macquart), Calliphora albifrontalis (Malloch) and 

Chrysomya megacephala (Fabricius). Secondary colonizers, Chrysomya rufifacies 

(Macquart) and Chrysomya varipes (Macquart) commonly arrived and oviposited 

during bloat. Similarly, when present, fly larvae of the family Sarcophagidae were 

typically observed during early bloat. In summer, however, C. rufifacies and C. varipes 

arrived at carcasses earlier and eggs were observed on carcasses during the fresh stage 

of decomposition (Table 4.4). Hydrotaea rostrata (Robineau-Desvoidy) was usually 



4-20 
 

the last fly species to colonize carcasses in all seasons. Eggs and/or larvae of H. 

rostrata were not generally observed until the later wet decay stage of decomposition.  

 

Adults of Musca domestica (Linnaeus) regularly attended carcasses, although 

oviposition was rare. When present, M. domestica larvae were generally not observed 

until the late wet decay stage of decomposition (Table 4.1 – 4.4). In comparison, Musca 

vetustissima (Walker) attended carcasses regularly in all seasons except winter, 

however no eggs or larvae were ever observed in association with carcasses. Similarly, 

representatives of the Piophilidae family (cheese skippers) attended the carcasses 

during the wet decay and dry stages of decomposition but no immature specimens were 

observed or collected during sampling of the fresh to dry decay stages of 

decomposition. 

 

Coleoptera were only observed on carcasses from the bloat stage of decomposition 

onwards. Representatives of the Dermestidae, Staphylinidae, Cleridae, Silphidae and 

Histeridae were observed to breed on carcasses throughout the study (Table 4.1 – 4.4). 

Typically, larvae were observed in association with the carcasses during the dry stage 

of decomposition although larvae of the silphid, Ptomaphilia lacrymosa (Schreibers) 

were commonly noted as early as the wet decay stage (Table 4.1 – 4.4).  

 

Hymenopertan parasitoids of Diptera were common, occurring in all seasons. Four taxa 

were observed to attend carcasses and parasitize carrion breeding flies, Tachinaephagus 

zealandicus (Ashmead), Aphaereta sp., Spilomicrus sp. and Nasonia vitripennis 

(Walker). T. zealandicus typically attended carcasses during bloat although adults 

arrived as early as day 2 in spring. Parasitized hosts were collected from carcasses 

throughout all late stages of decomposition. Similarly, Aphaereta sp. colonised 

carcasses before or during bloat and parasitized hosts were present on carcasses well 

into the dry decay stage of decomposition. A third larval parasitoid, Spilomicrus sp., 

was an infrequent and comparatively later colonizer, typically seen during wet decay 

only. N. vitripennis, a pupal parasitoid, arrived as early as bloat stage of decomposition 

in the summer-autumn months and later during the wet decay stages in spring. Finally, 

ants (Iridomyrmex sp.) were also abundant arriving at carcasses within days and 

occurring throughout all stages of decomposition. 
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Temporal Variation 

The insect assemblages associated with carcasses at both the bushland and agricultural 

site were not significantly different between years (PERMANOVA: F (1, 590) = 0.28, p = 

0.94 and F (1, 590) = 0.18, p = 0.98 respectively). Season was a significant factor 

influencing insect assemblages within years at both the bushland site (PERMANOVA: 

F (6, 590) = 2.08, p < 0.01) and the agricultural site (PERMANOVA: F (6, 590) = 1.82, p < 

0.01). Differences were significant between all seasons (PERMANOVA pair-wise tests 

p < 0.01) although differences were greater between winter and summer assemblages 

while spring and summer assemblages were most similar, the latter two lying between 

the extremes (Figure 4.2). Within seasons, decomposition stage was a significant factor 

influencing insect assemblages at both the bushland (PERMANOVA: F (24,590) = 18.16, 

p<0.001) and agricultural site (PERMANOVA: F (24, 590) = 16.04, p < 0.001). 

Differences were significant between all decomposition stages (PERMANOVA pair-

wise tests p < 0.01), however, the fresh stage was more similar to the bloat stage than 

the wet and dry decomposition stages (Figure 4.2). Ordination of insect assemblages 

depicted clustering within season and decomposition stage, indicating a progressive, 

predictable change in community composition over time within seasons (Figure 4.2). 

Seasonal differences in insect succession patterns over time were driven by the entire 

community of both adult insects attending carcasses and the immature stages colonising 

carcasses. Temporal changes in community structure throughout decomposition were 

best characterised by the composition of the larval stages present during sampling as 

opposed to the adult community, particularly throughout wet decay and dry 

decomposition stages when the larval component of the community dominated the 

insect assemblages observed. Insect assemblages associated with the defined 

decomposition stages within seasons are presented in Table 4.1 – 4.4.  
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2D Stress: 0.09

 

Figure 4.2: nMDS (non-metric multidimensional scaling) ordination of insect 

assemblages associated with temporal sampling periods at two study sites over two 

years. For ease of interpretation, samples were pooled by decomposition stage (within 

location, year and season) and transformed to presence absence values prior to 

ordination. The relative distances apart of all points are in the same rank order as the 

relative dissimilarities (or distances) of the samples. Points that are close together 

represent samples that have very similar insect assemblages while points that are 

further apart are not very similar. Decomposition stage represented by symbols, where 

triangle = fresh, circle = bloat, square = wet decay and diamond = dry decomposition. 

Season represented by colour, where solid black = winter, solid grey = spring, unfilled 

grey = autumn and unfilled black = summer.  
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There were several key species that changed across the seasons and were the major 

contributors to the difference in seasonal community composition.  The blow fly C. 

albifrontalis dominated the insect community during winter, remained abundant during 

autumn and spring but greatly declined during summer (Figure 4.3). C. rufifacies and 

C. varipes were common during summer and autumn, declined in spring and were 

entirely absent during winter. Attendance at carcases by the Coleoptera species, 

Dermestes ater (De Geer), Dermestes maculatus (De Geer), Saprinus sp. and Necrobia 

rufipes (De Geer) declined dramatically during winter at both sites. In contrast, 

occurrence of the silphid beetle, P. lacrymosa, was highest over spring and winter and 

declined heavily in summer in both years (Figure 4.3). The hymenopteran parasitoid, T. 

zealandicus, occurred in association with carcasses frequently between late autumn-

spring and declined dramatically in summer. Conversely, the parasitoid, N. vitripennis 

was common throughout summer with a marked decline in carcass attendance during 

autumn and spring. N. vitripennis was not collected in association with carcasses 

throughout winter (Table 4.1 – 4.4). Arrival time of the parasitoids T. zealandicus and 

Aphaereta sp. also varied with season. T. zealandicus arrived and parasitized hosts 

during the fresh stage of decomposition during spring but did not arrive until bloat in 

other seasons. Similarly, Aphaereta sp. colonised carrion during the fresh stage in 

spring at both sites and in winter at the agricultural site but did not arrive until bloat in 

autumn at either site. While present in association with carcasses throughout autumn to 

spring, Aphaereta sp. was not observed during summer (Table 4.1 – 4.4). 

 

Spatial Variation 

The insect assemblages sampled at the two study sites were significantly correlated 

across corresponding time periods (RELATE: ρ = 0.78, P < 0.001). Explorative 

analysis of subsets of decomposition stage indicated that insect assemblages at the two 

sites were the least correlated during the fresh stage of decomposition (RELATE: ρ = 

0.59, P < 0.001) and most strongly correlated during the wet stage of decomposition 

(RELATE: ρ = 0.82, P < 0.001) compared to the bloat (RELATE: ρ = 0.76, P < 0.001) 

or dry decay stage (RELATE: ρ = 0.73, P < 0.001). Minimal differences in the insect 

assemblages between locations were evident in respect to species absences at the 

agricultural site. Of the 26 species identified throughout the course of this study, all 

species were observed at the bushland site while only 21 of the species were observed 

at the agricultural site (Table 4.1 – 4.4). The beetles, Helea castor (Pascoe), Omorgus 

tatei (Blackburn), Onthophagus taurus (Schreber) and Ptomaphilia lacrymosa 
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(Schreibers), were not observed in association with carrion at the agricultural site at 

any time throughout the study. Visual comparison of commonly occurring joint species 

(species occurring at both sites) between locations within seasons also displayed a high 

level of consistency between sites (Figure 4.3). Marginal differences included 

consistently higher occurrence of the blowflies, L. sericata and Sarcophagidae at the 

agricultural site. Adult occurrences of the beetle, Necrobia rufipes (De Geer), and the 

fly, C. varipes, were typically more frequent at the bushland site. The Staphylinidae 

beetle, Aleochara sp., was observed at both sites throughout the study, however, 

Aleochara sp. was absent from the agricultural site during the warmer autumn and 

summer months (Table 4.1 – 4.4). Finally, hymenopteran parasitoids were significantly 

more prevalent (F1,14 = 6.04, P < 0.05) at the agricultural site (18.1% total parasitism, n 

= 4571) then the bushland site (8.0% total parasitism, n = 3308).  
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Figure 4.3: Average annual frequency of species on carcasses at contrasting study sites, bushland and agricultural, throughout Apr 06 – Mar 08 in 
Perth, WA; (A) autumn (Mar-May), (B) spring (Sep-Nov), (C) summer (Dec-Feb) and (D) winter (Jun-Aug). Bars = total number of occurrences 
(frequency) that a species (adult or immature) was observed per year. Multiple specimens per carcass are counted as one occurrence. Black bars = 
adults at bushland, light grey bars = adults at agricultural, dark grey bars = immature at bushland and white bars = immature at agricultural. 



4-26 
 

4.5 Discussion 

 

Temporal Variation 

This study considered annual, seasonal and shorter-term changes in insect succession 

with carcass age at two contrasting sites in Western Australia. In the short term, insect 

assemblages significantly differed over time with the progression of carcass 

decomposition and, within seasons, defined decomposition stages could be 

characterized by distinct faunal communities. Temporal changes in community 

structure throughout decomposition were best characterised by the composition of the 

larval stages present as opposed to the adult community, particularly for the wet and 

dry decay stages where the larval component dominated the insect assemblages 

observed. At the family taxonomic level, the insect succession patterns observed were 

consistent with previous studies undertaken in Australia, however, at the genus level 

differences were observed in the species collected and their colonisation behaviour  

(Bornemissza 1956; O'Flynn 1983).  

 

As expected, within years, insect succession patterns changed on a seasonal time scale 

influenced by climate and the phenology of individual species. The influence of 

seasonal variations in meteorological conditions on species occurrence, activity and 

abundance are well documented (Archer and Elgar 2003c; Grassberger 2004). The low 

number of species observed during winter and the minimal activity of the majority of 

the observed insect species are consistent with findings reported for previous 

international studies and the low average temperatures experienced (LeBlanc and 

Strongman 2002; Lopes de Carvalho and Linhares 2001). The strong influence of insect 

seasonality on patterns of insect succession observed in this study highlights the current 

deficit of applicable reference data for many regions where baseline data only 

encompasses a single season. Ongoing research of insect succession patterns are still 

needed to establish comprehensive baseline reference data for all seasons.   

 

Within locations, the pattern of insect succession onto decomposing remains was 

statistically consistent between years. Similar findings were reported for a two year 

succession study conducted in southwest Virginia, although the data were not gathered 

for all seasons (Tabor et al. 2004). Minimal annual variation in insect succession 

patterns for both spring and summer decomposition over a two year period were 

reported, suggesting that insect succession is predictable within a given season from 
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year to year (Tabor et al. 2004). These findings conflict with Archer’s (2003) 

observational study of carrion insect arrival and departure times which identified 

significant annual variation over a two year study of insect succession patterns. 

Problematically, Archer (2003) pooled individual fly species into a single group for 

analysis (Calliphora sp.), annual temperatures were not reported and the timing of 

carcass placement in the field varied between years, such that corresponding time 

periods (months) were not compared. As annual temperatures were not reported the 

extent of temperature variation between the two years of the study cannot be gauged. In 

this study, ambient temperature variations between the years were minimal and likely 

accounted for the observed similarity in insect succession patterns across years. 

Dramatic variations in typical annual climatic conditions are, however, likely to 

significantly alter patterns of insect succession. While all entomological based 

estimates of PMI require consideration of climatic data, the climatic conditions under 

which the referenced baseline succession data was collected should be carefully 

compared to that of the death scenario.  

 

Spatial Variation  

Previous research has identified differences in insect succession patterns between 

geographic regions but it is currently unknown whether patterns of insect succession 

are different between localised sites within the same broad geographic region. In this 

study insect assemblages were strongly correlated between sites, within corresponding 

time periods, indicating that insect succession was similar between sites. Thus, while 

marginal differences were evident, the pattern of insect succession was reasonably 

consistent between locations. This suggests that there is reasonable scope for the 

application of baseline succession data generated at a single study site to a range of 

decomposition sites and habitat types within a given region. This study incorporated a 

high level of replication within sites, however, as each habitat is represented by only 

one study site interpretation of results is limited to location comparisons rather than 

habitat comparisons. As such, further research is needed to assess the extent of 

variation in insect succession patterns between habitat extremes within the same region. 

For instance, in Australia, the succession patterns of insects colonising carcasses 

decomposed in either desert or coastal habitats has never been investigated. The extent 

of the applicability of a single report of succession data generated for a given area to 

different habitat extremes has yet to be established. 
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Marginal differences in the pattern of insect succession between sites appear to relate to 

species’ habitat preferences. Typically, “rural associated species”, such as the ovine 

myiasis causing flies, L. sericata and C. rufifacies, were more common at the 

agricultural site. Similarly, occurrence of the parasitoids, N. vitripennis and T. 

zealandicus, both frequently reported parasitising dung breeding flies associated with 

cattle and poultry facilities, was highest at the agricultural site (Ables 1977; Eberhardt 

and Elliot 2008; Floate et al. 1999). Differences between locations were, however, 

primarily driven by the presence of four species of Coleoptera, H. castor, O. tatei, O. 

taurus and P. lacrymosa, which occurred only at the bushland site throughout both 

years of the study. Assessment of the insect assemblages from different habitats has the 

potential to identify insect species indicative of a certain habitat type (Eberhardt and 

Elliot 2008). Where representatives of specific habitat are known, an evaluation of 

entomological evidence can indicate the geographical location at the time of death. This 

information is useful in identifying postmortem movement of a body between habitats 

(Catts and Haskell 1990).  

 

Of the species occurring only at the bushland site, the dung beetle, O. taurus, was 

infrequently collected in association with carcass throughout spring and is likely to 

prove ineffectual as a forensic indicator species. The silphid, P. lacrymosa, was 

associated with carcasses in all seasons except summer at the bushland site. This was 

consistent with the known distribution and habitat preference of this species in 

Australia (Peck 2001). Peck (2001) reported that the distribution of the five described 

species of Silphidae in Australia is mostly limited to forest or scrub habitats within 300 

km of the coastline. As such, P. lacrymosa may be indicative of bushland habitats and 

thus may prove useful in establishing whether post-mortem movement of decomposing 

remains has occurred. Similarly, the trogid, O. tatei, was a frequent carcass coloniser 

throughout autumn and spring while the tenebrionid, H. castor, was observed 

throughout both spring and summer. As such, these latter two species may also have 

potential as indicators of decomposition habitat and their later remnants at crime scenes 

may indicate decomposition season. 

 

Carcass Decomposition 

Seasonal rates of decomposition were consistent between carcass replicates and 

generally similar between sites within seasons. The relationships between the 

progression of decomposition, temperature and insect activity have been well 
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documented (Anderson 2000a; Goff 1993; Lopes de Carvalho and Linhares 2001). 

Hence, the similarity in decay rates between sites is likely related to the strong 

correlation between sites in regard to patterns of insect succession. Differences in decay 

rates between seasons can be attributed to seasonal variations in insect populations, 

insect development and climatic conditions. Spring decay rates were similar to the 

decomposition rates reported by Bornemissza (1956) for similar sized carcasses 

decomposed in spring. Decay rates during autumn and spring were faster than that 

reported for 45 kg pigs in the same respective seasons (Voss et al. 2008). Differences in 

carcass size are known to affect the rate of decomposition (Campobasso et al. 2001) 

and as such, caution must be taken when comparing the duration of decomposition 

stages between studies and the rates of decay reported here are not applicable to human 

cases. Comparisons of decay rates within this study, however, are valid with respect to 

assessment of potential differences between sites, years and seasons.  

 

Insect Succession 

As observed in previous studies, representatives of the Diptera were the earliest and 

predominant colonisers of all carcasses regardless of season or location (Gruner et al. 

2007; Reed 1958; Tabor et al. 2004). The calliphorids, L. sericata and C. dubia were 

primary colonisers, arriving and ovipositing during the fresh stage of decomposition in 

all seasons. Similarly, C. albifrontalis was a primary coloniser of carcasses in all 

seasons except summer. Thus, these three species are of considerable forensic 

importance. C. albifrontalis larvae, in particular, dominated the carrion-insect 

community during winter and thus are more likely to be collected in association with 

winter death investigations than any other species. Problematically, there are currently 

no published reference data on the temperature-dependant development of C. 

albifrontalis for determination of larval age for use in estimating PMI. 

 

Chrysomya rufifacies and C. varipes were secondary colonisers in all seasons except 

summer, arriving and ovipositing during bloat after prior oviposition from other 

blowflies. In summer, both species arrived earlier, acting as primary colonisers, with 

oviposition repeatedly observed during the fresh stage of decomposition. This seasonal 

switch has previously been observed and knowledge of this behaviour in Western 

Australia is paramount to the accuracy of PMI estimates based on the development and 

succession of either species (O'Flynn and Moorhouse 1979). Representatives of the 

Sarcophagidae were also secondary colonisers of carcasses during all seasons except 
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summer where larvae were observed as early as the fresh stage of decomposition. The 

current taxonomic status of the Sarcophgidae in Australia is unclear and future work is 

needed both molecularly and taxonomically to describe forensically relevant species. 

H. rostrata was a late coloniser of carrion in all seasons and larvae were commonly 

present throughout the dry decomposition stage. Consequently, this species may have 

importance in cases where primary indicator species, typically the earliest colonisers, 

have completed their development.  

 

Closely linked to the arrival of early colonising fly species, hymenopertan parasitoids 

of Diptera were commonly observed in association with carcasses, in all seasons and 

parasitized hosts were collected from carcasses well into the dry stage of 

decomposition. Four species were observed to attend carcasses and parasitize carrion 

breeding flies. Of these, T. zealandicus and N. vitripennis are considered to have the 

greatest potential as indictors of time since death in forensic investigations due to their 

broad host ranges, rate of parasitism and seasonal prevalence (Voss et al. 2009b). T. 

zealandicus typically attended carcasses during bloat although adults arrived as early as 

day 2 in spring when fly larvae were already established on carcasses. N. vitripennis 

was a comparatively later colonizer, not arriving until the wet decay and dry 

decomposition stages. The arrival of the T. zealandicus and N. vitripennis at 

decomposing remains was closely linked to host stage preference and host availability. 

T. zealandicus parasitizes hosts that are primarily in the 3rd instar and wandering stages 

of development while N. vitripennis is a pupal parasitoid (Grassberger 2004; Olton and 

Legner 1974).  

 

The chemical and physical cues involved in the host location process of either species 

are poorly understood. Long range host detection by T. zealandicus involves the use of 

olfactory cues derived from the interaction of the host and its food source (Voss et al. 

2009a) so parasitoid females in search of hosts are unlikely to arrive at a carcass before 

their potential hosts have sufficiently interacted with the carrion substrate. This 

concurred with our findings where adult T. zealandicus arrived at decomposing remains 

only after host-feeding damage to the carcass resulting from the colonisation of larval 

hosts was evident. The pupal parasitoid, N. vitripennis is similarly attracted to the 

odour of host-infested meat but not uninfested meat or host larvae alone (Edwards 

1954). Such findings suggest that female N. vitripennis would be attracted to a carcass 
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during the larval feeding stage of hosts and thus arrive before suitable host pupae are 

available.  

 

This is substantiated by Fuller’s (1934) field investigation of insect succession in 

Canberra, Australia which noted that female N. vitripennis arrived at a carcass during 

the early stages of decomposition, at the same time as the blowflies, and then waited in 

the vicinity of the carcass until pupae are available for parasitization. Similarly, we 

observed adult N. vitripennis on carcasses prior to pupae availability. N. vitripennis 

adults arrived as early as the bloat stage during summer and autumn while fly pupae 

were not collected until the wet decay stage of decomposition. Consequently, parasitoid 

succession onto carcasses throughout decomposition is reasonably predictable over 

time within a given season. Further work is needed to establish the specifics of the host 

foraging process within a host-carrion habitat for both T. zealandicus and N. 

vitripennis. Understanding the factors that influence adult parasitoid arrival at carcasses 

in search of hosts and subsequent parasitization of such hosts is important for the 

accuracy of PMI estimates based on host-parasitoid succession and development. 

 

Conclusions 

At the family taxonomic level, insect succession patterns were consistent with previous 

studies undertaken in Australia, supporting the conclusion that robust regional patterns 

in succession exist (Bornemissza 1956; O'Flynn 1983). At the genus and species levels 

this study identified significant seasonal variation in the pattern of insect succession 

onto decomposing remains. At present, few studies of insect succession span more than 

one season and are thus limited in their application to forensic cases. Variation in 

patterns of insect succession between years was not significant suggesting a high 

degree of consistency between years. This supports the view that reference data can be 

reliably applied in subsequent years where climatic conditions are similar. Similarly, 

consistency in the pattern of insect succession between study sites suggests that 

succession data collected at one location can be applied to different locations and 

similar habitats within the same area. It is good practice, however, to establish multiple 

sets of baseline reference data for all core habitat types within a geographic area 

regardless of the level of proximity between locations. Such studies will improve the 

applicability of reference data to the specifics of the investigated death scenario and can 

potentially identify species indicative of certain habitat types.  
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5.1 Study Species  
 

As a result of the work presented in Chapter 3 and 4 two parasitoid species were 

identified in association with decomposing remains in Perth, Western Australia which 

are considered to be of great value as indicators of PMI. Consequently, the two 

parasitoids, Tachinaepahgus zealandicus Ashmead (Hymenoptera: Encyrtidae) and 

Nasonia vitripennis Walker (Hymenoptera: Pteromalidae), were established in 

laboratory colonies for additional research purposes (Chapter 1: Aims 6-7).  

 

 

5.2 Nasonia vitripennis Walker 1836 (Pteromalidae: Pteromalinae)  
 

Synonymy 

The synonymy of N. vitripennis is as follows: 

 
Nasonia vitripennis Walker, 1836 
Mormoniella vitripennis Walker, 1836 
Lariophagus vitripennis Walker, 1836 
Pteromalus vitripennis Walker, 1836 
Lariophagus muscarum Hartig, 1838 
Pteromalus muscarum Hartig, 1838 
Lariophagus abnormis Boheman, 1858 
Pteromalus abnormis Boheman, 1858 
Dicyclus pallinervosus Walker, 1872 
Semiotellus insuetus Walker, 1872 
Stictonotus insuetus Walker, 1872 
Dicyclus pallidinervosus Dalla Torre, 1898 
Mormoniella brevicornis Ashmead, 1904 
Nasonia brevicornis Ashmead, 1904 
Platymesopus erausquinii Brèthes, 1913 

 

 

Distribution and Host Range 

Nasonia vitripennis has been the subject of considerable research covering aspects of 

the species behaviour, ecology, genetics, physiology and morphology. The species has 

a cosmopolitan distribution with occurrences reported in over 35 countries, including 

parts of Australia (Table 5.1). N. vitripennis, was released into Western Australia 

throughout 1915-1925 as a biological control agent, however, its current abundance and 

distribution are unknown (Waterhouse and Sands 2001). N. vitripennis is a generalist 

parasitoid reported to attack over 80 species of Diptera (Table 5.2) inhabiting substrates 

such as carrion, nests and refuse (Cornell and Pimentel 1978).  
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Table 5.1: Reported distribution of N. vitripennis. Adapted from the Universal 

Chalcidoidea Database (Noyes 2003).  

 

Australasia Europe 
South 

America 
North 

America Africa Asia 

Australia Austria Argentina Canada Egypt India 

New Caledonia Belgium Brazil United States Senegal Israel 

New Zealand Croatia Chile  South Africa Japan 

 Czech Republic   Zimbabwe South Korea 

 Denmark    China 

 France    Sri Lanka 

 Germany     

 Italy     

 Netherlands     

 Norway     

 Poland     

 Slovakia     

 Spain      

 Sweden     

 Turkey     

 England     

  Yugoslavia         
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Table 5.2: Reported host species (Diptera) of the parasitoid, N. vitripennis. Adapted 

from the Universal Chalcidoidea Database (Noyes 2003).  

 

Family Host Species Family Host Species 
Anthomyiidae Hydrotaea capensis Glossinidae Glossina morsitans 

Calliphoridae Calliphora erythrocephala Hippoboscidae Pseudolynchia canariensis 

 Aldrichina grahami Fanniidae Fannia canicularis 

 Apaulina avium   Fannia femoralis 

 Apaulina metallica   Fannia scalaris 

 Apaulina sialia  Muscidae Lispe orientalis 

 Calliphora augur   Musca domestica 

 Calliphora grahami   Muscina prolapsa 

 Calliphora quadrimaculata   Muscina stabulans 

 Calliphora stygia   Ophyra aenescens 

 Calliphora vicina   Ophyra leucostoma 

 Calliphora oceaniae   Ophyra nigra 

 Calliphora vomitoria   Polietes Iardaria 

 Calliphora hominivorax   Stomoxys calcitrans 

 Calliphora albiceps   Synthesiomyia nudiseta  

 Calliphora macellaria Oestridae Gasterophilus intestinalis 

 Chrysomya chloropyga Piophilidae Piophila casei 

 Chrysomya megacephala Sarcophagidae Agria affinis 

 Chrysomya putoria   Agria housei 

 Chrysomya rufifacies   Bellieria mellanura 

 Chrysomya varipes   Bercaea cruentata 

 Cochliomyia hominivorax   Parasarcophaga argyrostoma 

 Cochliomyia macellaria   Peckia abnormis 

 Lucilia cuprina   Sarcodexia sternodontis 

 Lucilia ceasar   Sarcophaga aurifons 

 Lucilia bufonivora   Sarcophaga barbata 

 Lucilia illustris   Sarcophaga bullata 

 Lucilia sericata   Sarcophaga cranaria 

 Phaenicia sericata   Sarcophaga crassipalpis 

 Phaenicia mexicana   Sarcophaga haemorrhoidalis 

 Phormia azurea   Sarcophaga nodosa 

 Phormia regina Sciomyzidae Neottiophilum praeustum 

 Phormia terraenovae Syrphidae Eristalis tenax 

 Pollinea stygia Tachinidae Diplostichus janithrix 

 Protocalliphora avium   Hubneria estigmenensis 

 Protocalliphora azurea   Lydella stabulans 

 Protocalliphora metallica   Omotoma fumiferanae 

 Protocalliphora sialia   Sturmia schineri 

 Protocalliphora sordida   Sturmia sericariae 

 Protophormia terraenovae  Tachinidae Timavia fumiferanae 

 Pycnosoma rufifacies   Tricholyga bombycis 

      Winthemia amoena 
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Lifecycle 

The pupal parasitoid, N. vitripennis is an idiobiont species that injects the host with 

venom prior to oviposition resulting in permanent paralysis of the host, interrupting the 

host’s life cycle (Mello and Aguiar-Coelho 2009). A preference by females for fly 

pupae, aged between 24 and 72 hours, has been demonstrated (Whiting 1967). Upon 

encountering a host, the female examines the pupa, drills through the puparial shell 

using her ovipositor and transfers eggs to the surface of the host pupa. During 

oviposition females inject a venom that results in the developmental arrest and eventual 

death of the host allowing the successful development of the parasitoid larvae (Rivers 

and Denlinger 1994). The species is gregarious, laying multiple eggs within a single 

host. The eggs are translucent white, pear shaped and approximately 0.33 mm long and 

0.12 mm wide (Whiting 1967). The number of parasitoids per host varies dependant on 

the host species but typically ranges from seven to thirty (Werren 1984). Once hatched, 

parasitoid larvae puncture the host tissue and begin feeding on the host’s body fluids. 

The larvae remain in position throughout their development. Upon cessation of feeding, 

the larvae enter a resting stage during which they defecate previously accumulated 

waste (Graham-Smith 1916; 1919; Whiting 1967). Larvae pupate and eclose within the 

host pupae, eventually exiting the host approximately 24 hours following eclosion. 

Adult wasps chew a hole in the pupal casing through which successive adults emerge.  

 

An aspect of hymenopteran biology is the haplodiploid system that determines the sex 

of offspring. Males develop from unfertilised eggs (haploid) and females develop from 

fertilised eggs (diploid). As such, females can determine the sex ratio of their offspring 

and a number of theories have been developed to explain the variation in the sex ratios 

observed (Godfray 1994). N. vitripennis is a common model for the investigation of sex 

ratio theories (Molbo and Parker 1996; Werren 1984). N. vitripennis offspring are 

typically female biased (1M:5F) when females oviposit alone, yet in the presence of 

other females, a greater proportion of males are produced (Whiting 1967). Offspring 

sex ratios can also vary depending on  the host species, size and age of the host (King 

2002). 

 

Male offspring usually emerge before the female offspring and following emergence, 

mating can occur immediately. Females emerge with an available egg load (Whiting 

1967) but production of additional eggs requires females to feed on a hosts fluids. Fluid 

excretions from the ovipositor are used to construct a feeding tube between the female 
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and the host allowing the extraction of nutritional fluids for future egg development. 

Females that do not host feed begin to reabsorb their egg load within three days 

(Whiting 1967). Adults range in size from 1.0 to 3.5 mm for females and 0.6 to 2.4 mm 

for males (Whiting 1967). Variations in adult size are often a reflection of host quality 

(Werren 1984). N. vitripennis females are considered inefficient flyers and males are 

flightless (Whiting 1967).  

 

Host Foraging  

Nasonia vitripennis has been used as a model to investigate aspects of parasitoid host 

foraging (Edwards 1954; Oliai and King 2000; Smith and Rutz 1991; Whiting 1967; 

Wylie 1958). Edwards (1954) using rabbit liver infested with M. domestica larvae 

determined that females were attracted to odour cues associated with the host-habitat 

and then orient towards available hosts based on physical and/or volatile cues derived 

from the host itself. Females were attracted to host infested rabbit liver but not host 

larvae without liver or rabbit liver decomposed by bacterial action alone. 

Problematically, the age of the liver used in each replicate was not reported and thus 

the odour source was either not standardized for each replicate, or if standardized, 

represented only a single stage of decomposition. As such, further investigation of 

parasitoid foraging within a carrion-host habitat is needed to establish the specific 

volatile odours involved and if any preference exists for a specific stage of meat decay. 

Edwards’ (1954) findings do, however, suggest that female N. vitripennis would be 

attracted to a carcass during the larval feeding stage of suitable host species. However, 

as N. vitripennis is a known pupal parasitoid, females may arrive before suitable host 

pupae are available. This is substantiated by Fuller’s (1934) field investigation of insect 

succession in Canberra, Australia which noted that females arrive at a carcass during 

the early stages of decomposition, at the same time as the blowflies, and then wait in 

the vicinity of the carcass until pupae are available for parasitization. While these 

females are more likely to encounter a host, the time they spend waiting for pupation 

and subsequent host opportunities appears energetically inefficient.  

 

Oliai and King (2000) demonstrated that N. vitripennis females exhibit evidence of 

associative learning. Females learned to associate colour with host presence and thus 

demonstrated the ability to learn cues associated with successful reproduction. It is 

possible that females learn additional cues associated with successful parasitization and 

improve on their host location success in subsequent searches (Oliai and King 2000). 
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However, the extent of N. vitripennis associative learning abilities is not yet fully 

understood and further work is needed to establish the specifics of host foraging in a 

host-carrion habitat. The host foraging process of N. vitripennis, although poorly 

understood, has previously been examined (Edwards 1954; Oliai and King 2000; Smith 

and Rutz 1991; Whiting 1967) and will not be investigated further within the scope of 

this investigation. 

 

Development 

As with all insects, the development time of parasitoids varies with temperature and 

humidity. The temperature-dependant development of N. vitripennis within fly pupae 

has been previously examined, predominately within the house fly M. domestica. 

Development rates within a few forensically important fly hosts such as, P. 

terraenovae, Chrysomya megacephala Fabricius (Calliphoridae) and C. albiceps 

Wiedemann (Calliphoridae), have also been documented (Cardoso and Milward de 

Azevedo 1996; Grassberger and Frank 2003; Mello and Aguiar-Coelho 2009), 

however, the parasitoid and host population strains upon which this research was based 

were derived from outside of the Australasian region (Austria and Brazil respectively). 

The host-parasitoid development of the species concerned may vary across geographic 

regions as a result of genetic differences between allopatric populations (Grassberger 

and Reiter 2002). Developmental success of N. vitripennis also varies within hosts from 

different populations (Chabora 1970a; b). As a result, the developmental data provided 

by these studies is geographically specific to the region in which the studies were 

conducted. Further, of these three forensically relevant hosts, only C. megacephala 

occurs in Western Australia (Voss et al. 2008). As parasitoid development time can 

vary dependant on the host species, further development studies are needed to 

encompass a wider range of hosts (Mann et al. 1990a), particularly host species of 

forensic importance in Western Australia. 
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5.3 Tachinaephagus zealandicus Ashmead 1904 (Hymenoptera: Encyrtidae) 
 

Synonymy 

The synonymy of T. zealandicus is as follows: 

 
Tachinaephagus zealandicus Ashmead, 1904 
Tachinaephagus australiensis Girault, 1917 
Australencytrus giraulti Johnston and Tiegs, 1921 
Tachinaephagous giraulti Johnston and Tiegs, 1921 
Stenosterys fulvoventralis Dodd, ex Foggatt 1921 
Australomalotylus rageaui Risbec, 1956 

 

 

Distribution and Host Range 

In comparison to N. vitripennis, aspects of the biology of T. zealandicus are less well 

known. The species is considered to be endemic to the southern hemisphere but has 

been actively released in other regions, such as North American and Europe (Table 

5.3), as part of several biological control programs (Ables 1977). T. zealandicus has 

been reported in over 14 countries, including parts of Australia, and was actively 

released in Western Australia throughout 1928-1931 as a biological control agent of 

myiasis inducing flies (Waterhouse and Sands 2001). Newman and Andrewartha 

(1930) reported the species occurred in association with carrion throughout March to 

November in Perth, Western Australia. However, no records exist detailing the species 

current status.  

 

Tachinaephagus zealandicus is a generalist species, attacking at least 27 species of 

Diptera that breed in decomposing plant or animal matter (Table 5.4). It  is a larval 

endoparasitoid, preferring fully developed third instar hosts but will attack earlier 

instars if the later stage is unavailable (Newman and Andrewartha 1930). Olton and 

Lenger (1974) observed that pupae are not parasitized as T. zealandicus females cannot 

pierce the hardened puparium.   
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Table 5.3: Reported distribution of the larval endoparasitoid, T. zealandicus. Adapted 

from the Universal Chalcidoidea Database (Noyes 2003).  

 

Australasia Europe South America North America Africa Asia 

Australia Italy Argentina United States Mauritius Indonesia 

French Polynesia  Brazil  South Africa  

New Caledonia  Chile    

New Zealand  Trinidad & Tobago    

    Uruguay       

 

 

Lifecycle 

Upon encountering a host, females mount the larvae postero-dorsally, maintaining 

position aggressively, regardless of larval activity, while examining the host with both 

antennae and ovipositor. The ovipositior is then inserted just beneath the larvae’s 

integument and eggs are transferred into the host over a 25-45 second period (Olton 

and Legner 1974). Following parasitization, the host remains active, continues its 

development and pupates. Olton and Legner (1974) reported that eggs developing 

within M. domestica larvae hatched after 4 days at 24°C and larval feeding occurred 

over a subsequent 12 -13 days. Shortly following pupation, the host dies. T. zealandicus 

is gregarious, laying multiple eggs within a single host. The eggs are dumbbell shaped 

and approximately 0.208 mm long and 0.080 mm wide. Development occurs entirely 

within the host tissue with no external protrusions unlike the many of the Encyrtidae 

(Olton and Legner 1974).  The number of parasitoids per host varies dependant on the 

host species and host density but typically ranges from 15 – 25 (Ables 1977; Newman 

and Andrewartha 1930). Once hatched, parasitoid larvae puncture the host tissue and 

begin feeding on the host’s body fluids. Larvae pupate and eclose within the host. 

Adult wasps chew a hole in the pupal casing through which successive adults emerge 

(Olton and Legner 1974). T. zealandicus offspring are typically female dominated 

(1M:2F) and factors altering the sex ratio of offspring have not been investigated for 

this species (Ferreira de Almeida et al. 2002a).  
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Table 5.4: Reported host species (Diptera) of the parasitoid, T. zealandicus. Adapted 

from the Universal Chalcidoidea Database (Noyes 2003).  

 

Family Host Species 

Calliphoridae Calliphora erythrocephala 

 Calliphora quadrimaculata 

 Calliphora stygia 

 Chrysomya chloropyga 

 Chrysomya dux 

 Chrysomya putoria 

 Chrysomya megacephala 

 Chrysomya rufifacies 

 Chrysomya varipes 

 Lucilia cuprina 

 Lucilia sericata 

 Paracalliphora augur 

 Phaenicia sericata 

 Xenocalliphora hortona 

Faniidae Fannia canicularis 

Muscidae Hydrotaea capensis 

 Lyperosia exigua 

 Musca domestica 

 Musca sorbens 

 Stomoxys calcitrans 

 Stomoxys niger 

Otitidae Tritoxa flexa 

Sarcophagidae Hybopygia varia 

 Sarcophaga bullata 

 Sarcophaga cruentata 

 Sarcophaga haemorrhoidalis 

  Sarcophaga milleri 
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Contention exists in the literature regarding the occurrence of pre-emergence mating 

behaviour (Johnston and Tiegs 1921; Olton and Legner 1974). Johnson and Tiegs 

(1921) reported that mating occurred within and outside the host puparium while Olton 

and Legner (1974) reported that T. zealandicus females, when isolated following 

emergence, produced only male offspring, refuting the occurrence of pre-emergence 

mating. Further work is needed to establish the conditions under which pre-emergence 

mating occurs. Mating is observed immediately following emergence (Olton and 

Legner 1974).  T. zealandicus females are provigenic, emerging with an available egg 

load and die soon after commencing oviposition (Olton and Legner 1974). Females do 

not appear to host feed, probably as the development of oocytes is not continued after 

emergence and extra protein sources are not needed (Ferreira de Almeida et al. 2002a). 

T. zealandicus females and males are both efficient flyers (Olton and Legner 1974). 

 

Host Foraging 

Almost nothing is known regarding the host finding process of T. zealandicus females. 

Field observations indicate that this species is able to search effectively and survive at 

low host densities which results in high parasitization of flies in isolated breeding 

habitats (Johnston and Tiegs 1922). Braack (1987) recorded a higher incidence of 

parasitism for fly species that pupated in or near carrion compared to those species 

which move away from the food source and burrow into the soil to pupate. Location of 

buried hosts may be achieved by either tactile searching or following semiochemical 

trails left by the larvae during burial. The effectiveness of T. zealandicus females in 

locating wandering or buried hosts is dependant on the searching mechanisms and 

behaviour of the parasitoid (Geden 1999; Rueda and Axtell 1985). The observations of 

Braack (1987) suggest that stimuli derived from the host-habitat are likely to play a role 

in host location for T. zealandicus. However, the physical and chemical cues used by T. 

zealandicus females during host foraging are currently unknown. In fact, the process of 

parasitoid host location, within a carrion habitat, is poorly understood in general.  It is 

expected that the host foraging process of T. zealandicus is mediated by olfactory 

stimuli. Therefore, an investigation of the role of odour cues used during host location 

by T. zealandicus females would improve our understanding of parasitoid succession 

and host location within a host-carrion habitat.  
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Development 

The temperature-dependant development of T. zealandicus within fly pupae has been 

previously examined, within the house fly M. domestica (Olton and Legner 1974) and 

the forensically important Chrysomya putoria Wiedemann (Calliphoridae) (Ferreira de 

Almeida et al. 2002b). While forensically relevant, the latter species does not occur in 

Australia. As parasitoid development time varies dependant on the host species, further 

development studies are needed to encompass a wider range of forensic hosts (Mann et 

al. 1990a). Therefore, there is currently a paucity of relevant reference data detailing 

the development of T. zealandicus within host species of forensic importance in 

Western Australia. 

 

Study Species-Specific Aims 

As outlined previously (Chapter 1), this thesis aimed to address aspects of host location 

and temperature-dependant development of those parasitoids identified as being of 

forensic value (Chapter 3 and 4). Consequently, the parasitoids, N. vitripennis and T. 

zealandicus, were used to address the previous aims proposed in Chapter 1 as follows: 

 

Parasitoid Foraging Behaviour   

6) Investigate the innate responses of T. zealandicus to specific odour cues   

associated with the parasitoid-host-carrion relationship: 

(iv) Determine if females are attracted to volatile odours cues and if so, determine 

which odours are attractive and thus if the odours are derived from the host, 

host-habitat or combination of the two.  

(v) Establish any hierarchical preference between different odours. 

(vi) Examine any discernable differences in parasitoid behaviour over time in 

relation to the presence of different odour combinations. 

 

Temperature-dependant Development  

7) Provide developmental data for N. vitripennis and T. zealandicus at 

temperatures reflective of the climatic conditions of Perth, Western Australia. 
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Host location and behavioural response patterns of the parasitoid, 

Tachinaephagus zealandicus Ashmead (Hymenotpera: Encyrtidae), to host and 

host-habitat odours 

 

 

6.1 Abstract 

 

1. To overcome the challenge of host location in patchy and complex 

environments, many parasitoids exploit host-habitat derived odour cues. This 

study investigated the role of odour cues used during host location by the 

generalist parasitoid, Tachinaephagus zealandicus, a common parasitoid of 

dipteran larvae found in association with decomposing carrion. 

2. A Y-tube olfactometer was used to test aspects of host searching behaviour of 

T. zealandicus females under different choice scenarios: combinations of 

host/liver complex, eaten liver, unwashed host larvae, washed host larvae, liver 

in six stages of decay and control (no odour).  

3. Tachinaephagus zealandicus females demonstrated an innate response to, and 

preference for, odours arising from liver substrates following interaction with 

the host, however, this was dependant on the stage of meat decay. Females were 

not attracted to liver that had never been in contact with a host, regardless of the 

stage of decay. There were discernable differences in parasitoid movement and 

behaviour under different choice scenarios. The absence of odour stimulus 

elicited limited movement about the olfactometer. In the presence of any odour 

stimuli, females were more active within the olfactometer and when presented 

with two odour options T. zealandicus females demonstrate a heightened 

investigation response, moving across all regions of the olfactometer.  

4. Knowledge of the cues that mediate host location for T. zealandicus can 

contribute to fields such as forensic entomology where the presence of 

parasitoids on decomposing remains can be used to estimate time since death. 
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6.2 Introduction 

 

Successful reproduction for parasitoids encompasses a series of behavioural steps 

commonly defined as host-habitat location, host location, host acceptance, host 

suitability and host regulation (Vinson and Iwantsch 1980). Successful host location, 

where resources are patchily distributed within the environment, is dependant on the 

information value of stimuli used in the host location process. Host searching efficiency 

is enhanced through the use of stimuli that are highly detectable within the environment 

and also reliable as indicators of host presence (Vet and Dicke 1992; Vet et al. 1995). 

Enhanced foraging efficiency increases the time available for feeding, mate selection 

and assessment of host quality and, as such, parasitoids are likely to have evolved to 

use high value cues in host location (Morgan and Hare 1998).    

 

Insect parasitoids respond to a hierarchy of stimuli, including chemical, visual, 

vibrational and tactile cues, as a means of seeking out potential hosts (Allen et al. 1999; 

Carroll 2006; Rojas et al. 2006; Wackers and Lewis 1999). Chemical cues produced by 

either the host itself, products derived from the host, and/or emitted by the host habitat, 

play an important role in host location (Vet et al. 1995). Host derived stimuli are 

usually highly reliable indicators of host presence but are often only detectable at short 

distances (Morgan and Hare 1998). In contrast, volatile compounds released by the 

host’s habitat can act as long range cues in the host location process as they are usually 

produced in large amounts and are highly detectable. However, host-habitat derived 

stimuli may be less reliable as indicators of host presence as they need not be 

specifically generated by the host itself (Neveu et al. 2002; Van Baarlen et al. 1996; 

Vinson 1998).  

 

The role of host-habitat derived stimuli has been widely studied in parasitoids that use 

phytophagous insect hosts (Godfray 1994; Storeck et al. 2000; Vet and Dicke 1992). 

Such studies indicate that plant volatiles are emitted in reaction to herbivore attacks and 

are generally highly detectable and reliable indicators of host presence for foraging 

parasitoids. It is often postulated that plants have evolved such a response to actively 

attract the natural enemies of their herbivores resulting in increased plant fitness 

(Neveu et al. 2002). However, as opposed to the tritrophic evolution of the parasitoid-

host-plant relationship, little information is available concerning the value of chemical 

cues emitted by host food sources that are not subject to similar selective pressures. For 
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instance, only a handful of studies have investigated parasitoid species that attack hosts 

inhabiting and/or feeding on ‘non-living’ material, such as decaying plant (Vet 1983; 

Vet et al. 1984) or animal matter (Reznik et al. 1992). 

 

Tachinaephagus zealandicus Ashmead (Hymenoptera: Encyrtidae), is a generalist 

parasitoid attacking several forensically important blowfly species that breed in carrion 

and other decaying substrates (Olton and Legner 1974; Turchetto and Vanin 2004). 

This parasitoid-host-carrion relationship has evolved under significantly different 

selective pressures to that of tritrophic parasitoid-host-plant relationships. In the 

absence of any selective pressure on the host’s food source, the cues used in long range 

detection of potential hosts are unlikely to be as reliable in indicating host presence as 

the emission of odour signals by a plant in response to host feeding (Vinson 1988). 

Nevertheless, previous studies of parasitoids searching for Drosophilidae in decaying 

plant materials have demonstrated that many parasitoids are attracted to volatiles 

derived from the host’s habitat regardless of the presence or absence of potential hosts 

within that habitat (Vet 1983; 1984).  

 

Decomposing substrates release volatile compounds that differ in type and composition 

to that of fermenting substrates and plant-derived odours. As decomposition progresses, 

the volatile compounds released change reflecting the stage of cellular breakdown 

(Statheropoulos et al. 2005). In synchronization with the progression of decomposition, 

a carcass is colonized at different times by potential host species (Archer and Elgar 

2003c). As such, parasitoid species may be attracted to the carcass at specific stages of 

decomposition in accordance with the arrival and development of acceptable hosts. For 

instance, Alysia manducator Panzer (Hymenoptera: Braconidae), a parasitoid of the 

carrion blowfly Calliphora vicina Robineau-Desvoidy (Diptera: Calliphoridae), is 

attracted to meat without hosts but only while the meat is of an age that is suitable for 

oviposition by its host (Reznik et al. 1992).   

 

Parasitoids associated with hosts that occupy decomposing remains are valuable 

indicators of time since death in forensic cases where the various succession waves of 

fly larvae are complete (Grassberger and Frank 2003; Turchetto and Vanin 2004). Such 

entomological estimates require an understanding of parasitoid behavior including the 

factors that mediate parasitoid arrival time at decomposing remains in search of hosts. 

Ultimately, the temperature-dependant development of the host and parasitoid are 
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interpreted in the context of insect succession patterns. How the forensically important 

parasitoid, T. zealandicus, locates its host is currently unknown, but it may involve the 

use of host or host-habitat derived chemical signals. While other sensory modes may be 

involved in host location, this study focused on whether host location by T. zealandicus 

is mediated by olfactory stimuli. If so, it was expected that T. zealandicus will respond 

to odour cues from the host’s food source at a specific stage of decay that correlates to 

the optimum potential for a host to be present.   

 

Aspects of host location are commonly investigated through choice tests within an 

olfactometer and usually the first choice of the insect is considered the final choice in 

these experiments (Koschier et al. 2000; Natale et al. 2004; Rojas et al. 2006; 

Sandanayaka 2006). However, parasitoids are typically prevented from making contact 

with the odour source and if the experiment is continued over time parasitoid 

movement can continue within the olfactometer. Some studies have examined the 

residency time parasitoids spend within the different regions of an olfactometer but 

only in terms of a time preference for a particular test odour (De Jong and Kaiser 1991; 

Meiners et al. 2000; Vet et al. 1984). The overall pattern of movement within an 

olfactometer in response to specific odour conditions has largely been ignored. What 

host searching patterns do parasitoids use when presented with an attractive odour that 

is inaccessible? Do they linger near the odour source of interest, return to the Y-

intersection and investigate the alternative odour source or do they behave as they 

would in a no odour choice test? The overall pattern of parasitoid movement, over time, 

in response to specific experimental conditions within an olfactometer has yet to be 

thoroughly investigated.    

 

This study investigated the innate responses of female T. zealandicus to specific odour 

cues associated with the parasitoid-host-carrion relationship. Our investigation 

addressed the following three questions; (i) Are T. zealandicus females attracted to 

volatile cues? (ii) If so, are these cues derived from the host, host-habitat or 

combination of the two? (iii) Are there discernable differences in the pattern of 

parasitoid movement and behaviour within the different regions of an olfactometer, 

over time, when presented with different odour choices? 
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6.3 Materials and Methods 

 

Insects 

Parasitoids were established in colony between January and April 2006 from specimens 

that emerged from host larvae collected at a wildlife reserve located ~23kms south of 

Perth, Western Australia (32°10′S, 115°50′E). Parasitoids were regularly fed a sugar 

and water solution, allowed to mate and were maintained on host larvae of the golden 

haired blowfly, Calliphora albifrontalis Malloch (Diptera: Calliphoridae), in the 

laboratory. Field observations and collections identified C. albifrontalis, as a common 

host of T. zealandicus. Adult flies were collected between January and May 2006 from 

the same wildlife reserve using wind oriented fly traps as described by (Vogt et al. 

1985). A colony of C. albifrontalis was established within the laboratory and adults 

were supplied with sugar and water ad libitum. Sheep liver was used to induce 

oviposition and as a larval food source. Laboratory conditions were maintained at 24 ± 

1°C, 60-70% relative humidity (RH) and 12L:12D photoperiod. 

 

For all experiments, 3 day old, sugar fed, mated and naïve (= no prior oviposition 

experience) female parasitoids were used. All females used in experiments had 

emerged in clean vials from washed pupae. Previous observations have indicated that 

T. zealandicus prefers to oviposit in fully developed blowfly larvae (Newman and 

Andrewartha 1930), therefore late stage, 3rd instar, C. albifrontalis larvae (6 days old at 

24 ± 1ºC) were used in all larval related odour choice tests.  

 

Olfactometer 

Responses to volatile odours were investigated in a Y-tube olfactometer (20cm arms; 

10cm stem; 1cm outside diameter and an angle of 90º between the paired arms). 

Compressed industrial air (N2 = 78.1%, O2 = 20.9%, CO2 = 0.03%, Ar = 0.9%) was 

supplied to the system through a flow meter (Platon gap meter, Sheffield, UK). Airflow 

through the system was maintained at 200mL min-1 and air was humidified by bubbling 

it through distilled water before introducing it to the olfactometer odour chambers. 

Airflow was then split via a Y-adaptor into the two separate odour chambers before 

passing into the individual arms of the glass Y-tube and then out the stem. Silicon 

tubing was used for all connections. Odour chambers were constructed from 500mL 

glass jars with air-tight lids that had been fitted with two straight tubing adaptors made 

from PVC plastic. Each adaptor provided and ‘in’ and ‘out’ opening for air flow 



6-7 
 

passing through each of the odour chambers and into the Y-tube. The ends of the Y-

tube were covered with gauze to prevent parasitoid access to the odour chambers. Fresh 

gauze was used in every replicate. A smoke test demonstrated a laminar airflow in both 

arms and in the base tube. 

 

The Y-tube was visually separated from the odour chambers by a 40 x 40 cm sheet of 

white cardboard. Tubing connecting the Y-tube to the odour chambers passed through 

the card via two tightly fitting holes in the card. White cardboard sheets were also 

placed at the sides and stem of the Y-tube creating a white box, on a white bench, with 

an open top that surrounded the Y-tube. The stem of the Y-tube was fitted into a hole in 

the cardboard box at a lower level than that of the paired arms so that the Y-tube was 

maintained at a fixed 40º angle to encourage parasitoid movement upwards towards the 

odour sources. 

  

To avoid unnecessary disturbance of parasitoids during experiments a digital video 

camera (Panasonic, NV-DS28A, Japan) was suspended, using a retort stand, 50cm 

above the Y-tube with a field of view encompassing the entire length of the Y tube. 

Output from the camera was visible on a colour video monitor (Sony Triton, PVM-

14S4QM, Japan) situated outside the olfactometer test area. A light source above the 

apparatus illuminated the test area uniformly (1240 lux). All experiments were 

conducted between 0900 and 1700 hours under laboratory conditions of 24 ± 1°C and 

60-70% RH.  

 

Experimental Procedure 

An individual female parasitoid was introduced to the base of the Y-tube. Parasitoid 

movement was recorded over a 5 minute period within the Y-tube for each replicate. 

Experimental time commenced as soon as the female reached the Y-intersection and 

made a choice. When a parasitoid reached a distance of 19cm along an arm selection 

and passed the ‘score-line’ (1cm from the end of the Y-tube arms) a choice was 

recorded. Females were able to enter and re-enter arms easily over this time and were 

very mobile within the Y-tube. Therefore total residency time within each section of 

the Y-tube was recorded for each replicate. The Y-tube consisted of six distinct 

sections defined in this study as the; stem, Y-intersection, left arm (area between the Y-

intersection and the score-line), left arm score (1cm area between the score line and the 

end of the Y-tube), right arm and right arm score. Each individual parasitoid was tested 
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once. Females that had not reached the Y-intersection or made a choice after 5 minutes 

were removed and not included in analysis.  

 

After every replicate, the Y-tube and the connecting tubing between the Y-tube and the 

odour chambers were switched with clean materials. Non-glass parts were replaced 

with new materials after every treatment. Used Y-tubes and connecting tubing were 

soaked in hot water with detergent, washed in 70% ethanol and then rinsed with 

distilled water and allowed to dry before re-use. The sample of material used as an 

odour source was discarded after every replicate and replaced with a fresh sample prior 

to the next replicate. In addition, to neutralize any asymmetrical effects, both odour 

chambers were switched between replicates to eliminate directional bias. Potential bias 

between the two olfactomter arms was evaluated by ‘no odour’ (blank) tests. The 

responses of 40 female parasitoids were tested when no odour source was placed in 

either odour chamber.  

 

Test Materials 

To evaluate parasitoid response to the host’s food source, sheep’s liver was used due to 

its suitability as a rearing substrate for fly larvae and also for its representative nature as 

a model for decomposing soft tissue of animal carcasses. The attractiveness of the 

following odours were tested against a control (blank) to investigate whether T. 

zealandicus is attracted to the food source, host larvae or a combination of the host 

larvae’s interaction with the food source;  

 

Host/liver complex: Host larvae reared on liver for a period of 6 days under laboratory 

conditions.  

Eaten liver: Six day old liver from which the host larvae had been removed.  

Unwashed host larvae: Host larvae removed from the liver food source and covered 

with residue.  

Washed host larvae: Larvae removed from the food source and rinsed twice with 

distilled water.  

Liver: Liver that had never been exposed to host larvae. Liver in six stages of decay 

were investigated; fresh, 2 days, 4 days, 6 days, 8 days and 10 days. The stage of meat 

decay reported was based on the length of storage at 24 ± 1ºC room temperature, 60-

70% RH.  
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A new sub-sample of each odour source was used for each replicate. Sub-samples 

consisted of approximately 40 larvae and/or 200g of liver. A single odour choice 

treatment (same odour type) was performed within the olfactometer per day. Following 

the outcome of these tests, additional choice tests were conducted to investigate 

parasitoid preference when presented with two odour choices. For analysis purposes, a 

replicate represents the behaviour of a single wasp presented with an odour source sub-

sample (or two choices) over a five minute period. Each wasp was tested once only. 

 

Statistical Analysis 

The number of naïve T. zealandicus females making a ‘first choice’ between odour 

sources were analysed using chi-squared tests for goodness of fit with Yates’ correction 

for continuity (distribution of expected values 50:50). Non-choosing parasitoids were 

not included in chi-square analyses. The Wilcoxon sign-rank test for paired data was 

used to compare total residency time within each arm of the Y-tube olfactometer under 

each treatment (set odour choice conditions) to account for multiple arm selections over 

the 5 minute observation period. Data were analysed using SigmaStat for Windows 

v3.5. Results were compared to assess the suitability of residency time as opposed to 

‘first choice’ as an indicator of parasitoid attraction to odour stimuli.  

 

The patterns of parasitoid movement within the olfactometer under different treatments 

were compared by using multivariate statistical and ordination techniques from the 

PRIMER v.6 software package (PRIMER-E Ltd, Plymouth, UK). A sample, for 

analysis, consisted of a single wasp. The residency times of a single wasp within each 

section of the Y-tube under a given treatment were used as variables. Therefore, each 

sample consisted of the residency time an individual wasp spent in the stem, Y-

intersection, left arm, left arm score, right arm and right arm score over a 5 minute 

period.  

 

Non-metric multidimensional scaling ordination (MDS) was used to examine initial 

patterns of variation in residency time within the different regions of the Y-tube 

between treatments. Ordination was done in two dimensions using the Manhattan 

distance similarity measure. A hierarchical agglomerative cluster analysis was also 

performed to identify any ‘natural grouping’ between treatments (i.e. those choice test 

conditions that elicited similar parasitoid behaviour patterns within the olfactometer). A 

SIMPROF test (similarity profile test) was used to assess the statistical significance of 
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the identified groupings at a significance level of 0.05. SIMPROF is a permutation test 

of the null hypothesis that samples within a cluster group do not differ in multivariate 

structure (Clarke and Warwick 2001).   

 

Finally, to test the hypothesis that parasitoid searching behaviour, as indicated by 

residency time, differs in response to odour choice conditions (attraction level and 

number of odours presented) treatments and outcomes were separated into six a priori 

groups representing six distinct situations within the Y-tube olfactometer; (1) no odour 

choice - control, (2) single odour choice – attractive, (3) single odour choice – not 

attractive, (4) dual odour choice – no preference, (5) dual odour choice – preference, 

(6) single odour choice – repellent. Treatments were allocated to each of the six subsets 

based on the outcome of parasitoid choice tests using residency time as an indicator of 

odour choice. ANOSIM analysis (Clarke and Green 1988) was used to test the 

hypothesis that there was no difference in residency time within the different regions of 

the Y-tube between treatment subsets. ANOSIM is a flexible and robust test that can be 

used with any similarity matrix as an alternative to MANOVA where the assumptions 

of MANOVA tests cannot be met by the multivariate data analysed. The significance of 

the ANOSIM test global R-value was assessed based on permutations linked to the 

data.  

 

 

6.4 Results 

 

No Odour Choice Tests  

Chi-square analysis of parasitoid ‘first choice’ indicated that wasps selected both arms 

equally when no odours were offered (χ2
1

 = 0.071, P = 0.789, N = 28). Residency time 

was not significantly different between arms indicating no evident bias between the two 

olfactometer arms (w = 0.067, P = 0.952, N = 40). 

 

Response to Host and Host Habitat Odours 

Naïve T. zealandicus females were not attracted to volatiles emanating from 

undamaged liver at any of the six stages of decay investigated (Table 6.1). Residency 

time within the odour arm of the olfactomter for volatiles emitted from fresh, 2 day, 6 

day, 8 day and 10 day old liver compared to a control (no odour) were not significantly 

different (Figure 6.1), however, a repellency effect was observed when parasitoids were 
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offered a choice between 4 day old liver and a control (Table 6.1). Parasitoids selected 

the control odour over 4 day old liver 65% of the time and total residency time within 

the different arms of the olfactomter over a 5 minute period was significantly different 

(Figure 6.1). In contrast, ‘first choice’ analysis and total residency time comparisons 

indicated no significant choice difference between 4 day old eaten liver and a control or 

between 4 day old eaten liver and 4 day old liver (Table 6.1; Figure 6.2).      

 

Liver (6 days old) infested with host larvae (host complex) was highly attractive with 

87.5% of females selecting the odour arm over the control (Table 6.1). Similarly, eaten 

liver (6 days old) that had been fed upon by fly larvae and from which the hosts were 

removed after 6 days was highly attractive to T. zealandicus females (Table 6.1). 

Residency time was also significantly higher in the odour arm than the control arm of 

the olfactometer for both treatments (Figure 6.1). Females marginally preferred 6 day 

old eaten liver over 6 day old liver based on ‘first choice’ analysis (Table 6.1). Total 

residency time between the two odour arms was not significantly different (Figure 6.2).   

   

A significantly higher number of females selected the odour of unwashed larvae over a 

control as their ‘first choice’ (Table 6.1). However, residency time was not significantly 

different between the odour arm (unwashed larvae) and the control arm over the 5 

minute observation period (Figure 6.1). Further, females showed no preference between 

the odour of washed larvae and a control (Table 6.1; Figure 6.1).      

 

Naïve females demonstrated no preference between the host complex and 6 day old 

eaten liver but were more attracted to the host complex than unwashed larvae based on 

‘first choice’ analysis (Table 6.1). Total residency time was not significantly different 

between the two arm choices in either of these dual treatments (Figure 6.2), however, in 

the latter treatment, the mean time taken by parasitoids to reach the odour source was 

longer for females selecting the unwashed larvae odour as opposed to the host complex 

odour as a ‘first choice’ (61.3 ± 16.6; 44.4 ± 5.5 seconds respectively). Parasitoids 

preferred 6 day old eaten liver to unwashed larvae (Table 6.1) and spent a significantly 

higher proportion of time responding to the eaten liver odour (Figure 6.2). A 

comparison of the time taken by parasitoids to reach the odour source in the 

significantly ‘attractive’ odour vs. control treatments supports a hierarchical preference 

of the host complex > 6 day old eaten liver > unwashed larvae (57.92 ± 6.32; 66.08 ± 

10.49; 73.52 ± 15.01 seconds respectively).    
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Table 6.1: Chi-square analysis of ‘first choice’ odour arm selection based on crossing 

score line 1 cm from end of the Y-tube arms for each treatment. 

 

Odour 1 N Odour 2 N Total N χ2 P 

Control 13 Control 15 28 0.071   0.789 

Liver (Fresh) 18 Control 22 40 0.450   0.502 

Liver (2 Days Old) 18 Control 21 39 0.205   0.651 

Liver (4 Days Old) 13 Control 26 39 7.385   0.007** 

Liver (6 Days Old) 23 Control 17 40 1.250   0.264 

Liver (8 Days Old) 24 Control 16 40 2.450   0.118 

Liver (10 Days Old) 18 Control 21 39 0.205   0.651 

Eaten Liver (4 Days Old) 18 Control 21 39 0.205   0.651 

Eaten Liver (6 Days Old) 33 Control 4 37 42.378   <0.001*** 

Unwashed 25 Control 15 40 4.050   0.044* 

Washed 18 Control 22 40 0.450   0.502 

Host Complex 35 Control 3 38 40.453   <0.001*** 

Host Complex 21 Eaten Liver (6 D) 18 39 0.205   0.651 

Host Complex 26 Unwashed 13 39 7.385   0.007** 

Eaten Liver (6 Days Old) 25 Liver (6 D) 15 40 4.050   0.044* 

Eaten Liver (4 Days Old) 18 Liver (4 D) 20 38 0.053   0.819 

Eaten Liver (6 Days Old) 31 Unwashed 9 40 22.050   <0.001*** 

Significant choice at * P<0.05; ** P< 0.01;*** P<0.001. 

Degrees of freedom = 1 in all cases. D, days old. 
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Figure 6.1: Mean residency time (s ± SE) of Tachinaephagus zealandicus females within either arm of the Y-tube olfactometer exposed to different 

treatment odour sources vs. a control (blank) over a 5 minute observation period. */** = Significance at P<0.01/P<0.001, respectively. Wilcoxon 

signed rank test for paired data (from left to right: w = -4.963, P <0.001; w = -1.378, P = 0.170; w = 0.673, P = 0.505; w = -0.106, P = 0.922; w = 

0.105, P = 0.922; w = 2.682, P = 0.007; w = 1.092, P = 0.278; w = -1.689, P = 0.093; w = 1.652, P = 0.100; w = 0.620, P = 0.540; w = -4.923, P 

<0.001), F, fresh; D, day. 
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Figure 6.2: Mean residency time (s ± SE) of Tachinaephagus zealandicus females within either arm of the Y-tube olfactometer in the presence of two 

odour sources for each treatment over a 5 minute observation period (odour 1 = black vs. odour 2 = white). ** = Significance at P<0.001. Wilcoxon 

signed rank test for paired data (from left to right: w = -0.668, P = 0.508; w = -0.713, P = 0.480; w = -4.115, P = <0.001; w = 0.373, P = 0.714; w = -

1.339, P = 0.183). D, day. 
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Analysis of Host Searching Behaviour  

Cluster analysis of treatment similarity indicated four ‘natural’ groupings at a 

significance level of 0.05. A SIMPROF test indicated that, within clusters, parasitoid 

behaviour (residency time patterns) between treatments was similar but this behaviour 

differed between the four separate clusters (Figure 6.3). SIMPROF analysis indicated 

that the control treatment was distinct from all other treatments as was the eaten liver 

vs. unwashed larvae treatment (P < 0.05). The host complex vs. control treatment and 

the eaten liver vs. control treatment (both odours were significantly attractive in the 

presence of no odour) clustered together indicating that parasitoid behaviour was 

similar in these two treatments but distinct from all other treatments. Parasitoid 

behaviour in the remaining treatments clustered together based on a SIMRPOF test of 

significance (Figure 6.3).   

 

The pattern of variation in residency time within the different regions of the Y-tube 

between a priori subsets (based on earlier analysis of parasitoid attraction) was 

significantly different (ANOSIM Global R = 0.038, P<0.001). Parasitoid behaviour 

when presented with a no choice (blank vs. blank) odour scenario was significantly 

different to all other odour choice scenarios (Figure 6.3; Table 6.2). Parasitoid 

searching behaviour within the subset condition, ‘single odour choice – attractive’, was 

significantly different to all other odour scenarios at P < 0.05 except ‘dual odour choice 

– no preference’ which differed at P = 0.076.  

 

The time females spent in the various regions of the olfactometer was not significantly 

different between the three subsets; ‘single odour choice – not attractive’, dual odour 

choice – preference and dual odour choice – no preference (Table 6.2). However, the 

pattern of time spent in the different regions of the olfactometer in the ‘single odour 

choice – repellent’ subset was significantly different to all other odour scenarios with 

the exception of parasitoid behaviour when presented with a ‘single odour choice – not 

attractive’ scenario (Figure 6.3; Table 6.2).  
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2D Stress: 0.03

 

Figure 6.3: Ordination (multidimensional scaling) of treatment subsets by average residency time within each region of the olfactometer. Hierarchical 

cluster analysis of treatments (SIMPROF significance level 0.05) superimposed. Symbols: black triangles, no odour choice - control; black diamonds, 

single odour choice - attractive; white triangles, single odour choice – repellent; white circles, dual odour choice – no preference; black circles, single 

odour choice – not attractive; white diamonds, dual odour choice - preference. 
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Table 6.2: Global and pair-wise ANOSIM results indicating the extent of similarity 

between treatment subsets in terms of the pattern of residency time within the different 

regions of the olfactometer.  

 

Pair-wise Comparisons  

Subset 1 Subset 2 R-Statistic 

(1) No Odour Choice – Control  (2) Single Odour Choice - Attractive 0.419*** 

(1) No Odour Choice - Control (3) Single Odour Choice – Not Attractive 0.084**         

(1) No Odour Choice – Control (4) Dual Odour Choice – No Preference 0.086*** 

(1) No Odour Choice - Control (5) Dual Odour Choice - Preference 0.178*** 

(1) No Odour Choice - Control (6) Single Odour Choice - Repellent 0.060* 

(2) Single Odour Choice - Attractive (3) Single Odour Choice – Not Attractive 0.035* 

(2) Single Odour Choice - Attractive (4) Dual Odour Choice – No Preference 0.028 ns 

(2) Single Odour Choice - Attractive (5) Dual Odour Choice - Preference 0.114** 

(2) Single Odour Choice - Attractive (6) Single Odour Choice - Repellent 0.546*** 

(3) Single Odour Choice – Not Attractive (4) Dual Odour Choice – No Preference 0.008 ns        

(3) Single Odour Choice – Not Attractive (5) Dual Odour Choice - Preference 0.011 ns     

(3) Single Odour Choice – Not Attractive (6) Single Odour Choice - Repellent 0.023 ns        

(4) Dual Odour Choice – No Preference (5) Dual Odour Choice - Preference -0.022 ns 

(4) Dual Odour Choice – No Preference (6) Single Odour Choice - Repellent 0.050** 

(5) Dual Odour Choice - Preference (6) Single Odour Choice - Repellent 0.266*** 
 

* P<0.05, ** P<0.01, *** P<0.001. ns, not significant.  

Global R-statistic: 0.038**. 
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6.5 Discussion 

 

To overcome the challenge of host location in patchy and complex environments, many 

generalist parasitoids exploit host-habitat derived odour cues (Stelinski et al. 2006). 

While the role of odour cues in host location for parasiotids that attack phytophagous 

insects is well documented, there has been little comparative investigation of the host 

location cues used by parasitoids of hosts that inhabit non-living substrates. This study 

investigated the role of odour cues used during host location by the generalist 

parasitoid, T. zealandicus. The present study demonstrates that host-naïve T. 

zealandicus females do respond to olfactory stimuli, specifically odours derived from 

the interaction of the host and host-habitat.  

 

Response to Host and Host Habitat Odours 

Host-naïve T. zealandicus females were not attracted to host-habitat derived odours 

(liver) that had never been in contact with a host, regardless of the stage of decay, 

however, host-naïve T. zealandicus females demonstrated an innate response to, and 

preference for, odours arising from the host-habitat following interaction with the host. 

Orientation of T. zealandicus females towards infested liver (host complex), six day old 

eaten liver and unwashed hosts recently removed from the liver substrate, indicate 

olfactory recognition and long range attraction to a combination of volatiles produced 

by the interaction between the host and its food source. In contrast, uneaten liver at 

various stages of decay and washed host larvae were not attractive, suggesting that long 

range volatile cues eliciting an attraction response do not arise from the host or its 

habitat alone but from the process of the host feeding on the liver.  

 

Nasonia vitripennis Walker (Hymenoptera: Pteromalidae), a well studied parasitoid of 

blowfly pupae, is similarly attracted to the odour of host infested meat but not 

uninfested meat (age unreported) or host larvae alone (Whiting 1967). Further, the 

generalist parasitoid, Alysia manducator, although attracted to both, preferred host 

infested over uninfested meat suggesting that females can differentiate between 

infested and uninfested substrate based on odour differences (Reznik et al. 1992). 

Similarly, our results suggest that substrate modification by the host elicits parasitoid 

attraction in a carrion-host habitat. This situation is analogous to the well documented 

attraction of parasitoids to volatile compounds emitted by plants in response to 

herbivore feeding (Turlings et al. 1991; Vet and Dicke 1992). Our findings demonstrate 
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that the tritrophic relationship commonly observed in plant-herbivore-parasitoid 

interactions can also evolve in the absence of selective pressure on the host-habitat. 

 

A number of parasitoids do not differentiate between host-habitats that have been 

mechanically damaged and those damaged by host feeding but are equally attracted to 

both types of damaged substrates (Greany et al. 1977; Henneman et al. 2002). 

Apanteles carpatus Say (Hymenoptera: Braconidae), a parasitoid of clothes moth larvae 

that feed on dry carcasses, demonstrates a heightened attraction to rabbit pelt 

mechanically cut with scissors when compared to undamaged rabbit pelt (Takacs et al. 

1997). It is unlikely that mechanical damage to the host’s food source is responsible for 

the observed attraction response of T. zealandicus females to eaten liver as uneaten 

liver was not attractive despite the mechanical cutting of sub-samples for use within the 

odour chambers of the olfactometer. The ability to differentiate between mechanically 

damaged and host damaged host-habitats is valuable in situations where damage to the 

host-habitat is not always associated with host feeding. For instance, carcass damage is 

also caused by scavengers and other carcass inhabiting insects (O'Brien et al. 2007). 

Females improve the chance of successful host location through orientation towards 

olfactory cues derived from the host-habitat in response to host feeding rather than 

mechanical damage to the host-habitat per se.  

 

Tachinaephagus zealandicus females are attracted to six day old eaten liver but not four 

day old eaten liver and are repelled by uneaten four day old liver. This suggests that the 

stage of meat decay is also important in relation to the production of attractive volatile 

odours resulting from the interaction of the host with its habitat. The volatile 

compounds released from four day old liver are different to and/or are in different 

concentrations to those released from liver that has decomposed over 6 days (Morris et 

al. 1998). This appears to alter the resulting odour combination obtained when host 

larvae feed upon the liver, however, we cannot explain why females were repelled by 4 

day old eaten liver. A subsequent investigation of the odours of interest, as determined 

by the findings of this study, may answer the questions that have arisen from the work 

presented here. Currently, the volatile compounds responsible for the observed 

attraction of T. zealandicus to the interaction of the host with its habitat are unknown. 

Presumably, T. zealandicus females differentiate between infested and uninfested liver 

based on the chemical interaction of specific compounds released from the host and the 

liver during the feeding process. Further, as T. zealandicus is a generalist parasitoid, it 
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is possible that other host species may produce the same feeding by-products as C. 

albifrontalis. Alternatively, we cannot discount that host larvae may vector a 

microorganism to the liver that interacts with the liver over time changing the 

composition of the volatile odours released.  

 

Finally, the infested liver and 6 day old eaten liver were equally attractive and were 

more attractive than unwashed host larvae in dual choice experiments. This preference 

may be due to a difference in the concentration of volatile odours present within the 

odour chambers. Sub-samples of infested liver and eaten liver offered a potentially 

greater volume of the attractive semiochemicals than unwashed hosts which only had a 

small residual of the eaten liver covering their surface.  

 

First Choice vs. Residency Time 

The experimental design and statistical analysis of olfactometric responses vary greatly 

within the literature. Investigation of parasitoid orientation towards odour stimuli in 

choice scenarios within an olfactometer is commonly based on ‘first choice’ outcomes 

(Tinzaara et al. 2005; Turlings et al. 2004), however, several studies have regarded an 

increase in residency time as a better indicator of odour preference as this behaviour 

suggests increased searching time in the area of the volatile odour (Couty et al. 1999; 

De Jong and Kaiser 1991).  

 

A comparison of analysis results based on either ‘first choice’ or residency time 

indicated that methodological decisions can have a significant impact on the 

conclusions drawn regarding odour preferences. In contrast to an analysis of parasitoid 

‘first choice’, an analysis of residency time indicated that T. zealandicus females are 

not significantly attracted to unwashed larvae. Further, in dual choice scenarios no 

significant preference was observed between a number of treatments (host complex and 

unwashed larvae, six day old eaten liver and six day old uneaten liver). This is related 

to the non-parametric analysis performed on residency time which is less likely to 

detect significant differences than the more sensitive χ2 analysis of ‘first choice’. 

Residency time in these three treatments indicated a time preference for the same odour 

source identified by ‘first choice’ analysis but this trend was not statistically significant. 

Both ‘first choice’ and residency time behaviour appear to be good indicators of 

parasitoid preference, however, experimental designs that allow for parametric 

statistical analysis provide greater statistical power and strengthen the associated 
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interpretations. In addition to the importance of the methodology of preference studies, 

the interpretation of parasitoid behaviour within an olfactometer system should be 

viewed with caution as such laboratory tests, while informative, are still simplified 

simulations of the animal’s behaviour in the field.  

 

Host Searching Behaviour 

Analysis of residency time spent within the different regions of the olfactometer by 

host-naive T. zealandicus females indicated there were discernable differences in 

parasitoid movement and behaviour under the different choice scenarios investigated. 

Under a no odour choice scenario, females spent a greater proportion of time in the 

stem and Y-intersection than in any other odour scenario, potentially assessing the two 

air flow currents. In contrast, females offered a choice between a single non-attractive 

odour and no odour (control) spent less time in the stem and more time investigating 

both arms of the Y-tube suggesting that the presence of an odour, regardless of 

attraction, elicited an investigation response. Time spent within either arm of the Y-

tube was generally equal in both scenarios.  

 

When offered a choice between an attractive odour and no odour (control) females 

spent a greater proportion of time within the attractive odour arm of the Y-tube and 

very little time in any of the other regions. Under these conditions, females lingered 

near the odour despite not being able to access its source. In contrast, when a dual 

odour choice was offered, where one of the odours was preferred over the other, 

females spent comparatively less time in the stem and in the score regions of either 

odour arm than observed in other choice scenarios. This reflects the presence of an 

additional odour option that appears to have encouraged investigation of both odour 

sources rather than sole allocation of time to a single attractive odour. Finally, when 

presented with a repellent odour, females spent more time in the stem and in the control 

odour score region compared to females in the single non-attractive odour scenario. 

Presumably this behaviour placed the female as far from the repellent odour as 

possible.  

 

This study is unique in its comparison of residency time across all of the zones 

available to a parasitoid within an olfactometer and in its examination of host searching 

behavioural patterns across different choice test conditions. The observed differences in 

searching patterns under the different odour choice scenarios identified are reflective of 
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the host foraging process of T. zealandicus in the field. Based on these findings it is 

likely that females remain by an attractive odour source even when access to it is 

restricted. In the presence of any odour stimuli, regardless of attraction, females are 

likely to increase their investigation of the surrounding area particularly when 

presented with two or more odour options. Comparatively, in the absence of any odour 

stimulus females are less active and demonstrate little exploratory movement. Such 

findings demonstrate that the host searching behaviour of T. zealandicus changes in 

response to the detection of different odour cues and supports the view that host 

location behaviour for a generalist parasitoid such as T. zealandicus is highly adaptable.  

 

Long range host detection by T. zealandicus involves the use of olfactory cues derived 

from the interaction of the host and its food source (decaying substrates). Such cues are 

likely to be reliable indicators of host presence in the field as opposed to odours emitted 

by decaying substrates alone. In the context of forensic entomology and time since 

death estimates, the arrival of T. zealandicus at decomposing remains is likely to 

coincide with the later stages of development of suitable host larvae following 

subsequent host-feeding damage to the host-habitat. T. zealandicus females are unlikely 

to arrive at a carcass before their hosts have sufficiently interacted with the carrion 

substrate. This is very different to the sit and wait strategy reported for the parasitoid, 

A. manducator which is attracted to volatile odours from meat in a state of decay likely 

to support a suitable host (Reznik et al. 1992). Knowledge of when T. zealandicus 

females arrive at a carcass and the development stage at which the female wasp 

parasitizes the host is needed to establish time since death.  Therefore, understanding 

the foraging behaviour of T. zealandicus in relation to the arrival and pattern of insect 

succession onto decomposing remains will assist in improving the accuracy of time 

since death estimates.  
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Temperature-dependant development of Nasonia vitripennis Walker 

(Hymenoptera: Pteromalidae), on five forensically important carrion fly species 

 

 

7.1 Abstract 

 

The effects of temperature and host species on the development of Nasonia vitripennis 

Walker (Hymenoptera: Pteromalidae), a forensically important parasitoid of carrion 

flies, were studied under laboratory conditions. Development time of N. vitripennis on 

five species of Calliphoridae (Diptera), Calliphora albifrontalis Malloch, Calliphora 

dubia Macquart, Lucilia sericata Meigen, Chrysomya rufifacies Macquart and 

Chrysomya megacephala Fabricius were determined under eight constant temperatures 

(15, 18, 21, 24, 27, 30, 33 and 36 °C). Thermal requirements for development 

(developmental thresholds, thermal constant, optimum temperature) of N. vitripennis in 

each host species were estimated using linear and nonlinear models. Upper and lower 

developmental thresholds ranged between 36.57 - 38.37 °C and 9.60 - 11.13 °C 

respectively. The optimum temperature for development was estimated at between 

30.56 - 31.81 °C. Statistical differences in the development time of N. vitripennis on 

different calliphorid host species were evident within all temperature treatments, 

particularly at the upper and lower temperature range investigated. As such, it is 

recommended that entomological based estimates of time since death in forensic 

investigations relying on parasitoid evidence should use host-specific development data 

where available. 
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7.2 Introduction 

 

Forensic entomology, the use of insects in legal investigations, is primarily applied to 

the estimation of time since death or post-mortem interval (PMI) in cases of homicide, 

suicide or unexplained death (Catts and Goff 1992; Morris and Dadour 2005). Such 

estimates are based on the age of immature insects collected at the scene interpreted in 

the context of known timeframes for the arrival and colonization of decomposing 

remains by different insect species. Studies to date have focused on the use of flies, 

particularly the Calliphoridae, as forensic indicators of time since death as these species 

are typically the earliest carcass colonizers and thus provide the most accurate basis for 

PMI estimates (Anderson 2000a; Grassberger and Reiter 2002; Wells and Kurahashi 

1994). Issues arise, however, in situations where time since death has extended beyond 

the larval development time of these species. Under such circumstances, the use of 

alterative indicator species, such as parasitic wasps, whose development is linked to the 

early colonizing Diptera and yet commonly extends beyond that of the host, can assist 

in improving the accuracy of PMI estimates (Amendt et al. 2000).  

 

Nasonia vitripennis Walker (Hymenoptera: Pteromlaidae) is a gregarious, parasitoid of 

fly pupae, with a wide host range, broad geographic distribution, and is a prominent 

biological control agent of agricultural pest flies (Kaufman et al. 2001; Legner, 1995). 

Consequently, it has been the subject of considerable research covering aspects of its 

biology, behaviour, genetics and physiology (King and Rafai 1970; Smith and Rutz 

1991; Whiting 1967). Nasonia vitripennis is also known to colonize fly pupae found on 

decomposing human remains (Mello and Aguiar-Coelho 2009; Turchetto and Vanin 

2004) and is therefore of forensic importance. 

 

Determination of the age of immature insects collected from remains, for use in 

estimating PMI, depends heavily on knowledge of the thermal history of the insect 

samples prior to collection and the availability of comparative reference data detailing 

the predictable relationship between temperature and development (Ames and Turner 

2003; Anderson 2000a; Goff 1993). Accordingly, parasitoid based estimates of PMI 

require reference data on the temperature-dependant development of both the host and 

parasitoid species. Knowledge of the timeframe for development of both the host and 

parasitoid, placed in the context of insect succession patterns, can provide an accurate 

extended PMI time frame.  
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The temperature-dependant development of N. vitripennis on a number of hosts has 

previously been documented (Cardoso and Milward de Azevedo 1996; Grassberger and 

Frank 2003; Mello and Aguiar-Coelho 2009; Rivers and Denlinger 1995; 

Schneiderman and Horwitz 1958) and has been found to be quite variable. Rivers & 

Denlinger (1995) demonstrated that the development time of N. vitripennis in four 

different host species varied by as much as 2.7 days. Total development time from 

oviposition to adult emergence at 25 °C took 12.0 ± 0.3 days in the fly host, 

Sarcophaga crassipalpis Macquart (Diptera: Sarcophagidae), compared to 14.7 ± 0.8 

days in the common house fly, Musca domestica Linnaeus (Diptera: Muscidae). 

Fecundity, sex ratio and the size of offspring also varied between host species (Rivers 

and Denlinger 1995). Such differences can reflect host quality as a nutrient resource 

and by extension host suitability for parasitoid development (Godfray 1994; Rivers 

1996). The potential for variation in parasitoid development parameters on different 

host species indicates that existing N. vitripennis development data may not be 

applicable to forensic case work involving different host species and may lead to 

erroneous estimates of PMI. 

 

Previous studies have reported the development time of N. vitripennis at a single 

temperature (Cardoso and Milward de Azevedo 1996; Lenger and Gerlin 1967; Mello 

and Aguiar-Coelho 2009; Nasser and Eraky 1994; Rivers and Denlinger 1995; 

Schneiderman and Horwitz 1958) or fitted a linear model to data detailing N. 

vitripennis development at only four constant temperatures (Grassberger and Frank 

2003). Forensic estimates of time since death typically use a thermal summation model 

[such as the degree day (DD) method] which relies on the analysis of development rate 

under temperatures in the linear range of the temperature-dependant development curve 

for the calculation of a thermal constant (K), the number of heat units (DD) above the 

lower developmental threshold (TL) required to complete development (Honek 1996; 

Richards and Villet 2008). Although linear models have the advantage of simplicity, 

and allow estimation of TL and K, they do not incorporate the non-linearity observed in 

parasitoid development at low and high temperatures (Briere et al. 1999). Therefore 

curvilinear models, such as that proposed by Briere et al. (1999), more accurately 

describe the relationship between temperature and development providing greater 

accuracy in the estimation of thermal parameters, such as TL, for incorporation into 

degree day summation methods and use in estimating time since death. Further, 
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curvilinear models allow the estimation of additional thermal parameters such as 

optimal and upper temperature thresholds. Linear and curvilinear models can be used 

synergistically to give a more complete picture of the relationship between temperature 

and parasitoid development than either model alone can provide. 

 

The main objective of this study was to detail the temperature-dependant development 

of N. vitripennis within five calliphorid (Diptera: Calliphoridae) host species, 

Calliphora albifrontalis Malloch, Calliphora dubia Macquart, Lucilia sericata Meigen, 

Chrysomya rufifacies Macquart and Chrysomya megacephala Fabricius, of forensic 

importance in Western Australia (Voss et al. 2008). Data on temperature and host-

specific development times, emergence success, sex ratio and progeny number are also 

reported. Thermal requirements for development (developmental thresholds, thermal 

constant, optimum temperature) of N. vitripennis in each host species are estimated 

with the application of linear and nonlinear models. Data presented here aimed to 

address the current deficit of host-specific developmental data for use in parasitoid 

based estimates of PMI within Australia. 

 

 

7.3 Materials and Methods 

 

Insect Cultures 

Parasitoids were established in colony between January and April 2006 from specimens 

that emerged from host pupae collected from a wildlife reserve located ~23kms south 

of Perth, Western Australia (32°10′S, 115°50′E). Adult parasitoids were regularly fed a 

sugar and water solution, allowed to mate and were maintained in the laboratory on 

pupae of the blowfly, C. albifrontalis. Pupae were exposed to parasitoid females at a 

host parasitoid ratio of 20:1 for four days. Pupae were then removed, individually 

placed in gelatine capsules (size 00) and stored together in plastic containers under 

laboratory conditions until either emergence of an adult fly or parasitoid/s. Laboratory 

conditions were maintained at 24 ± 1°C, 60-70% relative humidity (RH) and 

photoperiod of 12L:12D.  

 

Five forensically important fly species, C. albifrontalis, Ch. megacephala, C. dubia, L. 

sericata and Ch. rufifacies were established in colony between January and June 2006. 

All five species are hosts of N. vitripennis in the field (Voss et al. 2009b). Specimens 
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were collected at the same wildlife reserve using wind oriented fly traps (Vogt et al. 

1985). Adult flies were maintained in screened cages and supplied with sugar and water 

ad libitum. Sheep liver was used for oviposition and as a larval food source 

(Grassberger and Reiter 2002). Fly eggs/larvae were transferred to a meatmeal 

(slaughterhouse by-product) food substrate and placed in a rearing cabinet under 

environmentally controlled laboratory conditions until emergence. Field collected 

individuals of both flies and parasitoids were regularly introduced into the established 

colonies. 

 

Effect of Temperature and Host Species on Developmental Performance  

Development of N. vitripennis on five species of Diptera, at eight constant temperatures 

was investigated in the laboratory. For each host species investigated, parasitized pupae 

were obtained by exposing 400 two-day old host pupae to 80 female parasitoids (5:1) at 

24 ± 1ºC for 24 hours. In all temperature treatment groups, 3 day old, sugar fed, mated 

and naïve female parasitoids (no prior oviposition experience) were used.  

 

Subsequently, parasitoids were removed and the pupae were placed individually into 

gelatine capsules (size 00), divided into groups of 100 and transferred to environmental 

chambers (Linder and May Pty. Ltd., Brisbane, Australia) for development. Thus, four 

replicates (n = 100 pupae per replicate) were conducted for each host-temperature 

combination. In addition, for each temperature-host combination a control of 100 non-

parasitized host pupae were reared under the same conditions and were used to 

determine natural host mortality. Experiments were carried out at eight different 

constant temperatures 15, 18, 21, 24, 27, 30, 33 and 36 °C, a relative humidity of 60 ± 

10% and a photoperiod of 12L:12D. Variation in temperature was within ± 1 °C 

(Tinytag Plus® temperature data loggers; Hastings Data Loggers, Port Macquarie, 

NSW, Australia). Pupae were examined daily at each temperature and capsules 

containing emerged flies or parasitoids were recorded. Ten days after the last parasitoid 

emergence, non-emerged pupae were dissected for evidence of parasitization. Four 

parameters were measured to determine the effect of host species on overall 

performance of N. vitripennis: development time (D, in days), parasitoid emergence 

success, number of emerged offspring per host and sex ratio of offspring.  

 

 

Development Models 
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The relationship between parasitoid development rate (1/D) and temperature was 

modelled for each host species using two algorithms. The first was a linear degree day 

model of the form: y = a + bx where y = 1/D, x = temperature (°C) and a and b are 

parameters determined using linear regression (Campbell et al. 1974). Lower 

developmental threshold (TL) was calculated by means of the x-intercept method (TL = 

-a/b) for N. vitripennis development within each host species (SigmaPlot, v10.0, 2006; 

SPSS Science, Chicago, IL, USA). The thermal constant (K) was estimated from the 

regression equation (K = 1/b). Values of K represent the number of degree days (DD) 

above the TL required for completion of immature development (Campbell et al. 1974). 

Degree days (DD) required for N. vitripennis to complete development from 

oviposition to adult emergence was also calculated for each temperature-host species 

treatment based on the equation K = y(x-TL). An overall K (mean ± SE) was then 

calculated for each host species treatment and compared to the values of K derived 

from linear regression estimation (K = 1/b). As initially proposed by Campbell et al. 

(1974), the linear model (within the linear range) allows accurate degree day 

summation and calculation of K values over the median temperature range only. 

Consequently, the linear regressions and estimations of constants were conducted only 

for the temperature range in which development rate was linear with temperature (15 – 

30 °C).  

 

To incorporate the curvilinearity observed at the temperatures extremes, development 

rate within each host species was also modelled using a nonlinear equation proposed by 

Briere et al. (1999). This model allows the additional estimation of the optimal 

developmental temperature (TO) and upper lethal developmental threshold (TU).  The 

model is composed of three parameters and has the following form: 1/D = αT(T - 

TL)(TU – T)½ where 1/D = development rate, T = temperature (°C), α = empirical 

constant, TL = lower developmental threshold and TU = upper lethal developmental 

threshold (Briere et al. 1999). The parameters α, TL and TU were estimated using non-

linear regression based on the Marquardt algorithm (SigmaPlot). As parasitoids failed 

to emerge at 36 °C this temperature was not included in the analyses. 

 

Statistical Analysis  

The effect of temperature and host species on N. vitripennis development time (D), sex 

ratio of emerging parasitoids (expressed as the proportion of female offspring) and the 

number of parasitoids per host pupa (progeny number/pupa) was assessed using 
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Kruskal-Wallis one-way ANOVA for ranked data. Means were separated using Dunn’s 

test when effect of host species was significant (P < 0.05). Calculated K values for each 

host-temperature treatment were compared using two-way ANOVA with temperature 

and host species as factors (SigmaStat v3.5, 2006; SPSS Science, Chicago, IL, USA). 

Parasitoid emergence success (proportion of parasitized hosts yielding adult 

parasitoids) was calculated for each temperature-host treatment and the effect of 

temperature and host species on emergence success was evaluated using χ2 tests. 

Differences in the number of parasitized pupae and the duration of emergence (time 

period between first and last parasitoid emergence day) under each temperature-host 

species treatment were compared using two-way ANOVA with temperature and host 

species as factors. Data were analysed using SigmaStat.  

 

 

7.4 Results 

 

Nasonia vitripennis parasitized and successfully completed development, on all five 

host species, at seven (15 - 33 °C) of the eight temperatures investigated. No adult 

parasitoids emerged from any of the host species reared at 36 °C, however, parasitoid 

eggs had hatched and some development had occurred at this temperature as 

desiccated, pre-adult parasitoids were observed upon dissection of non-emerged host 

pupae. Non-parasitized hosts successfully emerged at all temperature treatments. 

Mortality of control host pupae (not exposed to parasitoids) ranged from 0 – 29 % at 

temperatures ≥ 18 °C. Control mortality was highest at 15 °C for the host species, Ch. 

rufifacies (63 %), Ch. megacephala (32 %) and C. dubia (30 %). In contrast, 

percentage mortality of control C. albifrontalis (4 %) and L. sericata (11 %) pupae 

were consistent with temperature treatments ≥ 18 °C. 

 

Development and Thermal Requirements 

The mean development time of N. vitripennis (oviposition to adult emergence), in all 

five host species, at all constant temperatures varied (Table 7.1). The development time 

of N. vitripennis differed significantly between host species within temperature 

treatments (Table 7.1; Kruskall-Wallis one-way ANOVA, 15 °C; H = 308.10, 18 °C; H 

= 291.14, 21 °C; H = 120.17, 24 °C; H = 146.22, 27 °C; H = 118.21, 30 °C; H = 153.52 

and 33 °C; H = 460.18; P<0.001 and d.f. = 4 in all cases). At the temperature extremes 

(15 °C and 33 °C) the duration of development of N. vitripennis within L. sericata was 
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significantly longer than development within the other host species investigated (Table 

7.1). Development time of N. vitripennis within C. dubia was among the shortest 

observed of the five host species investigated at all temperatures except at 33 °C. Other 

statistical differences in development time were typically inconsistent in direction 

across temperature treatments (Table 7.1). The duration of emergence (1st emergence to 

last emergence day) significantly differed with temperature but not with host species 

(F6, 24 = 27.45, P < 0.001; F4, 24 = 0.612, P = 0.66).  

 

The rate of development of N. vitripennis within all five host species increased linearly 

with temperature within the temperature range (15 °C – 30 °C), as evidenced by high r2 

values (Table 7.2), and declined at higher temperatures (Figure 7.1; C. dubia F1,4 = 

721.90, P < 0.001; C. albifrontalis F1,4 = 166.94, P < 0.001; Ch. megacephala F1,4 = 

265.39, P < 0.001; L. sericata F1,4 = 538.15, P < 0.001; Ch. rufifacies F1,4 = 216.59, P < 

0.001). At temperatures ≥ 33 °C no further increase in development rate was observed 

and the relationship between temperature and development was not adequately 

described by the linear model. The curvilinear model (Briere et al. 1999) better 

explained the temperature-dependant development of N. vitripennis at higher 

temperatures (Figure 7.1; Table 7.3) than the linear model and provided additional 

developmental parameters (TO and TU). 

  

Using the linear model, the thermal requirements for total development of N. 

vitripennis from oviposition to adult emergence within the different host species ranged 

from 223.29 to 238.17 K (Table 7.2). There was no significant difference in the thermal 

requirements (K) for completion of N. vitripennis development between host species 

(F4,20 = 1.45, P = 0.256). The lower developmental threshold (TL) of N. vitripennis 

within the different host species, estimated by the linear model, ranged between 10.62 

°C – 11.35 °C (Table 7.2). In contrast, estimates of TL using the curvilinear model were 

typically lower (Table 7.3). Curvilinear estimates of TU ranged from 36.57 – 38.37 °C 

while estimates of TO ranged from 30.56 to 31.81 °C (Table 7.3). 
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Table 7.1: Mean (± SD) development time (days) of Nasonia vitripennis on five dipteran host species under eight constant temperatures.   

 

  Development Time (Days)1 

C. dubia C. albifrontalis Ch. megacephala L. sericata Ch. rufifacies 

Temperature (°C)  

Mean SD Mean SD Mean SD Mean SD Mean SD 

15 48.94a 4.13 50.57a 2.83 50.43a 3.57 54.34b 4.49 50.07a 2.73 

18 34.84a 1.17 38.14b 1.82 37.93b 2.29 37.78b 1.36 36.85a 1.19 

21 22.45a 0.99 24.76b 0.84 22.21a 0.93 23.45c 0.84 23.09c 0.74 

24 16.59a 0.59 16.23b 0.87 16.54a 0.72 16.87c 0.65 16.16b 0.71 

27 13.94a 1.17 13.74a 0.69 14.26a,b 0.95 14.46b 0.60 14.63b 0.57 

30 11.80a 0.58 12.45b 0.64 12.42b 0.72 12.02a 0.28 12.50b 0.67 

33 13.13a 0.55 12.50b 0.65 12.95a,b 0.63 13.91c 0.98 12.59b 0.50 

36 - - - - - - - - - - 

                      

1 Means followed by a different letter within the same row are significantly different (P < 0.05, Dunn’s Test). 
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Table 7.2: Parameter estimates (± SE), lower developmental threshold (TL) and thermal constant (K) in degree days (DD) for the linear model of the 

relationship between temperature (15 – 30 °C) and development rate (1/D) of N. vitripennis on five dipteran host species.  

 

       Estimated1 Calculated2 

Host Species a SE (a) b SE (b) R2 TL°C K ± SE, °C d K ± SE, °C d 

C. dubia -0.0482 0.0038 0.0044 0.0002 0.99 10.86 225.23 ± 8.37 224.64 ± 6.11

C. albifrontalis -0.0492 0.0079 0.0044 0.0003 0.97 11.13 226.24 ± 17.51 227.23 ± 9.96

Ch. megacephala -0.0461 0.0061 0.0043 0.0003 0.98 10.75 233.10 ± 14.29 234.49 ± 8.87

L. sericata -0.0506 0.0044 0.0045 0.0002 0.99 11.35 224.22 ± 9.65 223.29 ± 7.12

Ch. rufifacies -0.0447 0.0066 0.0042 0.0003 0.98 10.62 237.53 ± 16.14 238.17 ± 8.16

           

1 Estimated from the regression equation (K = 1/b). 
2 Calculated as the mean of the degree days (DD) required for development of N. vitripennis under each temperature. 
Values of K represent the number of DD above the TL required for completion of immature development.  
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Table 7.3: Parameter estimates (± SE) lower developmental threshold (TL), upper lethal developmental threshold (TU) and optimal developmental 

threshold (TO), non-linear coefficients (R2), residual sum of squares (RSS), and associated empirical constant (α) for the relationship between 

temperature (15 – 33 °C) and development rate (1/D) of N. vitripennis on five dipteran host species according to the curvilinear model of Briere et al. 

1999.  

 

Host Species TL °C TU °C TO °C R2 RSS α 

C. dubia 10.26 37.16 30.95 0.98 4.21x10-5 5.08x10-5 

C. albifrontalis 10.48 37.94 31.58 0.98 4.91x10-5 4.86x10-5 

Ch. megacephala 10.07 37.58 31.27 0.99 3.02x10-5 4.80x10-5 

L. sericata 11.05 36.57 30.56 0.98 5.47x10-5 5.37x10-5 

Ch. rufifacies 9.60 38.37 31.81 0.98 3.70x10-5 4.46x10-5 
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Figure 7.1: The relationship between temperature and the reciprocal of mean 

development time (days) of N. vitripennis within five diptera host species, (A) Lucilia 

sericata, (B) Calliphora dubia, (C) Calliphora albifrontalis, (D) Chrysomya rufifacies 

and (E) Chrysomya megacephala. Fitted curves according to curvilinear development 

model of Briere et al. 1999. Fitted lines according to linear degree day development 

model of Campbell et al. 1974 (open circles not included in linear analysis).    
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Parasitism and Emergence Success  

The number of larvae parasitized per treatment group significantly varied with host 

species (F4,24 = 12.92, P < 0.001), ranging between 216 - 357 larvae (54 - 89 %). 

Significantly more L. sericata (331.28 ± 22.8) and C. albifrontalis (304.86 ± 28.09) 

pupae were parasitized than C. dubia (260.29 ± 47.06), Ch. megacephala (256.14 ± 

36.38) or Ch. rufifacies (224.49 ± 24.86) pupae under the same exposure conditions of 

24 hrs at 24 °C (Student-Newman-Keuls multiple comparison test, P < 0.05).        

 

Emergence success on all host species was significantly affected by temperature (C. 

dubia; χ2 = 139.26, C. albifrontalis; χ2 = 29.36, Ch. megacephala; χ2 = 39.21, L. 

sericata; χ2 = 71.88 and Ch. rufifacies χ2 = 349.55, P < 0.001 and d.f. = 6 in all cases; 

Figure 7.2). The lowest emergence success (ranging from 39.1 – 88.8 %) of N. 

vitripennis on all host species was observed at 15 °C (Figure 7.2). Emergence success 

was highest (98.2 – 99.6 %) at 21 °C and 24 °C and declined at more extreme 

temperature. There was no difference in emergence success between species at 21 °C 

(χ2 = 1.48, d.f. = 4, P =0.83) and 24 °C (χ2 = 3.39, d.f. = 4, P = 0.50). At the temperature 

extremes of 15 °C, 18 °C and 33 °C there was a difference between the emergence 

success of the different species (χ2 = 18.76, d.f. = 4,  P < 0.001; χ2 = 10.93, d.f. = 4, P < 

0.05 and χ2 = 12.80, d.f. = 4, P < 0.05; respectively). At low temperatures (15 - 18 °C), 

the emergence success of N. vitripennis on the five host species investigated was lowest 

on Ch. rufifacies (15 °C: 39.08 % and 18 °C: 74.68 %) and C. dubia (15 °C: 70.97 % 

and 18 °C: 86.68 %) than the other species. At 33 °C, emergence success was lower on 

C. dubia (84.23 %) and L. sericata (87.96 %) than C. albifrontalis (91.42 %), Ch. 

megacephala (92.71 %) and Ch. rufifacies (94.37 %) pupae. 
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Figure 7.2: Percentage emergence success [(number of hosts from which parasitoids 

emerged / number of parasitized host) x 100] of N. vitripennis on five dipteran host 

species, developing under seven constant temperatures. Black triangles, dashed line 

(long) = C. dubia; open squares, solid grey line = C. albifrontalis; black circles, dotted 

line = Ch. megacephala; open circles, dashed line (short) = L. sericata and black 

squares, solid black line = Ch. rufifacies.  

 

 

Sex Ratio and Progeny Size 

The sex ratio of parasitoids developing on four of the five host species were affected by 

temperature (C. dubia; H = 492.80, C. albifrontalis; H = 432.80, Ch. megacephala; H = 

121.24 and L. sericata; H = 188.29; d.f.= 6 and P < 0.001 in all cases). At 33 °C, the 

proportion of female offspring emerging from all hosts, except Ch. rufifacies, was 

lower than at other temperatures (Table 7.4; Dunn’s Test, P < 0.05). The proportion of 

female offspring emerging from C. dubia hosts was also lower at 15 °C than at 

temperatures between 18 - 30 °C (Table 7.4). There were no significant differences in 

the sex ratio of parasitoids emerging from the different host species within the 

temperature range 18 - 30 °C (Table 7.4). Within this temperature range, between 79 - 

87 % of offspring per host pupa were female. N. vitripennis offspring were female 
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biased throughout the entire temperature range investigated, although to a lesser extent 

at low and high temperatures (Table 7.4).  

 

Host species did not significantly affect offspring sex ratio between 18 - 30 °C, 

however, at 33 °C a significantly higher proportion of females were produced in Ch. 

rufifacies pupae compared to other host pupae (H = 19.94, d.f. = 4, P < 0.001). Further, 

at 15 °C a greater proportion of females were produced in C. albifrontalis and L. 

sericata pupae than in other hosts (H = 43.29, d.f. = 4, P < 0.001; Table 7.4).  

 

The number of total viable progeny produced per host pupa ranged widely and was 

significantly affected by temperature for all host species (C. dubia; range [1–43], H = 

169.14, C. albifrontalis; range [1-38], H = 173.94, Ch. megacephala; range [1-36], H = 

113.20, L. sericata; range [1-14], H = 77.17 and Ch. rufifacies; range [1-36], H = 

182.43; d.f. = 6 and P < 0.001 in all cases). The number of progeny emerging per host 

pupae was lower at 15 °C and 33 °C compared to all other temperatures (Figure 7.3; 

Dunn’s test P < 0.05). Between 18 – 30 °C, differences in progeny number per host, for 

all host species, were not different (Figure 7.3; Dunn’s test, P > 0.05). The number of 

viable N vitripennis progeny emerging per pupae differed between host species at each 

temperature (15 °C; H = 82.14, 18 °C; H = 324.12, 21 °C; H = 79.57, 24 °C; H = 

342.29, 27 °C; H = 224.32, 30 °C; H = 249.52 and 33 °C; H = 143.71; d.f. = 4 and P< 

0.001 in all cases; Figure 7.3). The number of offspring emerged from C. dubia hosts, 

between 18 – 33 °C, was generally higher than the progeny numbers of the other four 

host species, however, at several temperatures (27, 30 °C) the progeny number per C. 

dubia and C. albifrontalis hosts were not significantly different (Figure 7.3). At 15 °C 

the number of N. vitripennis offspring emerging per C. albifrontalis pupae was higher 

than all other host species and the number of progeny emerging from L. sericata pupae 

was significantly less than the number of offspring emerging from all other host species 

across all temperature treatments (Figure 7.3; Dunn’s test P < 0.05).  
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Table 7.4: Mean (± SD) proportion of N. vitripennis females emerging per host following development within five dipteran host species under seven 

constant temperatures. 

      

Sex Ratio1 
Temperature (°C)2 

C. dubia C. albifrontalis Ch. megacephala L. sericata Ch. rufifacies 

15 0.75 ± 0.20 A a 0.85 ± 0.13 A b 0.76 ± 0.23 A a 0.86 ± 0.15 A b 0.78 ± 0.16 A a 

18 0.84 ± 0.10 B  0.86 ± 0.09 A  0.81 ± 0.13 A  0.83 ± 0.14 A  0.80 ± 0.18 A  

21 0.85 ± 0.10 B  0.87 ± 0.10 A  0.83 ± 0.13 A  0.85 ± 0.10 A  0.86 ± 0.07 A  

24 0.86 ± 0.10 B  0.82 ± 0.15 A  0.83 ± 0.13 A  0.83 ± 0.14 A  0.85 ± 0.09 A  

27 0.85 ± 0.11 B  0.81 ± 0.16 A  0.84 ± 0.10 A  0.81 ± 0.15 A  0.84 ± 0.12 A  

30 0.85 ± 0.10 B  0.84 ± 0.12 A  0.81 ± 0.15 A  0.79 ± 0.15 A  0.82 ± 0.14 A  

33 0.61 ± 0.20 C a  0.62 ± 0.19 B a 0.60 ± 0.21 B a 0.67 ± 0.21 B a 0.79 ± 0.15 A b 

            

1 Means within rows followed by different lower case letters are significantly different (P < 0.05, Dunn’s Test).  
2 Means within columns followed by different capital letters are significantly different at (P < 0.05, Dunn’s Test).  
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Figure 7.3: Mean (± SE) number of individual N. vitripennis emerging per pupa, on 

five dipteran host species, under seven constant temperatures. Black triangles, dashed 

line (long) = C. dubia; open squares, solid grey line = C. albifrontalis; black circles, 

dotted line = Ch. megacephala; open circles, dashed line (short) = L. sericata and black 

squares, solid black line = Ch. rufifacies. 

 

 

7.5 Discussion 

 

Significant differences in the development time of N. vitripennis on the different 

calliphorid host species were evident at all temperatures. In particular, at the lower and 

upper temperature extremes, the mean development time of N. vitripennis was highly 

variable and host species was an important factor influencing parasitoid development. 

Between 24 °C and 30 °C, however, the mean (and median) number of days required 

for N. vitripennis to complete development within all five hosts were equivalent. The 

biological significance of statistical differences (Table 7.1) appears negligible when N. 

vitripennis predominantly emerges on the same day for all host species at temperatures 

between 24 - 30 °C. Further, there was no significant difference in the thermal 

requirements (K) of N. vitripennis between host species (estimates of K are based on 
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the linear range of the temperature-dependant development curve). Similarly, at mid-

range temperatures (21 – 30 °C), our findings of N. vitripennis development time 

within the five different Calliphoridae hosts were consistent with Grassberger and 

Frank’s (2003) findings of N. vitripennis development time, on a single calliphorid host 

species, Protophormia terraenovae Robineau-Devoidy (Diptera: Calliphoridae). At 15 

°C, however, development time on all five host species was considerably longer (48.9 ± 

4.1 – 54.3 ± 4.5 days) than the development time (43.5 ± 2.4 days) reported by 

Grassberger and Frank (2003). Thus, while our findings indicate that development time 

was significantly affected by host species at all temperatures, the need for parasitoid-

host-specific developmental data appears greatest in relation to differences under 

temperature extremes. In respect to forensic application, the use of parasitoid-host-

specific developmental data is recommended, as parasitized hosts in the field are more 

likely to encounter fluctuating temperature conditions that encompass high and low 

temperatures extremes.  

 

Furthermore, N. vitripennis is known to have variable rates of development on host 

pupae from other dipteran families. At a constant temperature of 25 °C the 

development time of N. vitripennis on a muscid host, M. domestica, has been reported 

as 14.7 ± 0.2 days (Nasser and Eraky 1994) and 14.7 ± 0.8 days (Rivers and Denlinger 

1995). Comparatively, under the same temperature conditions, N. vitripennis took 

between 12.0 ± 0.3 and 12.8 ± 0.7 days on three different sarcophagid host species 

(Rivers and Denlinger 1995). In our study, using the Briere et al. (1999) model, 

development at 25 °C was predicted to take between 15.3 and 15.9 days on hosts of the 

Calliphoridae. As such, knowledge of the relationship between temperature and 

development of parasitoids should be gathered on a host by host basis for greater 

accuracy.  

 

For idiobiont parasitoids, the host represents a closed resource environment, where host 

quality (eg; nutritional status) is fixed at the time of parasitization (Harvey and Gols 

1988). Aspects of parasitoid fitness most commonly affected by differences in host 

quality include development time, survival to adult eclosion and adult size (Godfray 

1994; Mironidis and Savopoulou-Soultani 2009). Numerous studies have indicated that 

host age at parasitization, and hence host nutritional status, affects development time 

(Kivan and Kilic 2004; Schmidt 1986; Vinson and Iwantsch 1980). As different host 

species exhibit species-specific growth characteristics it is possible that, although all 
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host species used in this experiment were the same chronological age, they may have 

differed in developmental status at the time of parasitization. This may account for 

some of the variation observed in development time between host species within 

temperature treatments.  

 

Development Models and Thermal Requirements  

Using the Briere et al. (1999) model we achieved an excellent fit for our development 

vs temperature data across the entire temperature range tested, as evidenced by high r2 

and low residual sum of squares values for N. vitripennis development within all five 

host species. The linear model was also a good fit for the data within the temperature 

range 15 – 30 °C but not at higher temperatures. Consequently, the Briere et al. (1999) 

model was superior at predicting N. vitripennis development at high temperatures and 

allows the estimation of additional thermal parameters such as optimal and upper 

temperature thresholds that cannot be estimated using the linear model.  

 

Nasonia vitripennis, completed development successfully on all five host species 

between 15 °C and 33 °C but not at 36 °C. This is in general agreement with 

Grassberger and Frank (2003) who reported that N. vitripennis emerged successfully 

from the host, P. terraenovae, between 15 - 30 °C but not at 35 °C. Our data suggest 

that the TU of the Australian strain of N. vitripennis (temperature at which development 

is effectively zero) lies above 36 °C. Evidence of partial parasitoid development upon 

dissection of non-emerged host pupae at this temperature suggests that death occurred 

as a result of continuous exposure to high temperature stress and that N. vitripennis 

may develop successfully under fluctuating temperature conditions ≤ 36 ºC. This 

concurs with our estimates of TU which ranged from 36.5 °C, for development within 

the host species L. sericata, to 38.4 °C, for development within Ch. rufifacies. 

Differences in the estimated upper temperature thresholds of N. vitripennis on different 

host species were reflected in the emergence success of N. vitripennis at 33 °C.  

 

The estimated TO for total immature development of N. vitripennis within all five host 

species was similar, ranging between 30.6 - 31.8 °C. Development time was shortest 

under a constant temperature of 30 °C (first emergence = 11 days) and emergence 

success was relatively high on all five host species (> 94%) at this temperature. 

Parasitoid emergence success, however, was greatest at 24 °C (> 99.5%). This is 

consistent with field reports of N. vitripennis activity in Western Australia where 
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parasitoid prevalence is highest throughout the autumn/summer period (Nov-May) 

when average temperatures typically range between 14.0 – 31.3 °C (Voss et al. 2009b).  

 

Using a linear model, our estimates of TL (10.6 - 11.4 °C) were slightly higher than 

Grassberger and Frank’s (2003) linear estimate of TL (9.8 °C) for N. vitripennis 

development within P. terraenovae. This suggests that the Australian strain may be 

comparatively more heat adapted than the Austrian strain studied by Grassberger and 

Frank (2003). Using the Briere et al. (1999) model, our estimates of TL ranged from 9.6 

– 11.0 °C while TU ranged from 37.2 – 38.4 °C. The lowest TL (9.6 °C) and highest TU 

(38.4 °C) estimated for development of N. vitripennis was on the host species Ch. 

rufifacies. Notably, eggs of Ch. rufifacies fail to hatch at 9 °C, larvae fail to pupae at 15 

°C and successful development to pupation has been reported at 40 °C (Baumgartner 

1993; O'Flynn 1983). This is consistent with the trend that the temperature 

requirements of parasitoids are generally narrower than their hosts ensuring that 

parasitoids appear seasonally in line with host availability (Campbell et al. 1974; 

Eliopoulos and Stathas 2003; Infante 2000).  

 

The greater range of temperatures tolerated by N. vitripennis within Ch. rufifacies hosts 

compared to that predicted for the other four hosts may be linked to host behaviour. In 

the field, Ch. rufifacies typically pupates on or near the food source as opposed to 

burying into the soil prior to pupation (Fuller 1934; Voss et al. 2009b). Pupae 

developing within the soil may be less adapted to fluctuations in environmental 

conditions compared to species such as Ch. rufifacies as a consequence of the 

insulating characteristics of a soil environment. As such, properties of the host 

puparium or components of the host tissue may afford developing parasitoids greater 

protection against high and low temperature extremes (Rivers et al. 2000).  

 

Emergence Success, Sex Ratio and Progeny Size 

This study showed that both temperature and host species significantly influenced 

several other parameters of parasitoid fitness. Parasitoid emergence success was 

greatest at 24 °C and declined at lower and higher temperatures. Host species had an 

impact on emergence success at low temperatures (15 – 18 °C) with significantly lower 

emergence success from Ch. rufifacies pupae in comparison to other hosts, reflecting 

differences in estimated thermal thresholds for development of N. vitripennis within 

different host species. The sex ratio of emerging parasitoid offspring varied 
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significantly with temperature, as did progeny size. The proportion of females 

emerging per pupa declined at 33 °C on all hosts except Ch. rufifacies. Extreme 

temperatures may cause differential mortality of male and female offspring and it is 

possible that developing males tolerated high temperatures better than females 

(Mohamed et al. 2006). This would be consistent with the overall reduction in progeny 

size observed at 33 °C. Low temperatures do not have the same effect as both male and 

female mortality were similar 15 °C.  

 

Parasitoid progeny size per host pupa also differed significantly with host species. 

Previous research has indicated that the number of parasitoid offspring developing per 

host pupa can affect parasitoid development time (Cardoso and Milward de Azevedo 

1996; Harvey and Gols 1988). A portion of the variation observed in the development 

time of N. vitripennis on different hosts may be attributed to differences in progeny size 

between hosts (Mello and Aguiar-Coelho 2009). For instance, the average progeny size 

associated with C. dubia hosts was significantly higher than that of other hosts at 

temperatures of 18 – 33 °C. Correspondingly, there was a trend for the comparatively 

faster development of N. vitripennis within C. dubia hosts at all temperatures except 

those ≥ 33 °C.   

 

Forensic Implications 

Our results indicate that the development rate of N. vitripennis is significantly affected 

by host species, particularly at temperature extremes. As such, extrapolating 

entomological estimates based on parasitoid development data generated using 

different host species can lead to erroneous estimates of time since death. Host-specific, 

non-linear modelling of thermal parameters, such as TL, can improve estimates of time 

since death. The data presented here provide fundamental information detailing the 

temperature-dependant development of N. vitripennis within five forensically important 

hosts under temperatures reflective of south western Australian/Mediterranean climatic 

conditions and will assist forensic entomologists in determining time since death using 

parasitoid evidence collected at crime scenes. Further work, however, is needed to 

build upon the data established here to ensure that all factors affecting the development 

of parasitoids are fully detailed and understood.  
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The importance of appropriate developmental data for the specifics of a crime scene 

investigation, such as host-specific parasitoid development data, are paramount to the 

accuracy of the resulting PMI estimate and the subsequent value of the information this 

provides to a forensic investigation. Ultimately, such research will contribute to the 

effective use of parasitoids as indicators of PMI into existing and future practice of 

forensic entomology within Australia.  
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Temperature-dependant development of Tachinaephagus zealandicus Ashmead 

(Hymenoptera: Encyrtidae), on five forensically important carrion fly species 

 

 

8.1 Abstract 

 

The influence of temperature and host species on the development of the forensically 

important parasitoid, Tachinaephagus zealandicus Ashmead (Hymenoptera: 

Encyrtidae), were studied at six constant temperatures ranging from 15 - 30 °C. T. 

zealandicus, completed development successfully between 15 °C and 27 °C on five 

species of Calliphoridae (Diptera), Calliphora albifrontalis Malloch, Calliphora dubia 

Macquart, Lucilia sericata Meigen, Chrysomya rufifacies Macquart and Chrysomya 

megacephala Fabricius. No adult parasitoids emerged from any of the host species 

reared at 30 °C. Temperature and host species significantly influenced development 

time, emergence success and progeny size. Development was significantly longer on 

the two Chrysomya hosts (Ch. megacephala and Ch. rufifacies) between 18 - 24 °C and 

significantly longer on Ch. rufifacies and C. albifrontalis hosts at 15 and 27 °C. 

Parasitoid emergence success was greatest at 21 °C, declined at the temperature 

extremes (15 °C and 27 °C) and was significantly lower on Ch. megacephala and Ch. 

rufifacies than the three other host species. Progeny number per host pupa were highest 

between 21 - 24 °C, declined either side of this temperature range and were 

significantly lower on L. sericata, Ch. rufifacies and Ch. megacephala hosts than either 

C. dubia or C. albifrontalis hosts. An effect of host species on sex ratio was only 

observed at 27 °C where a higher proportion of T. zealandicus females emerged from 

Ch. megacephala and Ch. rufifacies than from other hosts species. Thermal 

requirements for development (developmental thresholds, thermal constant, optimum 

temperature) of T. zealandicus in each host species were estimated using linear and 

nonlinear models. Upper and lower developmental thresholds ranged between 29.90 – 

31.73 °C and 9.73 - 10.08 °C respectively. The optimum temperature for development 

was estimated at between 25.81 – 27.05 °C. With respect to forensic application, given 

the significant effect of host species on development time, the use of parasitoid-host-

specific developmental data is recommended. 
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8.2 Introduction 

 

Tachinaephagus zealandicus Ashmead (Hymenoptera: Encyrtidae) is a gregarious 

endoparasitoid of several forensically important blowfly species that breed in carrion 

and other decaying substrates, including human remains (Turchetto and Vanin 2004). 

The parasitoid is endemic to the southern hemisphere but has been widely released as a 

biological control agent of filth flies and is currently established in areas of Europe, 

Brazil and North America (Ables 1977; Olton and Legner 1974; Turchetto and Vanin 

2004). In Western Australia, T. zealandicus is the predominant parasitoid of Diptera 

associated with decomposing remains from April through December, primarily 

parasitizing third instar hosts (Newman and Andrewartha 1930; Voss et al. 2009b). 

This parasitoid is important in the field of forensic entomology as potential indicator 

species for use in the estimation of time since death or post-mortem interval (PMI) in 

cases of homicide, suicide or unresolved death (Turchetto and Vanin 2004). 

 

Comprehensive data on the relationship between temperature and insect development, 

among other aspects of behavior and biology, are crucial for entomological based 

estimates of PMI. Accurate models of temperature-dependant development and 

knowledge of the thermal history of insect samples prior to collection are required for 

use in determining the age of immature insects collected from decomposing remains 

(Ames and Turner 2003; Anderson 2000a; Goff 1993). As such, the accuracy of 

estimates of PMI and the corresponding value of such estimates to forensic 

investigations are heavily reliant on the availability of applicable development data. 

 

The temperature-dependant development of T. zealandicus has previously been 

investigated on two host species, Chrysomya putoria Wiedemann (Diptera: 

Calliphoridae) and Musca domestica Linnaeus (Diptera: Muscidae), using population 

strains derived from São Paulo, Brazil and California, USA respectively (Ferreira de 

Almeida et al. 2002b; Olton and Legner 1974). While these studies have provided 

considerable data regarding aspects of T. zealandicus biology, the temperature-

dependant development of T. zealandicus has yet to be conducted on populations of 

both parasitoids and hosts that were derived from the Australasian region. As the 

development rate, thermal requirements and temperature thresholds of insects can vary 

between geographic populations (Chabora 1970b; Harvey and Gols 1988; Mann et al. 

1990a; Stenseng et al. 2003) developmental data generated using species from the same 
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geographic region as the forensic case will produce more precise estimates of time 

since death (Greenberg 1991). As such, the data currently available are geographically 

specific to the region in which the experimental specimens were obtained and restricted 

to a narrow range of host species (Chabora 1970a; Donovan et al. 2006; Grassberger 

and Reiter 2002).  

 

For a koinobiont endoparasitoid such as T. zealandicus, the host is both a source of 

food and shelter (Slansky 1986). Successful development of the parasitoid within the 

host depends on several factors including the presence/absence of toxins detrimental to 

parasitoid development, the host’s nutritional quality and the parasitoids’ ability to 

evade the host’s immune responses such as encapsulation (Vinson and Iwantsch 1980). 

As such, the suitability of a host for parasitoid development can vary with host species, 

host age, host physiological condition and host diet (Godfray 1994; Harvey and 

Thompson 1995; Mironidis and Savopoulou-Soultani 2009). The potential for variation 

in parasitoid development on different host species as a result of host suitability 

suggests that reference data detailing T. zealandicus development on a single host 

species may not be applicable to forensic case work involving different host species 

and may lead to erroneous estimates of PMI.  

 

The objective of this study was to use standardized experimental conditions to compare 

the development time of T. zealandicus at six constant temperatures ranging from 15 – 

30 °C, within five calliphorid (Diptera: Calliphoridae) host species of forensic 

importance in Western Australia, Calliphora albifrontalis Malloch, Calliphora dubia 

Macquart, Lucilia sericata Meigen, Chrysomya rufifacies Macquart and Chrysomya 

megacephala Fabricius (Voss et al. 2008). Thermal requirements for development of T. 

zealandicus on each host species are estimated with the application of linear and 

nonlinear models. It is hypothesise that parasitoid development time, emergence 

success, sex ratio and progeny number will vary with temperature and host species. The 

results herein aim to address the current deficit of host-specific developmental data for 

use in parasitoid based estimates of PMI within Australia. 
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8.3 Materials and Methods 

 

Insect Cultures 

Parasitoids were established in colony between January and April 2006 from specimens 

that emerged from host larvae collected at a wildlife reserve located ~23kms south of 

Perth, Western Australia (32°10′S, 115°50′E). Adult parasitoids were regularly fed a 

sugar and water solution, allowed to mate and oviposit on 3rd instar larvae of the 

blowfly, C. albifrontalis, in the laboratory. Larvae were exposed to parasitoid females 

at a host parasitoid ratio of 20:1 until pupation. Pupae were then removed, individually 

placed in gelatine capsules (size 00) and stored together in plastic containers under 

laboratory conditions until either emergence of an adult fly or parasitoid/s. Laboratory 

conditions were maintained at 24 ± 1°C, 60-70% relative humidity (RH) and 

photoperiod of 12L:12D.  

 

Five forensically important fly species, C. albifrontalis, Ch. megacephala, C. dubia, L. 

sericata and Ch. rufifacies, were established in colony between January and June 2006. 

All five species are hosts of T. zealandicus in the field (Voss et al. 2009b). Specimens 

were collected at the same wildlife reserve using wind oriented fly traps (Vogt et al. 

1985). Adult flies were maintained in screened cages and supplied with sugar and water 

ad libitum. Sheep liver was used for oviposition and as a larval food source 

(Grassberger and Reiter 2002). Fly eggs/larvae were transferred to a meatmeal 

(slaughterhouse by-product) food substrate and placed in a rearing cabinet under 

environmentally controlled laboratory conditions until emergence. Field collected 

individuals of both flies and parasitoids were regularly introduced into the established 

colonies. 

 

Effect of Temperature and Host Species on Developmental Performance  

Development of T. zealandicus on five species of Diptera, at six constant temperatures 

was investigated in the laboratory. For each host species investigated, parasitized larvae 

were obtained by exposing 400 third instar host larvae to 80 female parasitoids (5:1) at 

24 ± 1ºC for 24 hours. In all temperature treatment groups, 3 day old, sugar fed, mated 

and naïve female parasitoids (= no prior oviposition experience) were used.  

 

Subsequently, parasitoids were removed and host pupae were placed individually into 

gelatine capsules (size 00), divided into four aliquots of 100 and transferred to 
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environmental chambers (Linder and May Pty. Ltd., Brisbane, Australia) for 

development. Thus, four replicates (n = 100 pupae per replicate) were conducted for 

each host-temperature combination. In addition, for each temperature-host combination 

a control of 100 non-parasitized host pupae were reared under the same conditions and 

were used to determine natural host mortality. Experiments were carried out at six 

different constant temperatures 15, 18, 21, 24, 27, and 30 °C, a relative humidity of 70 

± 10% and a photoperiod of 12L:12D. Variation in temperature was within ± 1 °C. 

Pupae were examined daily at each temperature and capsules containing emerged flies 

or parasitoids were recorded. Ten days after the last parasitoid emergence, non-

emerged pupae were dissected for evidence of parasitization. Four parameters were 

measured to determine the effect of host species on overall performance of T. 

zealandicus: development time (D: days), parasitoid emergence success, number of 

emerged offspring per host and sex ratio of offspring. 

 

Development Models 

The relationship between parasitoid development rate (1/D, where D is development 

time in days) and temperature was modelled for each host species using linear and non-

linear models. A linear degree day model of the form: y = a + bx where y = 1/D, x = 

temperature (°C) and a and b are parameters determined using linear regression 

(Campbell et al. 1974). Lower developmental threshold (TL) was calculated by means 

of the x-intercept method (TL = -a/b) for T. zealandicus development within each host 

species (SigmaPlot, v10.0, 2006; SPSS Science, Chicago, IL, USA). The thermal 

constant (K) was estimated from the regression equation (K = 1/b). Values of K 

represent the number of degree days (DD) above TL required for completion of 

immature development (Campbell et al. 1974). Degree days (DD) required for T. 

zealandicus to complete development from oviposition to adult emergence was also 

calculated for each temperature-host species treatment based on the equation K = y(x-

TL). An overall K (mean ± SE) were then calculated for each host species treatment for 

comparison to linear regression estimates (K = 1/b).  

 

The relationship between temperature and development rate was also fitted to the 

nonlinear physiological model proposed by Logan et al. (1976) and modified by Lactin 

et al. (1995) which allows the additional estimation of the optimal developmental 

temperature (TO) and upper lethal developmental threshold (TU). This model is 

composed of four parameters and has the following form: 1/D(T) = еρT – е(ρTU – (TU – T) / 
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∆), where 1/D(T) = developmental rate at rearing temperature (T °C) and ρ, TU and ∆ are 

fitted parameters defined as, ρ = rate of increase to optimal temperature, TU = upper 

lethal developmental threshold and ∆ = the difference between the lethal temperature 

and the optimum temperature of development (Lactin et al. 1995; Logan et al. 1976). 

Lactin et al. (1995) also proposed a model that adds another parameter (λ) to the 

equation, which allows the curve to intersect the abscissa at suboptimal temperatures. 

However for our data, as λ was close to zero in all cases, the model without λ was 

preferred. The parameters, ρ, TU, and ∆ were estimated using non-linear regression 

based on the Marquardt algorithm (SigmaPlot). As parasitoids failed to emerge at 30 °C 

this temperature was not included in the analyses. 

 

The two models were selected based on their ability to estimate key biological 

parameters relating to insect development including, TL, TO, TU and K. Model 

performance was assessed through comparisons of r2, adjusted r2 and residual sum of 

squares (RSS), which provide information on goodness of fit.  

 

Statistical Analysis  

The effect of temperature and host species on T. zealandicus development time, sex 

ratio of emerging parasitoids (expressed as the proportion of female offspring) and the 

number of parasitoids per host pupa (progeny number) was assessed using Kruskal-

Wallis one-way ANOVA for ranked data. Means were separated using Dunn’s test 

when effect of host species was significant (P < 0.05). Parasitoid emergence success 

(proportion of parasitized hosts yielding adult parasitoids) was calculated for each 

temperature-host treatment and the effect of temperature and host species on parasitoid 

emergence success was evaluated using χ2 tests. Data were analysed using SigmaStat, 

v3.5, 2006 (SPSS Science, Chicago, IL, USA).  

 

 

8.4 Results 

 

Tachinaephagus zealandicus successfully completed development on all five host 

species at five (15 - 27 °C) of the six temperatures investigated. No adult parasitoids 

emerged from any of the host species reared at 30 °C, however, parasitoid eggs had 

hatched and some development had occurred at this temperature as desiccated, pre-

adult parasitoids were observed upon dissection of non-emerged host pupae. Non-
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parasitized hosts successfully emerged at all temperatures (15 – 30 °C). Mortality of 

control host pupae (not exposed to parasitoids) ranged from 0 – 15 % at temperatures ≥ 

18 °C. Control mortality was highest at 15 °C for all host species (Ch. rufifacies (77 

%), Ch. megacephala (28 %) and C. dubia (26 %), C. albifrontalis (13 %) and L. 

sericata (11 %). 

 

Development and Thermal Requirements 

The mean development time of T. zealandicus (oviposition to adult emergence) varied 

with temperature (Table 8.1). Parasitoid development time also differed significantly 

with host species at all temperatures (Table 8.1; Kruskall-Wallis one-way ANOVA 15 

°C; H = 101.73, 18 °C; H = 169.99, 21 °C; H = 715.42, 24 °C; H = 340.32 and 27 °C; 

H = 109.79; d.f. = 4 and P < 0.001 in all cases). Between 18 - 24 °C, development of T. 

zealandicus was significantly longer on the host species, Ch. megacephala and Ch. 

rufifacies, than on the hosts, C. dubia, C. albifrontalis and L. sericata (Dunn’s Test, P < 

0.05; Table 8.1). Development time was also significantly shorter on C. dubia hosts at 

18 °C and 21 °C compared to other hosts, however, at 24 °C there was no significant 

different in development time between C. dubia, C. albifrontalis and L. sericata (Table 

8.1). At the low and high temperature extremes of 15 °C and 27 °C, development of T. 

zealandicus was significantly shorter on C. dubia, L. sericata and Ch. megacephala 

compared to Ch. rufifacies and C. albifrontalis (Dunn’s Test, P < 0.05; Table 8.1).  

 

The relationship between temperature and the development rate of T. zealandicus, 

within all five host species, was adequately described by linear regression (Figure 8.1; 

Table 8.2; C. dubia F1,3 = 120.98, P < 0.01; C. albifrontalis F1,3 = 65.49, P < 0.01; Ch. 

megacephala F1,3 = 383.21, P < 0.001; L. sericata F1,3 = 167.21, P < 0.001; Ch. 

rufifacies F1,3 = 182.82, P < 0.001). Development rate was primarily linear throughout 

the temperature range that T. zealandicus survived, with a slight inhibitory effect of 

high temperature on development followed by a distinct decline when development and 

survival ceased (Figure 8.1). The nonlinear model (Lactin et al. 1995) was a superior fit 

for the temperature-dependant development of T. zealandcius at higher temperatures 

than the linear model (Figure 8.1; Table 8.2; Table 8.3) and provided the additional 

developmental parameters of TO and TU. 
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Table 8.1: Mean (± SD) development time (days) of Tachinaephagus zealandicus on five dipteran host species under seven constant temperatures.   

 

  Development Time (Days)1 

C. dubia C. albifrontalis Ch. megacephala L. sericata Ch. rufifacies 
Temperature (°C) 

Mean SD Mean SD Mean SD Mean SD Mean SD 

15 74.96a 2.27 80.86b 1.14 75.40a 2.17 74.64a 2.50 84.41b 1.99 

18 50.68a 2.76 52.19b 2.19 53.25c 2.26 51.62b 1.40 53.03c 1.99 

21 32.42a 1.44 33.93b 1.41 35.53c 1.51 33.72b 0.98 35.89c 1.25 

24 25.72a 1.24 25.21a 1.13 27.18b 1.38 25.55a 0.95 27.28b 1.62 

27 23.60a 1.12 24.66ab 1.09 23.49a 0.96 23.19a 0.94 24.89b 0.92 

30 - - - - - - - - - - 

                      

1 Means followed by a different letter within the same row are significantly different (P < 0.05; Dunn’s Test). 
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Figure 8.1: The relationship between temperature and the reciprocal of mean 

development time (days) of T. zealandicus within five dipteran host species, (A) 

Lucilia sericata, (B) Calliphora dubia, (C) Calliphora albifrontalis, (D) Chrysomya 

rufifacies and (E) Chrysomya megacephala. Fitted curves according to nonlinear 

development model of Lactin et al. 1995. Fitted lines according to linear degree day 

development model of Campbell et al. 1974.    
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Table 8.2: Parameter estimates (± SE), lower developmental threshold (TL) and thermal constant (K) in degree days (DD) for linear regression of the 

relationship between temperature and development rate (1/D) of T. zealandicus on five dipteran host species.  

 

       Estimated1 Calculated2 

Host a SE (a) b SE (b) R2 TL°C K ± SE, °C d K ± SE, °C d 

C. dubia -0.0250 0.0050 0.00257 0.00023 0.97 9.73 389.11 ± 35.43 395.39 ± 11.16 

C. albifrontalis -0.0256 0.0068 0.00256 0.00032 0.94 10.00 390.63 ± 48.37 399.95 ± 13.75 

C. megacephala -0.0257 0.0028 0.00255 0.00013 0.99 10.08 392.16 ± 19.99 399.89 ± 8.76 

L. sericata -0.0265 0.0044 0.00264 0.00020 0.98 10.04 378.79 ± 29.27 373.87 ± 9.65 

C. rufifacies -0.0250 0.0039 0.00248 0.00018 0.98 10.08 403.23 ± 29.92 409.23 ± 8.77 

           

1 Estimated from the regression equation (K = 1/b). 
2 Calculated as the mean of the degree days (DD) required for development of T. zealandicus under each temperature. 
Values of K represent the number of DD above the TL required for completion of immature development.  
 

 

 



8-12 
 

Table 8.3: Parameter estimates (± SE), upper lethal developmental threshold (TU), optimal developmental temperature (TO), non-linear coefficients 

(r2) and residual sum of squares (RSS) for the relationship between temperature and development rate (1/D) of T. zealandicus on five dipteran host 

species according to the curvilinear model of Lactin et al. 1995.  

 

Host Species ρ SE TU °C SE Δ SE R2 TO °C RSS 

C. dubia 0.2136 0.0113 30.90 0.5297 4.6808 0.2478 0.9937 26.30 1.92 x 10-6 

C. albifrontalis 0.2323 0.0033 30.12 0.1112 4.3038 0.0603 0.9994 25.81 1.73 x 10-7 

Ch. megacephala 0.1985 0.0078 32.24 0.5487 5.0368 0.1973 0.9978 27.19 6.38 x 10-7 

L. sericata 0.2134 0.0072 31.14 0.3659 4.6847 0.1589 0.9977 26.48 7.28 x 10-7 

Ch. rufifacies 0.2160 0.0039 30.97 0.1840 4.6287 0.0812 0.9993 26.30 1.89 x 10-7 
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Using the linear model, the thermal requirements (K) for total development of T. 

zealandicus (oviposition to adult emergence) within the different host species ranged 

from 378.79 – 403.23 K (Table 8.2). As estimated by the linear model, the lower 

developmental threshold (TL) of T. zealandicus was similar between host species, 

ranging between 9.73 – 10.08 °C (Table 8.2). Nonlinear estimates of TU ranged from 

29.90 – 31.73 °C while estimates of TO ranged from 25.81 – 27.05 °C (Table 8.3).  

 

Parasitism and Emergence Success  

The number of larvae parasitized per treatment group varied significantly with host 

species (F4,20 = 7.93, P < 0.001), ranging between 175 - 328 larvae (44 - 82 %). 

Significantly fewer Ch. megacephala (216 ± 32.9) and Ch. rufifacies (194 ± 58.3) 

larvae were parasitized than C. dubia (329 ± 43.4), C. albifrontalis (297 ± 46.3) or L. 

sericata (284 ± 43.4) larvae under the same exposure conditions of 24 hrs at 24 °C 

(Student-Newman-Keuls multiple comparison test, P < 0.05).        

 

Emergence success on all host species was significantly affected by temperature (C. 

dubia; χ2 = 110.08, C. albifrontalis; χ2 = 114.68, Ch. megacephala; χ2 = 203.72, L. 

sericata; χ2 = 171.40 and Ch. rufifacies χ2 = 290.94; d.f. = 4 and P < 0.001 in all cases; 

Figure 8.2). Emergence success was highest at 21 °C (79.5 – 92.2 %) and declined at 

more extreme temperatures. The lowest emergence success was observed at 15 °C 

(12.3 – 47.7 %). There was a significant difference in emergence success between host 

species at the temperature extremes of 15 °C and 27 °C (χ2 = 40.45, d.f = 4 and P < 

0.001; χ2 = 50.34, d.f. = 4 and P < 0.001, respectively). At 27 °C, the emergence success 

of T. zealandicus was comparatively lower on C. albifrontalis (31.41 %), Ch. 

megacephala (39.53 %) and Ch. rufifacies (42.51 %) than on C. dubia (58.87 %) and L. 

sericata (65.31 %) hosts. Similarly, the emergence success of T. zealandicus at 15 °C 

was lower on the host species Ch. rufifacies (12.32 %) and Ch. megacephala (18.86 %) 

than the other three host species investigated (37.77 – 47.70 %; Figure 8.2). Although 

not significant at mid-range temperatures, emergence success was typically highest on 

the host species C. dubia and L. sericata hosts and lowest on Ch. megacephala across 

all temperatures (Figure 8.2).  
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Figure 8.2: Percentage emergence success [(number of hosts from which parasitoids 

emerged / number of parasitized host) x 100] of T. zealandicus on five dipteran host 

species, developing under five constant temperatures. Open squares, black line = C. 

dubia; black circles, long dashed black line = C. albifrontalis; black triangles, short 

dashed black line = Ch. megacephala; grey triangles, solid grey line = L. sericata and 

open circles, dotted black line = Ch. rufifacies. 

 

 

Sex Ratio and Progeny Size 

Offspring were female-biased on all host species throughout the entire temperature 

range investigated (Table 8.4). The sex ratio of parasitoids developing on C. dubia, C. 

albifrontalis, L. sericata and Ch. rufifacies remained consistent over all temperatures 

(Table 8.4). Temperature did, however, affect the sex ratio of offspring emerging from 

Ch. megacephala (H = 64.11, d.f. = 4 and P < 0.001) hosts. The proportion of female 

offspring was higher at both temperature extremes (15 and 27 °C) than at mid-range 

temperatures (Table 8.4; Dunn’s Test, P < 0.05). Host species did not significantly 

affect the sex ratio of offspring between 15 - 24 °C, however, at 27 °C a significantly 

higher proportion of females were produced in Ch. megacephala and Ch. rufifacies 

pupae compared to other host pupae (H = 34.29, d.f. = 4 and P < 0.001).  
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The number of total viable progeny produced per host pupa, for all host species, was 

variable and affected by temperature (C. dubia; range [1-47], H = 187.13, C. 

albifrontalis; range [1-43], H = 120.26, Ch. megacephala; range [1-35], H = 64.85, L. 

sericata; range [1-28], H = 115.69 and Ch. rufifacies; range [1-32], H = 64.46; d.f. = 4 

and P < 0.001 in all cases). The number of progeny emerging per host pupa was 

significantly higher at 21 °C and 24 °C compared to the number emerging at 15 °C, 

18°C and 27 °C regardless of host species (Figure 8.3; Dunn’s test P < 0.05). The 

number of progeny emerging per C. dubia and Ch. rufifacies pupa was not significantly 

different between 15, 18 and 27 °C (Figure 8.3; Dunn’s test P > 0.05). Significantly 

more offspring emerged per pupa of Ch. megacephala and L. sericata at 18 °C than at 

15 °C or 27 °C while significantly more progeny emerged per C. albifrontalis pupa at 

18 and 27 °C than at 15 °C (Figure 8.3; Dunn’s test P < 0.05). 

 

Significant differences between host species were also evident within temperature 

treatments with respect to the number of T. zealandicus offspring emerging per pupa 

(15 °C; H = 116.56, 18 °C; H = 42.59, 21 °C; H = 117.35, 24 °C; H = 115.53 and 27 

°C; H = 292.72; d.f. = 4 and P< 0.001 in all cases; Figure 8.3). A significantly greater 

number of offspring emerged from C. dubia and C. albifrontalis hosts than L. sericata, 

Ch. rufifacies and Ch. megacephala hosts in all temperature treatments (Figure 8.3; 

Dunn’s test P < 0.05).  
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Table 8.4: Mean (± SD) proportion of T. zealandicus females emerging per host following development within five dipteran host species under five 

constant temperatures. 

      

Host Species1 

C. dubia C. albifrontalis Ch. megacephala L. sericata Ch. rufifacies Temperature (°C)2 

Sex Ratio Expressed as Mean Proportion of Females / Host 

15 0.80 ± 0.12  0.80 ± 0.10 0.83 ± 0.26  A 0.82 ± 0.14  0.81 ± 0.12  

18 0.81 ± 0.13  0.82 ± 0.18 0.80 ± 0.13  B 0.79 ± 0.09  0.81 ± 0.11  

21 0.78 ± 0.13 0.80 ± 0.08 0.79 ± 0.15  B 0.78 ± 0.17  0.80 ± 0.14  

24 0.77 ± 0.13 0.78 ± 0.14 0.78 ± 0.12  B 0.81 ± 0.10  0.80 ± 0.09  

27 0.78 ± 0.14  a 0.79 ± 0.12  a 0.85 ± 0.08  A b 0.78 ± 0.13  a 0.83 ± 0.16  b 

            

1 Means within rows followed by different lower case letters are significantly different (P < 0.05, Dunn’s Test).  

2 Means within columns followed by different capital letters are significantly different at (P < 0.05, Dunn’s Test).  
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Figure 8.3: Number of T. zealandicus offspring emerging per pupa (Mean ± SE), on 

five host species, under five constant temperatures. Open squares, black line = C. 

dubia; black circles, long dashed black line = C. albifrontalis; black triangles, short 

dashed black line = Ch. megacephala; grey triangles, solid grey line = L. sericata and 

open circles, dotted black line = Ch. rufifacies. 

 

 

8.5 Discussion 

 

Thorough knowledge of the effects of temperature on pre-adult development, among 

other aspects of biology and behaviour of insects, is critical for the accuracy of 

entomological based estimation of time since death in forensic cases. Estimates of time 

since death typically use a thermal summation model, such as the degree day method, 

which relies on the analysis of development rate under temperatures in the linear range 

of the temperature-dependant development curve (Richards and Villet 2008). This 

study investigated the temperature-dependant development of T. zealandicus using both 

a linear and non-linear model.  

 

Linear models have the advantage of simplicity and allow estimation of TL and a 

thermal constant (K), however, they do not incorporate the non-linearity observed in 
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parasitoid development at low and high temperatures (Briere et al. 1999). Therefore 

nonlinear models, such as that proposed by Lactin et al. (1995), can more accurately 

describe the relationship between temperature and development for insect populations 

(Briere et al. 1999; Lactin et al. 1995; Logan et al. 1976). Using both the linear and 

nonlinear models we achieved an excellent fit for our data, as evidenced by high r2 and 

low residual sum of square values for T. zealandicus development, within all five host 

species. The Lactin et al. (1995) model was a superior fit for the data, as evidenced by 

higher r2 values. Further, the non-linear model allowed the estimation of additional 

thermal parameters such as TO and TU. As such, both models provided complementary 

information on the thermal characteristics of T. zealandicus development for use in 

entomological estimates of time since death. 

 

Effect of Host Species on Development Time 

Parasitoid development time was significantly affected by host species at all 

temperatures. At mid-range temperatures (18 - 24 °C), development time was 

significantly longer on the two Chrysomya hosts (Ch. megacephala and Ch. rufifacies) 

than the other three host species. At the lowest and highest temperature (15 and 27 °C), 

parasitoid development time was longest on Ch. rufifacies and C. albifrontalis and 

significantly less on C. dubia, L. sericata and Ch. megacephala. Percentage parasitism 

and emergence success rates on the two Chrysomya hosts were also among the lowest 

across all temperature treatments. Our data suggest that the two Chrysomya species are 

less suitable hosts than other three species investigated which is supported by field 

observations where all five species are available for parasitization. Higher rates of 

parasitism by T. zealandicus were reported on C. albifrontalis (53.1%), C. dubia 

(30.1%) and L. sericata (12.3%) hosts compared to Ch. rufifacies (3.4%) and Ch. 

megacephala (< 1 %) hosts in the field (Voss et al. 2009b). The rearing of parasiotid 

stocks on C. albifrontalis and the potential influence this may have had on host 

suitability, however, cannot be discounted. 

 

Differences between host species, on parasitoid development time, were more 

pronounced at low temperatures. Koinobiont endoparasitoids, such as T. zealandicus, 

allow continued host development post-oviposition (Vinson and Iwantsch 1980). Once 

parasitized, the host continues to feed and develop until the functional integrity of the 

host is destroyed by the developing parasitoid (Rahman et al. 2007). Larval 

endoparasitoids, developing within the continuously changing environment of the host 



8-19 
 

hemolymph, respond to changes in ambient temperature but ultimately remain subject 

to their host’s physiology and temperature dependant growth (Eliopoulos and Stathas 

2003; Slansky 1986). Differences in parasitoid development time between host species 

were particularly evident as temperature neared lower developmental threshold 

estimates and, as such, differences between the thermal requirements of the five host 

species may account for the effect of host species on parasitoid development. Ambient 

temperature can differentially influence the metabolic rate and immune functions of 

different host species which in turn affect parasitoid growth and development within 

the host (Rahman et al. 2007).  

 

In comparison to other studies, the development time of T. zealandicus within the five 

different Calliphoridae host species, was longer than the previously reported 

development time of T. zealandicus on the host species Ch. putoria (Ferreira de 

Almeida et al. 2002b). While this disparity may relate to the different host species used, 

differences in research methodology such as rearing conditions (rearing media, relative 

humidity, photoperiod etc), geographic origin of study insects (genetic variation) and 

host age at parasitization may also have attributed to the comparatively longer 

developmental time observed in our study.  

 

Thermal Requirements  

In the current study, T. zealandicus completed development successfully on all five 

host species between 15 °C and 27 °C but not at 30 °C. This is in general agreement 

with Olton (1971) who reported that T. zealandicus emerged successfully from the 

host, M. domestica, between 15 - 24 °C but not at temperatures ≥ 29 °C. Ferreira de 

Almeida et al. (2002b) reported that T. zealandicus reared on Ch. putoria hosts failed to 

emerge at 27 °C. In our study parasitoids emerged successfully at 27 °C on all five host 

species, however emergence success declined at the temperature extremes and was 

significantly lower on the two Chrysomya hosts, Ch. megacephala and Ch. rufifacies, 

compared to C. dubia and L. sericata. The successful development of T. zealandicus at 

27 °C suggests a potential difference in the temperature thresholds of different 

geographical populations of T. zealandicus and that the Australian strain may be 

comparatively more heat tolerant than the Brazilian strain studied by Ferreira de 

Almeida et al. (2002b).  
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Development time was shortest under a constant temperature of 27 °C (first emergence 

= 22 days) corresponding to an estimated TO ranging between 25.81 – 27.19 °C. 

Parasitoid emergence success, however, was greatest at 21 °C (> 80 %). Ferreira de 

Almeida et al. (2002b) suggested that, in the field, the burial behaviour of parasitized 

host larvae prior to pupation may allow T. zealandicus to overcome the inhibitory 

effects of high ambient temperatures during development. Our data further suggest that, 

as T. zealandicus has a broad host range, differential development on host species may 

contribute to parasitoid persistence throughout periods of high ambient temperatures 

(Ables 1977; Bishop 1998; Ferreira de Almeida et al. 2002a; Ferreira de Almeida et al. 

2002b). 

 

Emergence Success, Sex Ratio and Progeny Size 

This study showed that both temperature and host species significantly influenced 

several other parameters of parasitoid fitness. Emergence success was greatest at 21 °C, 

and declined at either side of this temperature range with the lowest emergence success 

occurring at 15 °C. Similarly, the number of total viable progeny produced was highest 

between 21 - 24 °C and declined at the high and low temperature extremes of this 

study. A number of studies have demonstrated that temperature affects the host’s 

immune system and suggest that, as temperatures increase, host defences are more 

effective and parasitism success declines (Blumberg and Ferkovich 1994; Mironidis 

and Savopoulou-Soultani 2009; Rahman et al. 2007). Sex ratio of emerging parasitoids 

also varied significantly with extreme temperature on the host species Ch. megacephala 

hosts but not on other host species. Extreme temperatures may cause differential 

mortality of male and female offspring and it is possible that developing females 

tolerated high temperatures better than males, however, as this was not observed on any 

of the other host species it is more likely related to temperature threshold differences 

between hosts (Mohamed et al. 2006).  

 

As previously discussed, emergence success was typically lower on Ch. megacephala 

and Ch. rufifacies than on other hosts. An effect of host species on sex ratio was only 

observed at 27 °C where a higher proportion of females emerged from Ch. 

megacephala and Ch. rufifacies hosts compared to other host species. Progeny numbers 

per host pupa were also lower on L. sericata, Ch. rufifacies and Ch. megacephala hosts 

than either C. dubia or C. albifrontalis hosts. As measures of parasitoid performance, 

differences between development time, emergence success, sex ratio and progeny 
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numbers on the different host species suggest that Ch. megacephala and Ch. rufificaies 

hosts are less suitable for successful parasitoid development than the other three host 

species investigated.   

Forensic Implications 

The accuracy of entomological estimations of time since death requires a thorough 

understanding of the factors that affect parasitoid development time. The acceptance of 

such evidence in a court of law relies on rigorous scientific testing and experimental 

support (Amendt et al. 2007; Morris and Dadour 2005). Our findings indicate that T. 

zealandicus development time is influenced by host species and appropriate host 

specific developmental data, where available, should be used in forensic applications. 

Further work, however, is needed to build upon the results presented here to ensure that 

all factors affecting the development of parasitoids are fully detailed and understood. 

For instance, the nutritional quality of the host food source determines the host feeding 

rate and thus feeding behaviour of different host species can have indirect effects on 

parasitoid development (Eliopoulos and Stathas 2003; Mackauer 1986; Slansky 1986). 

Previous research has demonstrated that the food source consumed during larval 

development has a small effect on fly development time (Day and Wallman 2006; 

Ireland and Turner 2006) and thus, potentially the nutritional status of the host. In a 

forensic scenario, the nutritional quality of the host’s food source can vary both 

temporally and possibly with tissue type. As such, the timing of insect colonisation of 

remains and differences in host feeding behaviour can potentially influence parasitoid 

development and warrants future research.  
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General Discussion 
 

 

9.1 Research Context 

 

Discovery of human remains where the cause of death is unknown will inevitably lead 

to further investigation. A key component to the success of such investigations is the 

establishment of the time of death (Morris and Dadour 2005). At present, the discipline 

of forensic entomology offers one of the most accurate means of estimating post-

mortem interval (PMI) where time of death and deposition of the body coincide (Marks 

et al. 2009). Entomological based estimates of time since death are determined by 

aging immature insects collected from decomposing remains and incorporating this 

timeframe with the arrival time of adults ovipositing and colonising remains (Catts and 

Goff 1992). The influence of temperature on insect development provides a highly 

accurate means of establishing the age of immature insects (Marks et al. 2009). 

Typically, dipteran species are preferred as indicators of time since death as they are 

synanthropic and are among the earliest colonisers of human remains. Consequently, 

much of the supporting literature for use in assessing insect age and succession is 

primarily focused on dipteran species (Anderson 2000b; Greenberg 1991; Gruner et al. 

2007; Harvey et al. 2003; Morris and Dadour 2005). However, in situations, where 

immature Diptera are no longer present on decomposing remains, entomological 

estimates of time since death are based on predictable timeframes associated with 

insect succession alone and thus are open to considerable variability. This variability 

forcibly broadens the estimated time window in which death is likely to have occurred 

and reduces the usefulness of the PMI estimate to forensic investigators (Amendt et al. 

2007; Morris and Dadour 2005). Under these circumstances, determining the age of 

developing hymenopteran parasitoids of Diptera can provide a complimentary 

alternative to succession based estimates of time since death as their development time 

extends beyond that of non-parasitized dipertan hosts (Grassberger and Frank 2003).  

 

Knowledge of the development time of both the host and parasitoid, placed in the 

context of insect succession patterns, can provide an extended and more precise PMI 

than an interpretation of succession timeframes alone (Amendt et al. 2000; Grassberger 

and Frank 2003). Effective use of parasitoids in estimating PMI requires knowledge of 
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insect colonization, the factors involved in host location within a decomposition habitat 

that may affect parasitoid arrival, and data detailing the parasitoid’s temperature-

dependant development (Amendt et al. 2007; Godfray 1994). As previous forensic 

research has focused on dipteran species, there is a substantial paucity of data relating 

to parasitoids for use in estimation of time since death. 

 

Hymenopteran Parasitoids in Western Australia 

The results of this thesis have identified the hymenopteran parasitoid species of 

forensic potential in Western Australia (Chapter 3) and provided reference data 

detailing the timing of their arrival at carcasses (Chapters 4 and 6) and their 

development rate (Chapters 7 and 8) for use in estimation of time since death. Four 

species of hymenopteran parasitoid were associated with carrion breeding flies in Perth, 

Western Australia: Tachinaephagus zealandicus Ashmead (Encyrtidae), Nasonia 

vitripennis Walker (Pteromalidae), Spilomicrus sp. (Diapriidae) and Aphaereta sp. 

(Braconidae). Of the four parasitoid species identified, T. zealandicus was the most 

abundant, was active throughout a greater portion of the year and parasitized the 

broadest range of host species, closely followed by N. vitripennis. T. zealandicus was 

the predominant species between April and December in both years of the study and 

was replaced by N. vitripennis throughout late December to March. This corresponded 

to increases in ambient temperature with the onset of summer and changes in host 

species abundance. In contrast, overall rates of parasitism by Aphaereta sp. and 

Spilomicrus sp. were comparatively lower and their activity was only intermittent 

throughout both years of the study.  

 

Parasitoids exhibiting a wide host range and high rates of parasitism in the field are 

more valuable as forensic indicators of PMI as these species are more commonly found 

and collected at crime scenes. In Western Australia, T. zealandicus and N. vitripennis 

have the greatest potential as indicators of PMI as both species were generalist 

parasitoids with high rates of parasitism. N. vitripennis, although less prevalent, was 

active throughout the summer months when parasitism by T. zealandicus declined 

steeply in the field. In combination, these two species are present throughout the entire 

year and parasitized ≥ 80% of the Diptera species that colonize carcasses. T. 

zealandicus and N. vitripennis also have broad cosmopolitan distributions and both 

species have previously been reported in association with carrion and human remains 
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(Grassberger and Frank 2003; Turchetto and Vanin 2004). As such, the two species are 

likely to have applications beyond the scope of forensic entomology in Australia. 

 

Parasitoid Succession 

Tachinaephagus zealandicus typically arrived at carcasses during the bloat stage of 

decomposition when fly larvae were already established on carcasses. In contrast, N. 

vitripennis was a comparatively later colonizer, not arriving until the wet decay and dry 

decomposition stages. Placed within the context of insect succession, the arrival of 

parasitoids T. zealandicus and N. vitripennis at decomposing remains was closely 

linked to the arrival, activity and development of their respective potential host species.  

 

Work contained within this thesis (Chapter 6) on aspects of host location demonstrates 

that host-naïve T. zealandicus females respond to olfactory stimuli, specifically odours 

derived from the interaction of the host and its food source. Orientation of T. 

zealandicus females towards the various odour combinations investigated indicate that 

long range volatile cues eliciting an attraction response do not arise from the host or its 

habitat alone but from the process of the host feeding on its food source (in our studies 

- liver). These findings are consistent with the observed succession of T. zealandicus 

onto carcasses during the bloat stage of decomposition when potential hosts have 

sufficiently interacted with the carcass substrate and host-feeding damage to the carcass 

was evident. Such odours are likely to offer greater reliability as indicators of host 

presence than odours emitted by decaying substrates alone and be detected over a wider 

area than isolated host derived odours. Furthermore, as T. zealandicus parasitizes hosts 

that are primarily in the 3rd instar stage of development (Newman and Andrewartha 

1930; Olton 1971), parasitoid arrival at decomposing remains subsequent to sufficient 

host interaction with the carcass ensure that hosts are at, or near, the preferred 

developmental stage for parasitization.  

 

N. vitripennis is similarly attracted to the odour of host-infested meat but not uninfested 

meat or host larvae alone (Edwards 1954) and thus is likely to attend carcasses during 

the larval feeding stage of hosts (i.e. arriving before suitable host pupae are available). 

This was consistent with our findings of parasitoid succession where N. vitripennis 

arrived at carcasses during the bloat and wet decay stages of decomposition, prior to 

pupae availability. In the case of N. vitripennis, the use of odour cues derived from the 

interaction of the host with its food source may again relate to reliability of odour cues. 
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While N. vitripennis arrives at carcasses prior to host availability, females are more 

likely to encounter a host following a sit and wait strategy rather than orientation 

towards a non-infested carcass based on host-habitat derived odour cues alone.   

 

General Succession 

Entomological estimates of time since death require detailed knowledge of the timing 

of insect colonization of decomposing remains. Previous research has established that 

the pattern of insect succession onto remains is only predictable for a given set of 

decomposition circumstances such as geographic region, environmental conditions, the 

physical state of a carcass and the decomposition environment (Archer 2003; Avila and 

Goff 1998; Campobasso et al. 2001; Lopes de Carvalho and Linhares 2001; Shalaby et 

al. 2000). Unfortunately, reference data are often collected under a specific set of 

decomposition conditions and the validity of applying these data to other circumstances 

where decomposition conditions may be different is largely unknown. Consequently, 

the circumstances over which baseline succession data accurately predict insect 

succession patterns requires further assessment and corresponding guidelines for 

application.    

 

This study (Chapter 4) assessed the validity of applying succession data collected at 

two locations within the same broad geographic area, over different time periods. 

Assessment of the predictability of insect succession patterns over time and between 

two contrasting locations indicated that the pattern of insect succession was reasonably 

consistent between locations within corresponding time periods but as expected, 

changed on a seasonal time scale influenced by climate and the phenology of individual 

species. This suggests that, accounting for season, there is reasonable scope for the 

application of baseline succession data generated at a single study site to a range of 

decomposition sites and habitat types within a given region. Marginal differences in the 

pattern of insect succession between sites appear to relate to species’ habitat 

preferences. Differences between locations were primarily driven by the absence of 

four species of Coleoptera, H. castor, O. tatei, O. taurus and P. lacrymosa, at one of 

the two sites (agricultural site) throughout both years of study. The occurrence of these 

species at only the bushland site suggests that they may be indicative of bushland 

habitats and thus may prove useful in identifying post-mortem movement of human 

remains between locations.  
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Parasitoid Development 

As insect development is largely determined by temperature, establishing the age of 

immature insects requires knowledge of the relationship between temperature and 

development. This thesis investigated the effects of temperature and host species on the 

development of N. vitripennis and T. zealandicus under laboratory conditions within 

five species of Calliphoridae (Diptera) identified as common hosts of these parasitoids, 

Calliphora albifrontalis Malloch, Calliphora dubia Macquart, Lucilia sericata Meigen, 

Chrysomya rufifacies Macquart and Chrysomya megacephala Fabricius (Chapters 7 

and 8).  

 

Nasonia vitripennis successfully completed development on all five host species at 

ambient temperatures between 15 °C and 33 °C, but not at 36 °C. In contrast, T. 

zealandicus completed development successfully on all five host species within a 

narrower temperature range (15 °C - 27 °C) and failed to emerge at ≥ 30 °C. Both 

species successfully developed at slightly higher temperatures than previously reported, 

suggesting differences in the thermal requirements of geographically discrete 

populations (different genetic origins). Furthermore, the thermal requirements of both 

parasitoid species are in agreement with their observed seasonal activity (Chapter 3). N. 

vitripennis is active at higher temperatures than T. zealandicus replacing the latter 

throughout December to March corresponding to increases in temperature with the 

onset of summer. These findings suggest that T. zealandicus is less tolerant of the high 

summer temperatures of Perth and that the comparatively narrower temperature range 

tolerated by this species accounts for its population decline during summer.  

 

This study showed that both temperature and host species significantly influenced 

parasitoid development time, emergence success, sex ratio of emerging parasitoid 

offspring and progeny size. Significant differences in the development time of T. 

zealandicus and N. vitripennis on the different calliphorid host species were evident at 

all temperatures. Differences in parasitoid development time between host species were 

particularly evident under the temperature extremes at which development was 

successful (temperatures near the estimated lower and upper developmental thresholds) 

and thus differences between the thermal requirements of the five host species may 

account for the effect of host species on parasitoid development. Ambient temperature 

can differentially influence the metabolic rate and immune functions of different host 

species which in turn affect parasitoid growth and development within the host 
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(Rahman et al. 2007). These results indicate that the development rate of N. vitripennis 

is significantly affected by host species, particularly at temperature extremes. 

Consequently, extrapolating entomological estimates based on parasitoid development 

data generated using different host species can lead to erroneous estimates of time since 

death. Therefore the use of parasitoid-host-specific developmental data is 

recommended where applied to forensic investigations.  

 

Conclusions 

This study attempted to address some of the deficit of knowledge relating to parasitoids 

of forensic significance and investigate aspects of their biology, behavior and 

development for use in estimation time since death. The data presented in this thesis 

provide fundamental information detailing the parasitoid species of importance in 

Western Australia, their seasonality, patterns of succession and their temperature-

dependant development within five forensically important hosts. These data will assist 

forensic entomologists in determining time since death using parasitoid evidence, 

providing an alternative, extended indicator of post-mortem interval in situations where 

estimates would normally be based on insect succession timeframes alone.  

 

 

9.2 Future Research 

 

While the results presented in this thesis have established the baseline data necessary 

for the incorporation of parasitoids into forensic entomology in Western Australia and 

moreover Australia, several questions arising from this research identified areas that 

warrant further investigation. For instance, the volatile compounds responsible for the 

observed attraction of T. zealandicus to the interaction of the host and its habitat remain 

undefined. Presumably, T. zealandicus females differentiate between host infested and 

uninfested liver based on the chemical interaction of specific compounds released from 

the host and the liver during the feeding process. Chemical identification of these 

compounds would further explain the role of odour cues in host location for parasitoids 

species attracted to carcasses and allow for greater accuracy in predicting parasitoid 

arrival at carcasses in search of hosts.  

 

Furthermore, while this body of work identified that parasitoid development time can 

vary with host species, work is needed to build upon the results presented here to 
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ensure that all factors affecting the development of parasitoids are fully detailed and 

understood. Additional factors that may affect parasitoid development time include 

origin of the parasitoid and/or host population (genetic variation), parasitoid rearing 

conditions (eg; relative humidity, photoperiod), host age and host density during 

parasitization (Mello and Aguiar-Coelho 2009; Rivers and Denlinger 1995). Numerous 

studies have also indicated that host nutritional status affects development time (Kivan 

and Kilic 2004; Schmidt 1986; Vinson and Iwantsch 1980) and that the nutritional 

quality of the host can have indirect effects on parasitoid development (Eliopoulos and 

Stathas 2003; Mackauer 1986; Slansky 1986). In a forensic scenario, the nutritional 

quality of the host’s food source can vary both temporally and possibly with tissue type 

(Day and Wallman 2006; Kaneshrajah and Turner 2004). As such, the timing of insect 

colonisation of decomposing remains and differences in host feeding behaviour can 

potentially influence parasitoid development and warrants further investigation.  

 

On a final note, the work presented in this thesis identified the blowfly, Calliphora 

albifrontalis Malloch (Diptera: Calliphoridae) as an important coloniser of carcasses in 

Western Australia and the urgent need for appropriate data detailing the temperature-

dependant development of this primary strike fly. Additionally, the current taxonomic 

status of the Sarcophgidae in Australia is unclear and research is needed both 

molecularly and taxonomically to describe forensically relevant species and 

subsequently to establish appropriate development data for use in forensic applications. 

As parasitoid development is closely linked to that of the host species and PMI 

estimates require aging developing parasitoids in the context of the host, it is essential 

to have an understanding of the species-specific, temperature-dependant development, 

of both host and parasitoid. The importance of appropriate developmental reference 

data for the specifics of a crime scene investigation are paramount to the accuracy of 

the resulting PMI estimate and the subsequent value of the information this provides to 

a forensic investigation. 
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Parasitoid Image Gallery   
 

Introduction 

 

The following images were collected using Variable Pressure Scanning Electron 

Microscopy for the purpose of image documentation and broad scale morphological 

comparison of the study species, Nasonia vitripennis Walker (Hymenoptera: 

Pteromalidae) and Tachinaephagus zealandicus Ashmead (Hymenoptera: Encyrtidae).  

  

 

Methods 

 

Specimens used in this study were obtained from colonies established in 2006 from 

stocks emerging from dipteran hosts collected in association with carrion at a wildlife 

reserve located ~23kms south of Perth, Western Australia (32°10′S, 115°50′E). 

Parasitoids were reared on Calliphora albifrontalis Malloch (Diptera: Calliphoridae), in 

a laboratory maintained at 24 ± 1°C, 60-70% relative humidity (RH) and 12L:12D 

photoperiod. 

 

Fresh, hydrated specimens (killed at -24 °C) were mounted on a stub and placed 

directly into the Variable Pressure Scanning Electron Microscope (VPSEM) chamber 

with no further preparation. Analysis was conducted using a Zeiss 1555 VPSEM.  

 

 

Results and Discussion 

 

Morphological features of interest are presented in figures A.1 – A.20.  Characters are 

consistent with typical features of the families Encyrtidae and Pteromalidae. Of 

particular note in many images was the greatly enlarged and thickened mid-tibial spur 

on the middle leg of T. zealandicus which helps distinguish Encyrtidae from other 

families of Chalcidoidea (other than Eupelmidae).   
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Figure A.1: N. vitripennis – view of specimens head (a, scape; b, pedicel; c, flagellum 
and d, two anelli). 
 

 

Figure A.2: T. zealandicus – view of head (a, clava; b, radicula and c, setae emerging 
between facets of the eye).  
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Figure A.3: T. zealandicus – side view of head and thorax (a, convex mesopleuron, 
enlarged, occupying more than half the thorax). 
 

 

Figure A.4: T. zealandicus – ventral view of specimen (a, midtibial spur which is 
fairly thick, long and distinct in Encyrtidae and b, testaceous venter). 
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Figure A.5: T. zealandicus – ventral lateral view of specimen (a, convex mesopleuron 
and b, midtibial spur). 
 

 

Figure A.6: T. zealandicus – ventral lateral view of specimen (a, midtibial spur). 

b
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Figure A.7: N. vitripennis – ventral view of male specimen.    
 

 

Figure A.8: N. vitripennis – ventral view of female specimen with partially extended 
ovipositor (a, ovipositor).    
 

a
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Figure A.9: N. vitripennis – ventral view of distal end of the abdomen (female), 
ovipositor sheathed (a, spiracle; b, ovipositor slit). 
 

 

Figure A.10: T. zealandicus – ventral view of female abdomen (a, ovipositor stylet; b, 
testaceous venter and c = spiracle).  
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Figure A.11: N. vitripennis – partial view of foreleg (a, protibia; b, protibial spur or 
calcar; c, basitarsus and d, strigil). 
 

 

Figure A.12: T. zealandicus – partial view of midleg (a, tibia; b, mesotibial spur; c, 
tarsal segments and d, pretarsus). 
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Figure A.13: T. zealandicus – partial view of midleg (a, mesotibia; b, basal tarsus 
segment; c, tibial spur and d, apical pegs). 
 

 

Figure A.14: N. vitripennis – host pupae (calliphorid sp.) from which parasitoid 
emergence was unsuccessful (adults died in the process of exiting). 

 

 

d

c

b

a



A-10 
 

 

Figure A.15: N. vitripennis – specimen trapped and died in the process of emerging 
from host pupae (calliphorid sp.).  
 

 

Figure A.16: N. vitripennis – lateral view of specimen partially emerged from host 
pupae (calliphorid sp.). 
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Figure A.17: N. vitripennis – dorsal view of specimen trapped in the process of 
emerging from host pupae (calliphorid sp.). 
 

 

Figure A.18: N. vitripennis – two failed emergence attempts from a host pupae (a, 
secondary exit hole, partially completed, mouth parts of a second parasitoid visible). 
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