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Abstract  

Forensic entomologists frequently refer to insect development data generated within a 

laboratory setting in the estimation of minimum post-mortem interval (mPMI). The 

methodologies used to generate this data vary considerably within the field and there is 

no accepted standard approach to laboratory rearing of forensically relevant blowfly 

species.  Review of published data indicates that a wide range of rearing media are used, 

including different species of animal (e.g. porcine and bovine) and different types of 

tissue (e.g. muscle and liver). Differing methodologies, particularly rearing diet, can 

introduce considerable variation into the baseline developmental data upon which 

forensic estimates of the mPMI are calculated. In forensic applications, a rearing medium 

that supports rapid development and best replicates the human cadaver is preferable for 

generation of data for use in forensic case work as the minimum possible development 

time is provided. Consequently, research establishing a widely available, standard or 

optimal rearing medium for blowfly development and use in forensic applications is 

desirable.    

 

This study examined the effect of rearing media on the development of two blowfly 

species commonly reported in forensic case work in Western Australia (WA); Calliphora 

dubia Macquart, 1855 and Chrysomaya rufifacies Macquart 1842 (Diptera, 

Calliphoridae). Larvae of both species were reared on pork liver, pork mince, pork tissue, 

beef liver, beef mince and whole guinea pig carcass. All media with the exception of the 

guinea pig carcass’s, were sourced from a local butcher. The pork mince and beef mince 

both had an approximate fat content between 15-20%. The pork tissue used was pork loin, 

a lean cut from above the ribcage. Replicates were reared under two different temperature 

treatments, 24 ± 1°C and 30 ± 1°C (70 ± 10% humidity,12-h/12-h photoperiod).  

 

Where the relationship between development and temperature is known for a species, 

development time can be predicted using the concept of physiological time and 

accumulated degree days or hours (ADD or ADH). Calliphora dubia completed 

development on all treatments with a minimum emergence time of 304 hours at 30°C and 

396 hours at 24°C. There was no significant effect of diet on the ADH required for C. 

dubia to reach emergence at either rearing temperature (F5, 189 = 0.33, p = 0.90), however, 

diet significantly impacted larval length, pupal weight and head width of emerged adults. 

In contrast, Ch. rufifacies failed to develop on liver at 24°C and demonstrated high 
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mortality at 30°C. On the four remaining treatments, a minimum emergence time of 303 

hours at 24°C and 207 hours at 30°C was observed. On the four remaining treatments, 

there was a significant effect of rearing media on the ADH required for Ch. rufifacies to 

reach emergence at both temperatures (F3, 115 = 31.62, p < 0.001). For this species, the 

ADH required for larvae reared on pork loin to reach all developmental landmarks 

(second instar, third instar, pupation and emergence) at both temperatures was 

significantly higher than on comparative diet treatments. This study recommends that 

unless a species has a researched tolerance to rearing on liver, it should be avoided. 

Furthermore, for the two blow fly species investigated, pork mince is the most appropriate 

surrogate tissue for establishing developmental data out of the six media.  
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1. Introduction to Thesis 

1.1 Introduction  

Forensic investigations involving a deceased individual commonly rely on entomological 

analysis of insect specimens collected in association with the decomposing body to 

provide an estimate of time of death, referred to as the post-mortem interval (PMI) or 

minimum post-mortem interval (mPMI). Primarily, such estimates are based on 

knowledge of the colonisation behaviour and  development rate of  Diptera, particularly 

members of the family Calliphoridae, known as blowflies (Al-Shareef, 2016). Numerous 

adult blowfly are attracted to a range of decomposing organic materials including human 

and animal tissue, excrement and vegetative material as both a food and breeding resource 

(Gennard, 2012). Colonising insects feed on the products of organic decomposition to 

obtain proteins essential for egg maturation and such resources frequently support the 

development of feeding offspring (Gennard, 2012). Blowflies have been recorded 

arriving at a cadaver within minutes of exposure (Byrd & Castner, 2009). Carrion 

breeding blowflies have highly developed olfactory senses and are among the first insects 

to detect and colonise decaying remains with their offspring (Rivers & Dahlem, 2013). 

Thus, insect colonisation time is closely linked to the deceased’s time of death. Adults of 

the species may come and go from the cadaver but in optimum conditions, larvae will 

stay and develop until pupation. The age of immature insects collected from decomposing 

remains can thus indicate mPMI. 

 

Using entomological evidence found in association with decomposing remains, including 

dipteran eggs, larvae, pupae or adult flies, to estimate mPMI is a vital component in the 

investigation of suspicious deaths. Estimates of the mPMI can be determined by age 

estimation of the oldest immature insect specimens associated with the cadaver and 

placing this in the context of the expected colonisation time of the cadaver by that species 

(Gennard, 2012). 

 

Like all insects, blowflies are poikilothermic and their body temperature is dependent on 

the temperature of the environment around them. In the discipline of entomology, 

temperature is regarded as the primary factor in developmental rate and survival of insects 

(Gennard, 2012). As insect metabolism, growth and development are primarily governed 

by temperature, specimen age is estimated through predictive modelling of the 

relationship between insect development and temperature. Such models are heavily 
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reliant on the availability and applicability of data detailing the temperature dependent 

development rate of carrion feeding species (Wells & LaMotte, 2009).  

 

Current Application Issues  

Development data required for use in forensic entomological applications is species-

specific and typically generated under controlled laboratory conditions. Where suitable 

species data are unavailable, one option is to generate the required data specifically for 

application to the circumstances of a forensic case. It is widely accepted that larval growth 

within a laboratory setting mimics growth in the field as long as specific conditions match 

the scene (Amendt et al., 2007).
 
Factors that affect the accuracy of entomological age 

estimations include: individual species characteristics, climatic conditions encompassing 

season and daily temperature fluctuations, potential occurrence of larval aggregation, 

food type and quantity, the presence of drugs or toxins in the food resource and the scene 

location (geographic region) (Amendt et al., 2007).
 
Given the multitude of factors that 

can affect larval development, it is essential that the reference data matches the conditions 

of the death scene in order to generate the smallest error margin for associated estimates 

of mPMI.  

 

One aspect that can influence development rate is the rearing medium on which the 

developing insects are feeding. Optimally, to appropriately replicate the conditions of the 

death scene, the use of human remains as a rearing medium for the generation of 

development data is required. However, access to human tissue for entomological studies 

is limited and a variety of animal tissues are used as an alternative rearing medium for 

the generation of relevant development data for forensic applications. There are currently 

no established methodological standards for the generation of developmental data or an 

experimentally approved animal tissue type to use as an alternative to human tissue 

(Bernhardt, Schomerus, Verhoff, & Amendt, 2016). As the accuracy of mPMI estimates 

are impacted by any discrepancies between the conditions applied during the generation 

of reference data and the crime scene conditions, the determination of an experimentally 

optimal rearing medium for use as an alternative to human tissue in laboratory rearing 

would contribute to improved standards in forensic entomology. 

 

Diet and Development  

Although temperature is the main abiotic factor to influence insect development, a 

multitude of dietary factors can also have an effect (Bernhardt et al., 2016). These include 
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some basic requirements for development; food quantity, quality and nutritional value as 

well as more complex factors; the species of animal larvae are fed with, the type of tissue 

(muscle, heart etc.), fat content of the tissue and the physical state of the tissue (frozen, 

fresh or decomposing) (Clark, Evans, & Wall, 2006).
 

 

Within the literature a wide range of rearing media are used including; liver from a variety 

of animal species (Anderson, 2000; Day & Wallman, 2006b; Donovan, Hall, Turner, & 

Moncrieff, 2006; Grassberger & Reiter, 2001; Kotzé, Villet, & Weldon, 2015; 

Sukontason, Piangjai, Siriwattanarungsee, & Sukontason, 2008; Velásquez et al., 2013; 

Zuha & Omar, 2014), minced meat from numerous species (Greenberg & Wells, 1998; 

Johnson & Wallman, 2014; Niederegger, Pastuschek, & Mall, 2010) and other animal 

tissues; lean pork tissue (Byrd & Allen, 2001), goat muscle (Bala & Singh, 2015), 

putrefied horse flesh (Queiroz, 1996), beef meat (Gabre, Adham, & Chi, 2005) and whole 

mouse cadavers (Davies & Ratcliffe, 1994). In some published papers the type of rearing 

media used have not been reported (Tarone, Picard, Spiegelman, & Foran, 2011). 
 

 

Recent studies have demonstrated the importance of dietary factors on blowfly 

development within a laboratory setting (Bernhardt et al., 2016; Beuter & Mendes, 2013; 

Clark et al., 2006; Day & Wallman, 2006; El-Moaty & Kheirallah, 2013; Flores, 

Longnecker, & Tomberlin, 2014; Harnden & Tomberlin, 2016; Kaneshrajah & Turner, 

2004; Thomas, Sanford, Longnecker, & Tomberlin, 2016; Thyssen, de Souza, 

Shimamoto, Salewski, & Moretti, 2014; Zuha, Razak, Ahmad, & Omar, 2012). Clark et 

al. (2006) reported the development rate of Lucilia sericata Meigen 1826  varied by more 

than 30 hours when fed on different animal species and tissues (Clark et al., 2006). 

Similarly, the size of the blowfly Chrysomya albiceps Wiedemann 1819 larvae varied 

between rearing media throughout development (Beuter & Mendes, 2013). 

Developmental differences were attributed to differences in the nutritional value and 

physical properties of the tissue treatments (e.g. hardness, texture, flexibility, and water 

content) (Beuter & Mendes, 2013). 

 

A recent study by Bernhardt et al. (2016), published subsequent to the commencement of 

this work, reported that the development of the blowfly, Calliphora vicina Robineau-

Desvoidy 1830, was significantly slower on pork loin and pork liver compared to human 

tissue. This study concluded that minced pork is the most suitable substitute for human 

tissue when rearing C. vicina (Bernhardt et al., 2016). However, despite research evidence 
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on the importance of diet on development rate, there are no currently accepted 

methodological standards for the generation of development data used in forensic 

casework. Similarly, formulas used to estimate mPMI based on degree-day calculations 

do not consider the developmental differences that may occur when different rearing 

media are used. Further, developmental responses to dietary conditions are potentially 

species-specific suggesting an urgent need for the development of species-specific 

standards in this area.  

 

To further investigate the effect that rearing media has on the development of forensically 

important Diptera; a comparative investigation was conducted using two study species, 

Chrysomya rufifacies Macquart 1843 and Calliphora dubia Macquart 1855 (Diptera, 

Calliphoridae). The former, a member of the Chrysomyinae sub-family, is found globally 

and considered to have significant medicolegal importance (Baumgartner, 1993) while C. 

dubia is an ovoviviparous member of the Calliphorinae sub-family and local to 

southwestern and central–southern Australia (Cook & Dadour, 2011). The development 

rate of both species when reared under laboratory conditions, on six different rearing 

media, at two temperatures (24°C and 30°C) was investigated. Two temperatures were 

investigated to asses if temperature across a species thermal range contributed to a change 

in the effect of diet. The rearing media; pork liver, pork mince, pork loin, beef liver and 

beef mince were selected based on their frequent use within published literature while 

intact guinea pig cadavers were used to investigate development on a ‘whole cadaver’ 

media. Data outcomes of this study will provide comprehensive and geographically 

relevant reference data for use in forensic case work within Western Australia.  

 

1.2 Thesis Aims 

This study aimed to investigate the effect of diet on the development of two forensically 

relevant Diperta. The specific objectives of this study were to;  

 

1. Describe the development of Calliphora dubia and Chrysomaya rufifacies 

when reared on six commonly used laboratory diets (pork liver, pork 

mince, pork loin, beef liver, beef mince and whole guinea pig cadaver) at 

two temperatures, 24°C and 30°C. 

2. Determine if the developmental response to the six-rearing media is 

different between the two-study species and/or under different 

temperature conditions.  
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3. Identify an optimal rearing medium, out of the six investigated, for the 

generation of forensic development data for each study species in the 

laboratory. 

 

1.3 Concluding Statement 

Standards and guidelines are important within any field in order to ensure consistency 

between studies, minimise the risk of possible errors, allow for external sources to audit 

work and to allow effective evaluation of how any conclusions were derived (Amendt et 

al., 2007). Within the field of forensic entomology researchers are seeking to develop the 

standards and guidelines needed to maintain best practice and reduce sources of error 

(Amendt et al., 2007). Despite this, there is currently no established standard rearing 

medium for generating developmental data for forensic use and there is limited 

understanding on how the rearing media that are used within forensic entomology affect 

larval development. The use of various larval rearing media across developmental studies 

is a possible issue that may affect estimates of the mPMI. As mPMI calculations assist in 

death investigations, the implications of an erroneous calculation may be severe. This 

study will provide a recommended dietary standard for laboratory rearing of the two study 

species where data is required for forensic applications.   
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2. Literature Review 

2.1 Forensic Entomology 

Forensic entomology is the branch of forensic science that studies arthropod occurrence 

and activity to assist in legal investigations (Byrd & Castner, 2009). The field of forensic 

entomology was originally defined by Lord & Stevenson (1986), to include three 

categories that deal with both civil and criminal law; stored product forensic entomology, 

urban forensic entomology and medico criminal forensic entomology (Catts & Goff, 

1992). More recently the field has expanded to also include wildlife forensic entomology 

(Anderson, 1999). Stored product forensic entomology has an agricultural focus, 

providing expert opinion for legal proceedings that deal with infestations of arthropods 

in commercial products, most commonly food (Rivers & Dahlem, 2013). Urban forensic 

entomology deals with arthropods that are commonly associated with human habitation 

and is often involved in cases dealing with myiasis and insect infestations within homes 

and dwellings (Rivers & Dahlem, 2013). Wildlife forensic entomology uses 

entomological techniques in applications that include; determining time of death in cases 

of illegal killing, poaching or neglect in animals (Anderson, 1999). 

 

The scope of this study lies within the category ‘medico criminal forensic entomology’ 

which deals with arthropod related evidence associated with criminal investigations 

involving humans. Criminal aspects of the law that a forensic entomologist may be 

involved in include; homicide, suicide, sexual assault, cases of neglect and illicit 

substance trafficking (Catts & Goff, 1992). The most frequent application of 

entomological analysis is in death investigations. Within death investigations, forensic 

entomologists may assist in providing information on time of death, post-mortem 

movement of remains, cause of death and the ‘linking’ of a suspect to the crime scene 

(Suboch, 2016). The research focus of this thesis specifically addresses issues relating to 

estimations of time of death referred to as the post-mortem interval (PMI) or minimum 

post-mortem interval (mPMI).  

 

The use of arthropod occurrence and activity in death investigations is based on the fact 

that arthropods are often the first to arrive at a cadaver and their arrival occurs in a 

predictable sequence, depending on species and stage of decomposition (Gennard, 2012). 

In forensic entomology arthropods can be grouped into four categories dependent of their 

ecological role (Smith, 1987). 
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1. Necrophageous: species of arthropods that use the cadaver as a food source, 

including Diptera and Coleoptera (Smith, 1987). 

2. Parasites and Predators: certain species of Diptera, Coleoptera and Hymenoptera that 

feed on or parasitise immature arthropod species (Smith, 1987). 

3. Omnivores: species that feed on both the cadaver and the associated fauna, including 

ants, wasps and beetles. In large numbers these species may be able to slow 

decomposition and they predate on necrophageous species (Smith, 1987). 

4. Adventive : the arthropods that use the cadaver as an extension of their habitat, 

including species of Collembola and Spiders (Smith, 1987). 

 

The first two groups are of most significance to death investigations as these are the insect 

species that use the cadaver as a breeding site (Smith, 1987). These species can indicate 

the PMI, as cadavers are colonised by their larvae which use the decaying cadaver as a 

source of food (Byrd & Castner, 2009). For these species, the early stages of larval 

development are associated with the cadaver and an estimation of how long the species 

has been present at the cadaver can be established (Byrd & Castner, 2009). Adults of the 

species may come and go from the cadaver but in optimum conditions larvae will stay 

and develop until pupation.  

 

2.2 Diptera - Forensically Important Fly Species 

The necrophagous species predominately involved in death investigations are ‘True Flies’ 

or Diptera (Joseph, Mathew, Sathyan, & Vargheese, 2011). Species of Diptera are 

distinguished from other arthropods by their two fully developed front wings used for 

flying and hindwings that have developed into balance organs, called ‘halteres’, which  

provide a high level of control during flight (Gennard, 2012). Diptera undergo 

holometabolous (complete) metamorphosis, with a life cycle consisting of four stages; 

egg, larvae, pupae and adult flies in oviparous species (Figure 1) and three stages; larvae, 

pupae and adult flies for ovoviviparous species (Figure 2) (Rivers & Dahlem, 2013).  
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Figure 1. Diptera lifecycle for oviparous species (Sourced and adapted from McAlister, 

Wyatt, Painter, & Wild, 2015).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Diptera lifecycle for ovoviviparous species (Sourced and adapted from 

McAlister et al. 2015). 
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Of the Diptera, members of the Calliphoridae family are the most represented in forensic 

investigations with numerous blowfly species specifically adapted to breed in carrion and 

other forms of decaying organic matter. Highly developed olfactory sensors contribute to 

the locating of transient and patchy resources such as a cadaver and carrion breeding 

blowfly are typically the first insect taxa to arrive at decomposing remains (Byrd & 

Castner, 2009; Rivers & Dahlem, 2013). Following arrival at a cadaver, females will 

deposit eggs or live young, that, depending on species,  will use the decomposing material 

as a source of food (Rivers & Dahlem, 2013). Larval growth is consequently subject to 

the type and availability of food resources, environmental factors such as temperature, 

humidity and precipitation along with intra-species interactions during feeding (Gennard, 

2012). Towards the onset of pupation, the larvae will cease feeding and many will move 

away from the food source to pupate. Continued development during pupation is static 

with no additional dietary inputs from the larval food resource (Gennard, 2012). 

Development outcomes from pupation through to adult emergence, while still subject to 

environmental conditions and intra-species interactions, are dependent on the quality and 

quantity of earlier ingested resources (Gennard, 2012). Survival through to adulthood, 

development time, adult size/sex are measures of developmental success within a 

decomposition environment. Knowledge of the species-specific development of carrion 

breeding blowflies and the impact relevant factors have on their development can be used 

to by forensic entomologists in estimations of PMI.  

 

2.3 Approaches to Estimation of the Post-Mortem Interval 

Immediately after death a series of biological and chemical changes occur that alter the 

physical nature and appearance of a cadaver (Amendt et al., 2007). In many cases, a 

pathologist estimates time of death through the analysis of the relatively predictable post-

mortem changes in a cadaver’s soft tissue and through the testing of biological fluids 

(Amendt et al., 2007). These post-mortem changes include; soft-tissue stiffness (rigor 

mortis), settling of blood in the body (livor mortis) and temperature changes of the 

cadaver (algor mortis). As time since death increases, the process of decomposition 

progressively alters these physiological post-mortem changes and the accuracy of 

pathological estimation of PMI declines. In many cases the accurate estimation of PMI 

using post-mortem changes in the cadaver is not possible more than 72 hours after death 

(Gennard, 2012). 
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As time since death increases and pathological methods become less accurate in 

estimating PMI, the analysis of entomological evidence associated with the cadaver 

becomes salient. Insects are immediately attracted to a cadaver after death and many 

colonise the food resource with their offspring. Insect succession on a cadaver occurs in 

a predictable pattern and the development of larvae feeding on the corpse is primarily 

driven by temperature and the availability of food resources from the corpse (Wells & 

LaMotte, 2009). Estimates of PMI are determined by aging the oldest immature insect 

specimen associated with the cadaver and placing this in the context of the expected 

colonisation time of the cadaver by that species. Immature insect specimens, collected in 

association with decomposing remains, represent a form of physical evidence. 

Examination of specimen life stage, combined with predictive modelling of the 

relationship between insect development and temperature, can indicate specimen age and 

by extension mPMI. Such models are heavily reliant on the availability and applicability 

of data that details the temperature dependent development rate of carrion feeding species 

(Wells & LaMotte, 2009).  

 

Analysis of entomological evidence can estimate the PMI up to several weeks or even 

months. PMI can be determined using entomological evidence in two ways; through 

studying the pattern of insect succession on a cadaver or through the analysis of 

developmental rates of immature specimens collected in association with decomposing 

remains. The mPMI refers to the minimum time since death based on the assumption that 

insect oviposition was not impeded and therefore occurred shortly after death (Lane Tabor 

Kreitlow, 2009). The mPMI does not always correspond to the PMI because the insect 

colonisation of a cadaver may be affected by various factors (Amendt et al., 2007). These 

include; burial, wrapping or concealment of the cadaver, if the cadaver has been stored in 

a fridge or freezer or myiasis, in which the larvae begin feeding whilst the person is still 

alive (Amendt et al., 2007).  

 

Entomological determination of mPMI is primarily based on predictive modelling of 

specimen age based on the degree of development completed at collection from the 

cadaver in the context of the thermal conditions specimens were exposed to during 

development (Villet, Richards, & Midgley, 2010). Determination of specimen age 

indicates the time at which oviposition is likely to have occurred on the cadaver and thus 

the mPMI. Time of death can then be estimated by adding the oldest specimens age to the 

expected arrival time of the adult female at a cadaver (Higley & Haskell, 2009). 
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Another method for estimating the PMI is through insect succession patterns alone, that 

is the expected arrival time of adult insects and colonisation of remains by their offspring. 

Insect succession is considered a predictable process for a given set of conditions 

allowing the prediction of PMI based on the carrion community observed on a cadaver 

(Anderson, 2000). Where the colonisation behaviour and sequence of insect species 

arriving at a cadaver is known for a specific area and set of circumstances an estimate of 

PMI can be determined. This is achieved by comparing the invertebrate community 

observed on the cadaver to published reference data detailing expected succession 

patterns over time (Anderson, 2000). Using this method, PMI can be determined with 

accuracy, often weeks or months after death (Anderson, 2000). This predictive approach 

to insect succession is limited by the quality and applicability of available reference data 

to the death scene as numerous abiotic and biotic factors influence succession patterns, 

including; geographical region, seasonal effects, sun exposure, the condition of the body 

and the cause of death.  

 

2.4 Insect Development and Temperature 

As poikilothermic organisms, insects cannot maintain a constant body temperature and, 

consequently, development processes are dependent on the temperature of the 

environment around them (Byrd & Castner, 2009). The relationship between temperature 

and insect development rate (R = 1 / development time) can be described as curvilinear 

at low and high temperatures and linear in between (Higley & Haskell, 2009). Higher 

temperatures are often associated with a faster rate of development and variable rates of 

survival while lower temperatures are often associated with slowed development and 

variable rates of survival. In most cases, blowfly activity is inhibited by very low (below 

12°C) and very high (above 30°C) temperatures (Campobasso, Di Vella, & Introna, 

2001).  

 

This relationship exists for all insect species, with both between species variation and 

within species variation occurring (Higley & Haskell, 2009). The lowest temperature in 

which development of an insect species proceeds is referred to as the ‘lower 

developmental threshold’ (LDT). No development occurs at temperatures below a species 

LDT (Gennard 2012). The LDT may vary between different species and within the 

different life stages of a species. As temperature increases above the LDT, the rate of 

insect growth positively increases up to an optimal development temperature, after which 

development is also negatively affected before eventual death at temperatures above a 
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species thermal range, at the upper developmental threshold (UDT) (Briere, Pracros, Le 

Roux, & Pierre, 1999).     

 

Where the relationship between development and temperature is known for a species, 

development time can be predicted using the concept of physiological time and 

accumulated degree days or hours (ADD or ADH). The number of degree days is the 

number of degrees that the average ambient temperature throughout development is 

higher than the LDT in a 24 hour period (Higley & Haskell, 2009). Similarly, the number 

of degree hours is calculated within a one-hour period. A degree day/hour can be 

considered a ‘thermal unit’ of heat received which accumulates over time. A given species 

requires a certain number of thermal units to develop, progressing from one life stage to 

another (Higley & Haskell, 2009). Thus, determining the age of a specimen requires 

information on the LDT and the ADH of the species in question (Higley & Haskell, 2009).  

 

The ADH required to develop from one life stage to another varies between species and 

is determined experimentally. The ADH can be calculated by multiplying the hours that 

the species takes to develop to a distinct life stage by the temperature that it takes to reach 

that stage, minus the LDT (Gennard, 2012). Using this model, the mPMI can be estimated 

in forensic investigations. Specimens collected in association with a crime are identified 

and the stage of development assessed. The thermal units required to reach this life stage 

for the relevant species are then determined from published reference data and used to 

calculate the time the specimens would have required to reach the life stage collected in 

the context of the thermal history of the specimens. Importantly, the time estimated 

equates to the age of the specimens and thus the minimum period the cadaver would have 

been available to support the specimen’s development (mPMI). Thus, the accuracy of the 

arising mPMI estimate is greatly influenced by the applicability of the development data 

used in its calculation.   

 

2.5 Issues Relating to Developmental Data Applicability for mPMI Estimation 

Forensic entomologists frequently refer to developmental data generated within a 

laboratory setting to estimate mPMI. Where species-specific data is unavailable, or 

unsuitable, the analyst may generate suitable data within their own laboratory for use in 

a forensic investigation. The methodologies used to generate this data vary considerably 

within the field and there is no accepted standard approach to laboratory rearing of 

forensic species.  
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Although it is widely accepted that larval growth within a laboratory setting sufficiently 

mimics growth in the field, for accuracy of estimations, the specific rearing conditions 

should be as close to the conditions at the death scene as possible (Wells & LaMotte, 

2009). Numerous rearing conditions and factors can influence blowfly development, 

including; individual species characteristics, geographic region, climatic conditions 

(humidity, season, rainfall, fluctuating temperatures), larval aggregation, and/or the 

presence of drugs or toxins and diet (Wells & LaMotte, 2009). 

  

Individual species characteristics 

The occurrence, behaviour and development of blowflies varies based on the individual 

characteristics of that species in the geographic region of interest. For estimations of 

mPMI the accurate identification of samples is paramount so that estimations are based 

on reference data for that species in that particular geographic region (Wells & LaMotte, 

2009). Between species, blowflies differ in their growth rate, arrival time and position of 

succession, all of which influence estimations of mPMI (Wells & LaMotte, 2009). 

Similarly, the forensic significance of a species varies based on the geographic region, 

with some species being prolific in one geographic area and limited in another (Gennard, 

2012). The length of development varies between species with this variation 

predominantly influenced by genetics and temperature (Campobasso et al., 2001). 

Examples of species-specific differences in development include oviparous and 

ovoviviparous as well as the different responses to extremes in temperature, with some 

C. vicina able to develop at 4°C, far below the LDT of other species (Campobasso et al., 

2001). As each species has individual characteristics including the length of development 

time, only reference data for that species is applicable for estimations of mPMI. 

 
Geographic region 

As well as individual species characteristics, genetic and/or population differences exist 

within a species at different geographic regions that may introduce error into estimations 

of mPMI (Owings, Spiegelman, Tarone, & Tomberlin, 2014). These genetic and/or 

population differences may lead to regionally distinct developmental responses resulting 

from genetic drift and/or the selection of traits that favour local adaptions (Owings et al., 

2014). Differences, include the timing of colonisaton, e.g. Calliphora spp. and Lucilia 

spp., being the first to colonise a cadaver in Southern Europe while in North America 

Lucillia spp. and Cynomyopsis spp. precede Calliphora spp. (Campobasso et al., 2001). 

Similarly, the restricted sampling of wild flies for laboratory studies may not be 
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representative of the  true range within a population and the laboratory rearing 

environment may lead to size and age maturity changes that further alter the population 

(Tarone et al., 2011). Phenotypic variation within species may also change as a result of 

environmental shifts, e.g. seasons and fluctuation in temperature or resource availability 

(Owings et al., 2014). This genetic variation within a species can lead to longer 

development time and larger specimens when the different populations of the same 

species are reared within a laboratory setting (Hwang & Turner, 2009; Owings et al., 

2014; Tarone et al., 2011). Such studies identify the need to match applicable regional 

reference data to the crime scene location to ensure the accuracy of related estimation of 

mPMI.   

 

Climatic conditions 

Within geographic regions, climatic conditions will vary seasonally across locations and 

with the prevailing habitat features of the death scene. While ambient temperature is 

acknowledged as a primary driver of insect development, other climatic conditions can 

also influence decomposition, colonisation of a cadaver (insect activity, egg laying and 

survival may be altered), and insect development. These climatic conditions include; 

humidity, photoperiod, season, rainfall, wind and fluctuating temperature (George, 

Archer, & Toop, 2013). Of particular influence on development are humidity and 

photoperiod which are both inherently linked to ambient temperature. The relationship 

between humidity and development is considered to be linear, although different blowfly 

life stages have variable tolerance ranges, with eggs and pupae being particularly 

impacted by humidity (Evans, 1935; Gennard, 2012). Photoperiod can affect both 

colonisation and development as the Diptera life cycle follows a circadian rhythm. 

Development is altered by photoperiod as the interaction of photoperiod and temperature 

determines phenology. Examples of this include the light event needed to trigger blowfly 

emergence (Fisher, Higley, & Foster, 2015). Colonisation may be delayed as blowflies 

are considered to be inactive during night time with fly ovioposition delayed during low 

light conditions (Bhadra, Hart, & Hall, 2014; Campobasso et al., 2001). Other climatic 

variables that affect colonisation include heavy or continuous rainfall and strong winds, 

with both restricting blowfly flight and therefore access to a cadaver (George et al., 2013).  

Consistent with other developmental and behavioural traits, responses to climatic 

conditions are species-specific. For example the reported cases of nocturnal colonisation 

by the two blowfly species, L. sericata and Calliphora vicina Robineau-Desvoidy 1830, 

in Victoria, Australia (George et al., 2013) and the completed development through to 
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adult fly emergence by C. vicina when reared in a laboratory setting with no light 

(Boehme, Spahn, Amendt, & Zehner, 2013). 

  

Aside from the climate of the geographical zone, topography, slope exposure and broken 

cloud cover can alter larval development (Catts, 1992). In laboratory developmental 

studies many of these factors, such as rainfall and wind, are controlled. The extent to 

which development is altered by climatic conditions is an imperative consideration in 

selecting the reference data used for mPMI calculations. Many researchers acknowledge 

the potential impact of climatic factors other than temperature on blowfly activity and 

development but consider development to be primarily driven by temperature. 

Determination of mPMI is thus achieved for the relevant species based on temperature 

alone, assuming optimal climatic conditions in line with regionally match laboratory 

settings. At a minimum, it is important that researchers choose the most appropriate 

laboratory data for the species and death scene conditions in question to account for any 

species-specific response.  

 

Larval aggregations 

Larval aggregations, also known as ‘maggot masses’ can have a significant effect on 

larval development. These aggregations may result from the mass oviposition of eggs or 

larvae in close proximity or occur behaviourally as a consequence of benefits derived 

from communal food digestion  (Johnson & Wallman, 2014). These larval aggregations 

can include tens of thousands of larvae, greatly increasing the micro-ambient temperature 

as a  result of larval metabolic heat generation and potentially associated microbial heat 

generation  (Villet et al., 2010). Temperature has been known to increase by over 32°C 

and in some instances allow for larval development to continue in ambient temperatures 

below the LDT of the species (Higley & Haskell, 2009; Johnson & Wallman, 2014). 

Larval aggregations may also have the benefit of acting as a ‘buffer’ for fluctuating 

temperatures, allowing optimum temperatures for growth to continue as the ambient 

temperature fluctuates (Johnson & Wallman, 2014).  

 

As mPMI calculations use the temperature of the microenvironment, the effect that larval 

aggregations have on raising temperatures is of significant importance to estimations of 

mPMI (Villet et al., 2010). Two issues to account for in mPMI estimations is that the heat 

generated by larval aggregations fluctuates, as the contribution of solar energy raises the 

temperature during day light periods, and that the increased heat from larval aggregations 
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is not distributed uniformly on a cadaver as the increased heat emanates from the location 

that the larvae are feeding (Villet et al., 2010). As well as heat generation, larval 

aggregations aid larval development as the increased abundance of digestive fluids and 

enzymes that are secreted by the feeding larvae help break down tissue and aid digestion 

(Ireland & Turner, 2006; Johnson & Wallman, 2014). Similarly, development may also 

benefit from larval aggregations as the large numbers may reduce the risk of predation 

and parasitism (Johnson & Wallman, 2014). 

 

The effect of larval massing on the development rate of cadaver collected specimens must 

be considered in estimating mPMI and in the selection of appropriate developmental data. 

Typically, laboratory studies of blowfly development limit larval massing within 

replicates to ensure the control of larval heat generation above the ambient temperatures 

being investigated. In such studies, the use of low larval numbers may not accurately 

reflect the species development in the field where dietary conditions and food 

consumption is assisted by larval aggregation digestion processes. One proposed method 

to combat the issue of larval aggregations affecting estimates of mPMI includes referring 

to a temperature that matches the optimal growth of the species when a maggot mass is 

present, thus providing a minimum time of development. Another involves using an 

average temperature that is taken from various areas of the aggregation to use in the 

calculation of mPMI (Higley & Haskell, 2009). While calculations of mPMI involving 

the occurrence of maggot masses can refer to the optimal developmental temperature for 

the specimens, more research is required to study the effect that the presence of larval 

aggregations have on mPMI estimations and develop a standardised process to account 

for the extreme fluctuations in temperature that may be present in larval aggregations.   

 

Drugs and toxins 

The presence of drugs and/or toxins in a larval food source can affect development by 

either accelerating or slowing the length of larval and pupa stages (Villet et al., 2010). 

The effect of drugs and toxins is species-specific and dependent on the type of drug and 

the concentration (Villet et al., 2010). Examples of this include the accelerated growth of 

Boettcherisca peregrina Robineau-Desvoidy 1830 (Goff, Brown, Hewadikaram, & 

Omori, 1991) when exposed to a diet containing heroin (and/or its metabolite, morphine) 

compared to the slowed growth of L. sericata and C. vicina (Bourel et al., 1999) when 

exposed to a diet containing morphine. The effect that a drug may have on development 

can also alter over time as the ingested chemicals are metabolized, sequestered and/or 
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excreted (Introna, Campobasso, & Goff, 2001). As larval development is influenced by 

multiple variables within the rearing process, a standardised approach across studies is 

required to generate baseline developmental data and to allow the comparison of normal 

larval development with larval development in the presence of drugs/toxins. 

 

Methodology of rearing studies 

In the field of forensic entomology there is significant variation in the methodology of 

rearing studies used to generate temperature dependent developmental information. 

These differences include but are not limited to; the humidity and photoperiod larvae are 

reared at, the food source larvae are reared on, as well as sampling protocols including 

the sampling frequency, sample handling, specimen number/replicate and the occurrence 

of pseudo replication.  

 

The variation in methodology between rearing studies inhibits comparison of 

developmental rates and consequently the applicability of applying the data reported to 

forensic estimations of mPMI is compromised. For instance, variation in the photoperiod 

used for developmental studies may restrict the applicability of applying data across 

regions and/or seasons. Some studies replicate the photoperiod for the season e.g. 

“summer, 8 h dark, 16 h light” (Niederegger, Wartenberg, Spiess, & Mall, 2013), others 

use a 24-h day light cycle (Gallagher, Sandhu, & Kimsey, 2010), or ‘14:10 hour  L:D’  

(Boatright & Tomberlin, 2010; Clark et al., 2006), 12:12 (L:D) (Byrd & Butler, 1997; 

Villet, MacKenzie, & Muller, 2006) and in some studies the hours of light and day are 

not reported; “natural light–dark photoperiod” (Sukontason et al., 2008). Similarly, the 

humidity used for larval rearing has yet to be standardized with studies reporting humidity 

ranging from “ambient humidity”(Day & Wallman, 2006) through to a relatively constant 

range such as “75 - 80% RH” (Boatright & Tomberlin, 2010).  

 

More problematically, variation also exists in the sampling protocols used which 

includes; sampling frequency and sample handling. Examples of this variation in 

sampling frequency include studies that have sampled at 12 hour intervals (Byrd & Butler, 

1997), others that have sampled in 5 hour intervals (Bala & Singh, 2015) and others that 

have sampled more frequently during key developmental stages; “4 hours until second 

moult (eight times a day), every 8 h until pupation (four times a day), and then every 12 

hours until eclosion” (Voss, Cook, Hung, & Dadour, 2014). 
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Other sampling variations include the specimens that are targeted by researchers. Wells 

et al. (2015) suggest that bias is introduced into sampling as many authors have collected 

the largest individuals in the rearing containers which may not be representative of the 

development of the population. Furthermore, some authors described random sampling 

but did not define a selection criteria which suggests that sampling methods may not have 

been truly random (Wells et al., 2015) 

 

Michaud, Schoenly, & Moreau, (2012) critically assessed the experimental designs used 

in forensic entomological reference data generation. It was reported that 78% of included 

studies fell victim to simple or sacrificial pseudoreplication (simple pseudoreplication: 

when a treatment is not replicated; sacrificial pseudeoreplication: if a study is replicated 

but samples are pooled before statistical analysis) or had inadequate study designs 

(Michaud et al., 2012). They also highlighted the fact that laboratory experiments differed 

from field experiments as they have high internal validity but little external validity, 

unless they are corroborated under field conditions. As stated by Michaud et al., (2012) 

the experimental design flaws that may be present in a study are unintentional and often 

due to “practical, economical, and publication-related issues that are not always under 

investigator control” (Michaud et al., 2012). Furthermore, the information from these 

studies should not be disregarded, however, design flaws should be acknowledged as 

possible limitations of the work (Michaud et al., 2012).  

 

To combat these issues and ensure higher standards in forensic case work collaboration 

between subject-matter experts is required to determine best practices and to develop 

standards in all areas of forensic entomology. These standards and guidelines allow 

external parties to audit the quality of work, understand how conclusions are made and 

minimise the risk of error (Amendt et al., 2007). At present, there are no standard 

guidelines for larval rearing within a laboratory setting and many older studies do not 

include enough technical details of data collection to allow replication (Wells et al., 

2015). Recent research studies include more detailed methodology, however, there is still 

a lack of a standard experimental protocol for researchers to use as the basis for the 

generation of developmental reference data for use in forensic case work (Wells et al., 

2015). While standardising studies in respect to sampling protocols may be limited by the 

logistics of budgets and technical assistance, one area that can be addressed by the 

majority of forensic studies is the establishment of a readily accessible, standard rearing 

media.  
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2.6 Diet and Development 

Dietary factors that can influence development include: food quality (nutritional value), 

food quantity and food availability (Rivers & Dahlem, 2013). The type of tissue (muscle, 

organ etc.), animal (species) from which it is derived, and the physical state of the tissue 

(frozen, fresh, decomposing) and the preparation of the tissue (chunks, mincedliquid) 

determine the nutritional profile of the food source in respect to fat, protein and vitamins 

(Rivers & Dahlem, 2013). All insects have specific nutrient and food quantity 

requirements so to adequately complete development. Nutrient requirements include; 

carbohydrates as an energy source, water, vitamins, minerals and protein. For females of 

the species, protein is especially important as it is needed to develop ovaries and to 

produce eggs (Gennard, 2012).  

 

Hanski (1976) reported that blowfly larvae have an assimilation efficiency of 

approximately 80%, meaning that a mature larvae that weighs between 75-100 mg will 

need 90-120mg of food to complete development (Hanski 1976; Gennard 2012). A more 

recent publication by Amendt et al. (2015) proposes that for larval rearing approximately 

2 grams of food per larvae allows for optimal growth. Similarly, larval development is 

impacted where access to adequate amounts of food is restricted due to overcrowding. 

Overcrowding of larvae can lead to slowed development, smaller pupae size and an 

increase in mortality rates (Green, Simmonds, & Blaney, 2003). Overcrowding can also 

lead to larval aggregation, which can allow behavioural optimization of thermal 

conditions for development or alternatively result in the generation of excessive heat 

leading to larval mortality. To avoid this increase in metabolic heat researchers propose 

that smaller numbers of larvae (< 200) should be reared together (Amendt et al., 2015).  

 

In laboratory studies the larval rearing medium used rarely matches that of a forensic 

human death scene (Wells & LaMotte, 2009). Access to human tissue for entomological 

research is very limited and a variety of animal tissues are used as an alternative rearing 

medium for the generation of relevant blowfly development data for forensic applications. 

The choice of animal tissue varies widely within the literature and between researchers 

(Table 1), encompassing different species of animal and different tissue types (liver, 

muscle tissue and mince products). In many developmental studies of carrion flies, beef 

liver is frequently used as a protein source to develop female ovaries and induce 

oviposition (Gennard, 2012). Once hatched, larvae are often moved to a different rearing 
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medium and there is no clear consistency between studies (Table 1). Currently, there is 

no accepted standard diet for larval rearing and a wide range of media are represented 

within the literature (Table 1). This potentially allows for considerable variation between 

species in respect to the arising reported development data of such studies and may 

present an accuracy issue in applying the data to specific forensic applications. 

Problematically, few studies have evaluated the species-specific impact of these different 

diets on blowfly development and none have scientifically validated a best practice 

rearing medium for use as an alternative to human tissue in generating reference data 

applied to estimates of mPMI.
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Table 1. A review of the different types of rearing media used in published developmental studies* of forensically relevant Diptera. 

Species Medium Region Authors/Year 

Calliphora augur  Sheep liver Australia Day & Wallman, 2005 

Calliphora varifons  Beef liver Australia Voss et al., 2014 

Calliphora vicina  Beef liver North America Johl & Anderson, 1996 

Calliphora vicina  Pork & beef mince Europe Baqué, Filmann, Verhoff, & Amendt, 

2015 

Calliphora vicina  Lamb liver UK Donovan et al., 2006 

Calliphora vicina, Calliphora alpina, Protophormia 

terraenovae, Calliphora vomitoria, Lucilia sericata 

Whole mouse UK 
Davies & Ratcliffe, 1994 

Calliphora vicina, Calliphora vomitoria Pork liver UK Ames & Turner, 2003 

Calliphora vicina, Calliphora vomitoria, Lucilia illustris, 

Lucilia sericata, Sarcophaga argyrostoma 

Pork & beef mince Europe 
Niederegger et al., 2010 

Chrysomya albiceps Beef liver Europe Grassberger, Friedrich, & Reiter, 2003 

Chrysomya albiceps Beef meat Africa Rashed, Yamany, & El-basheir, 2015 

Chrysomya albiceps  Chicken liver Africa Richards, Paterson, & Villet, 2008 

Chrysomya albiceps  Horse meat South America Queiroz, 1996 

Chrysomya chloropyga, Chyrsomya putoria  Chicken liver Africa Richards, Crous, & Villet, 2009 
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Table 1. (Cont.) A review of the different types of rearing media used in published developmental studies* of forensically relevant Diptera 

Species Medium Region Authors/Year 

Chrysomya megacephala  Beef meat Africa Gabre et al., 2005 

Chrysomya megacephala  Not reported Eastern Asia Wells & Kurahashi, 1994 

Chrysomya megacephala, Chrysomya rufifacies Goat muscle South Asia  Bala & Singh, 2015 

Chrysomya megacephala, Chrysomya rufifacies Pork liver South East Asia Sukontason et al., 2008 

Chrysomya nigripes  Lean pork Eastern Asia Li, Wang, Wang, Ma, & Lai, 2016 

Chrysomya rufifacies Lean pork USA Byrd & Butler, 1997 

Chrysomya rufifacies  Beef muscle South East Asia Yanmanee, Husemann, Benbow, & 

Suwannapong, 2016 

Chrysomya rufifacies, Calliphora vicinia Kangaroo mince Australia Johnson & Wallman, 2014 

Cochliomyia macellaria  Beef liver USA Owings et al., 2014 

Cochliomyia macellaria  Beef mince USA Wells & LaMotte, 1995 

Cochliomyia macellaria  Lean pork USA Byrd & Butler, 1996 

Hemipyrellia ligurriens Lean pork Eastern Asia Yang et al., 2015 

Hemipyrellia ligurriens Pork liver South East Asia Bunchu et al., 2012 

Hydrotaea rostrata Minced ox liver & 

jellymeat  

Australia Dadour, Cook, & Wirth, 2001 

Liopygia (Sarcophaga) argyrostoma Beef liver Europe Grassberger & Reiter, 2002a 
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Table 1. (Cont.) A review of the different types of rearing media used in published developmental studies* of forensically relevant Diptera 

Species Medium Region Authors/Year 

Lucilia coeruleiviridis Beef liver USA Weidner, Tomberlin, & Hamilton, 2017 

Lucilia cuprina Chicken liver Africa Kotzé et al., 2015 

Lucilia cuprina, Calliphora stygia, Calliphora vicinia, 

Calliphora hilli 

Beef liver Australia Williams & Richardson, 1984 

Lucilia cuprina, Parasarcophaga crassipalpis, Calliphora 

augur, Calliphora nociva, Calliphora stygia, Chyrysomya 

varipes, Chrysomya megacephala, Chrysomya rufifacies. 

Beef liver  Australia  Levot, Brown, & Shipp, 1979 

Lucilia eximia, Cochliomyia macellaria, Chrysomya 

albiceps, Chrysomya megacephala, Calliphora nigriba- 

sis 

Beef liver South America Vélez & Wolff, 2008 

Lucilia illustris Pork mince Eastern Asia Wang et al., 2016 

Lucilia sericata Beef heart  Europe Gosselin et al., 2011 

Lucilia sericata Beef heart  USA Gallagher et al., 2010 

Lucilia sericata Beef liver USA Picard et al., 2013 

Lucilia sericata Beef liver USA Roe & Higley, 2015 

Lucilia sericata Beef liver Europe Grassberger & Reiter, 2001 

Lucilia sericata Lamb liver UK Wall, French, & Morgan, 1992 
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Table 1. (Cont.) A review of the different types of rearing media used in published developmental studies* of forensically relevant Diptera 

Species Medium Region Authors/Year 

Lucilia sericata Not reported USA Tarone et al., 2011 

Lucilia sericata Sheep liver Australia Barritt & Birt, 1971 

Megaselia abdita, Megaselia scalaris  Beef mince USA Greenberg & Wells, 1998 

Megaselia scalaris  Beef liver South East Asia Zuha & Omar, 2014 

Musca domestica vicinia, Lucilia sericata Chicken mash^, fresh 

liver 

Africa El-Kady, 1999 

Ophyra aenescens, Ophyra capensis  Beef muscle Europe Lefebvre & Pasquerault, 2004 

Phormia regina Beef liver USA Nabity, Higley, & Heng-Moss, 2007 

Phormia regina Beef liver USA Núñez-Vázquez, Tomberlin, Cantú-

Sifuentes, & García-Martínez, 2013 

Phormia regina Lean pork USA Byrd & Allen, 2001 

Phormia regina, Phaenicia sericata, Eucalliphora 

latifrons, Lucilia illustris, Calliphora vicina  

Beef liver North America Anderson, 2000 

Protophormia terraenovae  Beef liver North America Warren & Anderson, 2013b 

Protophormia terraenovae  Beef liver North America Warren & Anderson, 2013a 

Protophormia terraenovae  Beef liver Europe Grassberger & Reiter, 2002b 

Protophormia terraenovae  Beef muscle UK Myskowiak & Doums, 2002 
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Table 1. (Cont.) A review of the different types of rearing media used in published developmental studies* of forensically relevant Diptera 

Species Medium Region Authors/Year 

Sarcophaga (Liopygia) ruficornis, Microcerella halli Beef mince South America Nassu, Thyssen, & Linhares, 2014 

Sarcophaga (Liosarcophaga) tibialis Chicken liver Africa Villet et al., 2006 

Sarcophaga haemorrhoidalis Lean pork USA  Byrd & Butler, 1998 

Synthesiomyia nudiseta Beef meat South East Asia Kumara, Abu Hassan, Che Salmah, & 

Bhupinder, 2009 

Synthesiomyia nudiseta Pork liver Europe Velásquez et al., 2013 

*n=59, ** a different rearing media was reported for each species and results are reported separately as ^Chicken mash (M. vicina) and  fresh liver 

(species not reported) (L. sericata). 
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Review of rearing media within the literature 

Liver is the most commonly used rearing medium in developmental studies of carrion 

feeding species, representing 55% of the 59 studies reviewed here (Figure 3). In published 

developmental studies beef liver in particular has been used frequently as a rearing 

medium (31.67%) followed by chicken liver (6.67%), pork liver (6.67%) and less 

frequently lamb (3.33%), sheep (3.33%), and ox liver combined with ‘jellymeat (media)’ 

(no further detail reported within study;1.67%; (Figure 3). Other tissue types include lean 

pork tissue (10%), beef muscle (5.00%) and beef meat (3.33%) (Table 1; Figure 3). 

 

Various minced tissues, which are described as either ‘mash’, ‘minced’ or ‘ground’ by 

the authors, have also been used in published developmental studies (13.33%). Species 

of minced tissue include; beef, chicken, beef and pork blends and kangaroo (Table 1; 

Figure 3). Other rearing media that have been used include; goat muscle (Bala & Singh, 

2015), putrefied horse flesh (Queiroz, 1996) and whole mouse cadaver (Davies & 

Ratcliffe, 1994). Finally, several published papers have not reported the rearing medium 

at all (Tarone et al., 2011; Wells & Kurahashi, 1994)
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Figure 3. Frequency at which different types of rearing media are used in published studies of forensically relevant blowfly species (compiled from 

sources listed in Table 1, each rearing medium reported in a publication was counted individually (e.g. two rearing media investigated in one publication 

were counted as two separate reports).  
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Effects of tissue type on developmental rate 

Recently, studies have sought to investigate the effect that different rearing media have 

on the development rates of forensically significant species of Calliphoridae, Phoridae 

and Stratiomyidae. Across studies there is significant difference in the development rate 

of larvae when reared on different tissue types (Beuter & Mendes, 2013; Clark et al., 

2006; El-Moaty & Kheirallah, 2013; Kaneshrajah & Turner, 2004; Thyssen et al., 2014; 

Zuha et al., 2012). Of note, multiple studies have reported delays in the development of 

various species when reared on liver compared to other tissues (Beuter & Mendes, 2013; 

Clark et al., 2006; Kaneshrajah & Turner, 2004; Richards, Rowlinson, Cuttiford, 

Grimsley, & Hall, 2013; Thyssen et al., 2014).   

 

Clark et al. (2006) found a significant effect on the development rate of L. sericata when 

reared on different pork and beef tissue (lung, heart and liver). Larvae reached the pre-

pupal wandering stage 5 hours faster when reared on pork lung, heart and liver compared 

to beef lung, heart and liver. Furthermore, larvae of L. sericata reared on lung and heart 

tissue of both species reached this stage significantly earlier than those reared on liver; 

31 hours faster on average for lung and 29.2 hours faster on average for heart. 

 

Similarly, El-Moaty and Kheirallah (2013) found significant differences in development 

time for L. sericata larvae reared on beef tissue; liver, brain, heart, lung, kidney, intestine 

and minced meat (El-Moaty & Kheirallah, 2013). The total development time for L. 

sericata larvae varied between the rearing media, with brain and lung recorded as 

developing fastest (70 hours) while larvae reared on intestine took the longest to develop 

(106 hours). Survivorship of adult flies also varied with diet, with minced meat and heart 

having the lowest survivorship rates (60%) compared to intestine and kidney (70%), liver 

(75%), lung (80%) and brain (85%) (El-Moaty & Kheirallah, 2013). 

 

Beuter and Mendes (2013) found differences in the growth rate of larvae of Chrysomya 

albiceps Wiedemann 1819 when reared on 4 types of pork tissue; liver, abdominal fat, 

meat and brain. In this study, C. albiceps completed development on only 3 of the 4 

substrates, larvae reared on liver failed to develop past the first instar (Beuter & Mendes, 

2013).There was a statistically significant difference in the average emergence time 

required between the different rearing media with adult emergence occurring in the 
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following order: fat, brain and meat. There was also an observed behavioural difference 

between the substrates with post-feeding larvae that were reared on fat tissue appearing 

lethargic compared to those reared on brain and meat (Beuter & Mendes, 2013). 

 

While there are consistencies, the reported developmental response to different rearing 

media is frequently species-specific. Thyssen et al. (2014) studied the effects of different 

beef tissues (liver, muscle, tongue and stomach) and chicken heart on the development of 

C. albiceps, Chrysomya megacephala Fabricius 1794, and Chrysomya putoria 

Wiedemann 1830 larvae. Larvae reared on beef liver had a slower total development time 

for all species, compared to those reared on the other treatments. For C. albiceps there 

was a difference of up to 48 hours when reared on liver compared to heart and stomach. 

C. megacephala took 24 hours longer to develop when reared on liver compared to 

tongue, muscle and heart and for C. putoria there was a 24 hour delay when reared on 

liver compared to tongue.  

 

In addition to the effect of different tissue types on development, the preparation of the 

food source is also reported to alter development rates of certain blowfly species. 

Richards et al. (2013) reported a developmental difference for C. vicinia larvae when 

reared on pork liver with different preparations. Larvae reared on decomposed pork liver 

took significantly longer to reach developmental landmarks compared to those reared on 

fresh whole, fresh minced and fresh frozen/thawed pork liver  (Richards et al., 2013). 

Mid-size larvae (7mm long) took up to 30 hours longer to develop when reared on 

decomposed liver and feeding larvae up to second instar reared on decomposed liver that 

were 2 days or older were consistently slower to develop by 1 day than the other 

preparations. Such findings suggest that factors such as decomposition state and texture 

of the food source may also influence developmental outcomes.    

 
Finally, some researchers have reported no developmental differences for dipteran larvae 

reared on different tissue types, highlighting the need for species-specific research when 

assessing developmental responses to dietary factors  (Boatright & Tomberlin, 2010; 

Thomas et al., 2016). Where differences are evident as a consequence of diet, particularly 

those of more than a few hours, the implication for the accuracy of associated mPMI 

calculations are considerable.  

 
 



 30

Effect of tissue type on size of larvae 

In addition to an effect on development rate, dietary factors have also been found to 

significantly affect other developmental outcomes including the length and weight of 

larvae and pupae (Clark et al., 2006; Day & Wallman, 2006; El-Moaty & Kheirallah, 

2013; Wilson, Lafon, Kreitlow, & Brewster, 2014). Across studies larvae reared on liver 

are smaller than those reared on other tissues like kidney, heart, lung and muscle (Day & 

Wallman, 2006; El-Moaty & Kheirallah, 2013; Kaneshrajah & Turner, 2004). Similarly, 

as with developmental rate, larval size response when reared on different media is species 

specific with some studies reporting no difference between rearing media (Boatright & 

Tomberlin, 2010; Thomas et al., 2016). 

 

Kaneshrajah and Turner (2004) found that at 4 days old C. vicinia larvae were 

approximately 5mm smaller when reared on liver compared to kidney and heart and 9mm 

smaller than lung. Likewise, El-Moaty and Kheirallah (2013) reported that L. sericata 

larvae were 1.5mm larger when reared on beef tissue of brain and lung compared to liver, 

heart, kidney, minced meat and intestine. Larvae reared on beef intestine were up to 3mm 

smaller than those reared on brain or lung. There was also size variation between the adult 

flies of both sexes with those reared on beef intestine being smaller than those reared on 

lung or brain tissue (El-Moaty & Kheirallah, 2013).  

 

Day and Wallman (2006) studied the effect of tissue type on the development of 

Calliphora augur Fabricius 1775 and Lucilia cuprina Wiedemann 1830. Larvae of L. 

cuprina reared on lamb liver reached their maximum length at 5 days, compared to 3 days 

for those reared on meat and brain. Pupae were significantly smaller on days 9 and 11 but 

not 10, suggesting that liver may alter growth but pupae will still reach a similar size to 

those reared on the other treatments. Similar results were observed for C. augur with no 

significant differences in pupal length at day 8 also suggesting that pupae will eventually 

reach similar sizes regardless of the tissue type (Day & Wallman, 2006). 

 

While this may be a common finding across dipteran species, few reports exist 

establishing this for forensically relevant species and thus the potential impact of diet on 

larval and pupal size cannot be discounted. The size and weight of larvae are also used 

by forensic entomologists to estimate larval age in conjunction with instar stage. Larval 

body length measurements are used to estimate age and if available, can be compared to 

a species’ laboratory generated isomegalen diagram (Day & Wallman, 2005). On an 
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isomegalen diagram, each line represents an average larval length at a specific 

temperature (Grassberger & Reiter, 2001). If the temperature is roughly constant, the 

length of larvae can be compared to the isomegalen diagram and aged (Grassberger & 

Reiter, 2001). Similarly, larval weight can also be used to estimate larval age with both 

length and weight considered to correlate (Day & Wallman, 2005). 

 

Other studies have investigated the application of forensic entomological principles in 

wildlife forensic entomology and specifically in cases of wildlife poaching. Wilson et al. 

(2014) investigated the difference in development of Phormia regina (Meigen) larvae 

reared on pork and venison diets to produce mPMI reference data for wildlife cases. 

Larvae reared on venison reached the pre-pupal wandering stage significantly faster (6 

hours) and had a higher mean weight than larvae reared on pork (Wilson et al., 2014). 

The period of development that occurs following the onset of larval wandering from the 

food source is also used as a time point marker of development stage (Greenberg, 1991). 

Approximately a third of larval development occurs in the post feeding stage and this is 

frequently found in medico-criminal investigations (Greenberg, 1991). During the 

wandering stage, just prior to pupation, larval length measurements are no longer a 

reliable indicator of age.  

 

Effect of temperature on response to diet 

Of note is that the majority of published development studies only investigate the effects 

of rearing media on larval development at a single temperature. The developmental 

response of a species to changes in diet may vary at temperatures close to the limits of a 

species’ thermal tolerance range (extreme temperatures either high or low) when 

compared to development at temperatures comfortably within the species’ thermal 

tolerance range. Similarly, different temperatures may also affect the decomposition of 

rearing medium resulting in physical changes which may in turn alter larval response to 

the medium. As temperature and diet can both affect larval development, further research 

is needed in order to understand how the interaction between temperature and rearing 

media may affect mPMI estimations (Flores et al., 2014).  

 

Recent studies comparing animal and human tissue 

More recently and published after the commencement of this work, was a novel study 

conducted by Bernhardt et al. (2016) comparing the growth of the blowfly, C. vicina, 
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when reared on human muscle tissue to larave reared on different pork tissue types (liver, 

minced meat and lean muscle). Larvae reared on pork liver and pork loin were 

significantly smaller in length compared to those reared on human tissue and pork mince, 

the latter of which were similar in size. Similarly, the time taken to eclosion was shorter 

for larvae reared on human tissue - compared to pork liver and pork loin, but not pork 

mince. Differences in C. vicina development were attributed to the nutritional content of 

pork loin, having the lowest fat content (2.17%) of all the substrates tested. It was 

recommended that minced pork be used as the non-human substrate in future rearing 

studies as there was no statistically significant developmental difference when compared 

to human tissue (Bernhardt et al., 2016). While this recommendation is strongly 

supported, the study was conducted on only one blowfly species and given the variation 

in developmental response reported between species further studies of this kind will assist 

in establishing a universally optimal standard for forensic practice.   

 

Despite evidence of a dietary effect on the development of carrion breeding flies there is 

no standard diet for larval rearing in developmental studies and wide variation exists 

between the types of substrates used (Richards et al., 2013). Likewise, formulas used to 

estimate mPMI based on degree-day calculations do not consider developmental 

differences that may occur when different rearing media are used (Bernhardt et al., 2016). 

As the primary purpose of mPMI calculations is to offer an estimate of the minimum time 

since insect colonisation occurred, larval developmental data must incorporate the fastest 

developmental time for that species in that specific temperature, to provide a minimum 

time since colonisation (Bernhardt et al., 2016). As accurate estimation of mPMI is based 

on the similarity between reference data and case conditions it is important that larvae are 

reared on a medium that best represents the human cadaver. 

 

In a laboratory setting larvae can be easily reared on several different media including 

artificial diets. There are few primary sources that discuss the recommended rearing 

medium for use, resulting in a large variety of different substrates being used (Bernhardt 

et al., 2016). Most of the information regarding rearing media are gathered from the 

‘methodology’ of published developmental papers. In mass rearing situations artificial 

diets are popular as they may be more cost effective and are associated with less odour 

and increased sanitation (Byrd & Castner, 2009). For forensic purposes artificial diets are 

not recommended as the growth of larvae reared on an artificial diet may not always be 
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similar to larvae reared on animal or human tissue and artificial diets do not represent a 

human cadaver (Byrd & Castner, 2009). 

 

Byrd and Castner (2009) discuss recommended rearing media for forensic research but, 

as highlighted by Bernhardt et al. (2017), they unfortunately do not include any references 

or cite studies to support their recommendations. Pork is presented as a preferred rearing 

medium for forensic purposes as it is inexpensive, commonly available and 

physiologically similar to human tissue. They argue that pork is a superior rearing 

medium to liver as it does not produce excess liquid during decomposition that larvae 

may drown in and it does not dry out too quickly. In comparison, a chapter on ‘Breeding 

Entomological Specimens from the Crime Scene’ Gennard (2012) suggests that pork, ox 

or sheep liver are suitable rearing media. Domestic pigs are also considered to be 

appropriate models to conduct medico criminal forensic entomology research (Beuter & 

Mendes, 2013). Furthermore Byrd and Castner (2009) state that insect development on 

pork does not differ significantly to insect development on human tissue (Byrd & 

Tomberlin, 2009). This is echoed within the literature as pork is commonly agreed to be 

the most appropriate animal substitute for human tissue (Beuter & Mendes, 2013). While 

pork is frequently touted, little research exists scientifically establishing this claim and 

more problematically, few published studies have applied the recommendation to use 

pork tissue. Furthermore a recommended type of pork tissue has not been suggested. 

 

A frequently used larval rearing medium is beef liver but there is no evidence justifying 

the suitability of liver as a larval rearing medium. Furthermore, only a limited number of 

authors advocate the use of beef liver as a rearing media. One of these is Rodriquez (1989) 

who instructs that larvae collected from a crime scene for developmental purposes should 

be reared on beef liver (Lord & Rodriguez, 1989). Another is a website authored by 

Forensic Entomologist Dr. Gail Anderson who instructs law enforcement personal to 

place living larval specimens collected from a crime scene on beef liver (Anderson, n.d.). 

Another is Day and Wallman (2006 pp.657), explaining the prevalence of liver as a 

rearing substrate arising from the fact that it is “readily available, relatively inexpensive, 

and of uniform consistency.” Further explanation for beef liver’s frequent use in 

development studies may be that researchers using it have followed the methodology of 

past published research papers. In turn, its frequent use within the literature establishes a 

false legitimacy as a suitable larval rearing medium.  
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More recently the focus has shifted towards the absence of an accepted and validated 

standardised rearing medium. Tomberlin et al. (2015) suggest that due to this absence, 

the current best practice in Forensic Entomology is to use the same medium for rearing 

that has been used in published databases for that particular species. This will allow for 

comparisons of larval development between studies of the same species whilst controlling 

for the error that may be introduced by different rearing media. In the absence of species-

specific standard rearing media, further research is needed to investigate the species-

specific response and to contribute to the support or invalidation of currently proposed as 

standard rearing media options. 

 
2.7 Study Species 

In order to improve the accuracy of reference data generated for use in estimations of 

mPMI research is needed that focuses on all the abiotic and biotic factors that may affect 

larval development, including diet. As a species’ developmental response to diet may 

vary under differing climatic conditions the generation of reference data to forensic 

applications must account for differing temperature regimes and geographic location. To 

address this need, a comparative investigation was conducted using two forensically 

relevant study species, Ch. rufifacies and C. dubia (Diptera, Calliphoridae) collected 

within the Perth metropolitan region, Western Australia. The development of both 

species, reared under laboratory conditions on six commonly used rearing media at two 

constant temperatures (24°C and 30°C), were investigated. This study aimed to identify 

the optimal rearing media, of those tested, for the generation of development data across 

the two species for forensic applications within Western Australia.  

 

Calliphora dubia Macquart, 1855 (Diptera, Calliphoridae) 

Calliphora dubia, commonly known as the blue-bodied blowfly is native to southwestern 

and central–southern Australia (Wallman & Adams, 1997). A common carrion-breeding 

species in Western Australia, C. dubia has been recorded in all states and territories except 

for Tasmania (Levot, 2009). The species is reported to occur sympatrically with its sister 

species Calliphora augur Fabricius 1775 (Diptera: Calliphoridae) in eastern South 

Australia, Kangaroo Island, western New South Wales and Victoria (Wallman & Adams 

1997). 

 

Calliphora dubia is very similar in appearance to C. augur, and is considered its Western 

Australian counterpart (Kavazos, Meiklejohn, Archer, & Wallman, 2016). Adults have a 
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body length of approximately 11mm and are mostly brown in colour with a metallic blue 

shield on their abdomen and vivid white dust on the fifth tergite (Kavazos et al., 2016; 

Levot, 2009). The species is ovoviviparous, with a lifecycle consisting of three stages; 

larvae, pupae and adult. In ovoviviparous species, adult females lay batches of fully 

developed first instar larvae directly onto a suitable food source (Dadour, Cook, Fissioli, 

& Bailey, 2001). Ovoviviparous species have an advantage over oviparous (egg laying) 

species as their first instar larvae are able to commence feeding immediately, compared 

to those that have to first complete the free-living egg phase (Voss et al., 2014). 

 

In Western Australia C. dubia is an early coloniser and a primary strike species on carrion 

(Dadour, Cook, Fissioli, et al., 2001). Reported in over 20 forensic cases in Western 

Australia, C. dubia is considered a forensically significant indicator of mPMI (Cook & 

Dadour, 2011). Despite featuring commonly is forensic cases in Southern and Western 

Australia, relatively limited information is available on the biology of C. dubia compared 

to other species of forensically relevant Calliphoridae (Dadour, Cook, Fissioli, et al., 

2001; Tomberlin & Benbow, 2015). 

 

Chrysomaya rufifacies Macquart 1842 (Diptera: Calliphoridae) 

Chrysomya rufifacies, commonly known as the hairy maggot blowfly, is a forensically 

important species found throughout the world (Bala & Singh, 2015). This species is native 

to Australia and surrounding regions (Byrd & Butler, 1997). In Australia, Ch. rufifacies 

has been recorded in all states and territories and is widespread throughout; New Zealand, 

Pacific Ocean (New Caledonia, Samoa, Marquesas Island, Hawaii, Fiji, Tonga), Java, 

India and Sri Lanka (Holdaway, 1933). Globally, the species occurs in;  South-East Asia, 

Japan, Central America, Argentina and is recently reported to be established in North 

America, specifically Southern California, Arizona, Texas, Louisiana, and Florida 

(Baumgartner, 1993). Its distribution throughout the Northern USA is thought to be 

inhibited by climate where conditions are colder than the species usual geographic range. 

In Southern USA this species pupates over winter requiring a temperature greater than 

15°C to complete pupation normally (Cammack & Nelder, 2010). Despite this it has been 

recorded as far north as southwestern Ontario (Canada) (Rosati & Vanlaerhoven, 2007). 

 

Chrysomya rufifacies thrives in tropical climates and has a temperature tolerance 

consistent with its tropical distribution (Baumgartner, 1993). With rapid dispersal and 

preference for larger cadavers, Ch. rufifacies is reported as the dominate species found 
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on human cadavers in Florida (Byrd & Butler, 1997) and Thailand (Sukontason et al., 

2008). Despite often being absent in winter months and thriving in tropical climates 

(Kavazos et al., 2016) it can withstand considerable fluctuations in temperature (Bala & 

Singh, 2015) making it a robust blowfly with the potential to displace other native species 

(Byrd & Butler, 1997).  

 

Adult female Ch. rufifacies lay loose masses of 50 to 200 eggs that are approximately 

1mm in length (Byrd, 2017). Females often lay in groups, resulting in masses of 

thousands of eggs. Eggs can hatch within eight hours (temperature dependent) and larvae 

feed on the food source until mature. Once mature, Ch. rufifacies larvae migrate from the 

food source to search for a pupation site. Ch. rufifiacies larvae commonly pupate on the 

surface or within the first inch of topsoil, under rocks, leaf litter or on the cadaver itself 

(Baumgartner, 1993; Holdaway, 1933). 

 

Larvae are commonly known as ‘hairy maggots’, referring to the fleshy tubercles 

covering the segments of their body. These tubercles give the larvae a hairy appearance, 

despite the absence of any actual hairs (Byrd, 2017). Larvae appear dark in colour and 

are approximately 14mm long in the third instar (Levot, 2009). First instar larvae are 

necrophageous but as development continues second and third instar larvae are reported 

as predacious on other species of larvae (Baumgartner, 1993). In conditions in which food 

is scarce they have also been recorded as cannibalistic, with second and third instar larvae 

feeding on first instars. The pupae of Ch. rufifacies are dark brown with a thick pupal 

casing. Adults of the species are robust and metallic green in colour with a blue tinge 

when viewed in direct sunlight (Byrd, 2017). Notably the species also has brilliant blue 

segments at posterior margins of the abdominal tergites (Byrd, 2017). 

 

In Australia, Hawaii, Mexico and Central America Ch. rufifacies is reported as causing 

significant economic damage associated with sheep strike. They are known to be a 

secondary myiasis fly in sheep strike acting as a scavenger on necrotic tissue and predator 

on other species of larvae (Byrd, 2017). In the medicolegal context, Ch. rufifacies is 

considered a species of forensic significance that is commonly found on human remains 

(Flores et al., 2014). Forensic entomologists may use secondary strike species, like Ch. 

rufifacies in PMI estimations as they may be the only species collected when there is a 

delay in locating a cadaver. When using secondary strike species in PMI estimations time 

is added for the carrion location and arrival to development time.  
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Due to its predacious nature that ensures larvae are less susceptible to food competition 

and prevalence, Ch. rufifacies is considered one of the most reliable indicators of mPMI.   

 

2.8 Summary  

Forensic entomology is a dynamic field that provides vital information on arthropod 

occurrence and involvement in legal settings. Within the field, researchers are seeking to 

develop the standards and guidelines needed to maintain best practice and eliminate error, 

however at this present moment there is no standard rearing medium for generating 

developmental data. Additionally, there is limited understanding of how the rearing media 

used within forensic entomology affect larval development.  

 

In a laboratory setting, many of the blowfly development studies used as reference 

sources for forensic investigation and mPMI estimation use animal based rearing media 

as a substitute for human tissue. Furthermore, beef liver is commonly used (55% of 

studies; Table 1) and no primary source outlining its suitability as a larval rearing medium 

has been validated. The use of various larval rearing media across developmental studies 

is a possible source of error that may affect estimates of the mPMI. As mPMI applies to 

death investigations, the implications of an erroneous calculation can be severe and a 

suitable alternative to human tissue that is as close to the death scene as possible is needed.  
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3. Materials and Methods 

3.1 Field Work and Laboratory Sites 

Field Sites 

Field collection of Ch. rufifacies and C. dubia, for colony establishment was conducted 

at two locations managed by the University of Western Australia. The first site, Harry 

Waring Marsupial Reserve, is located 23 km south of Perth, Western Australia (32° 10 ́s, 

115° 50 é). Harry Waring Marsupial Reserve is a wildlife sanctuary situated on 253 ha of 

coastal bushland with sandy soil. The second site, Shenton Park Field Station, is an off 

campus research facility used for mixed agricultural and aquatic research projects. The 

site is located 7 km north of Perth WA (31° 57 ́s, 115° 51 é). This is a 67 ha site that 

includes multiple buildings used for research as well as semi-cleared land. The 

surrounding vegetation includes; perennial grasses and scattered marri trees (C. 

calophylla) (Voss, Spafford, & Dadour, 2009).  

 

Laboratory Site 

Laboratory work was conducted within The University of Western Australia’s Forensic 

Entomology laboratory. This laboratory facility is located off-campus at The University 

of Western Australia Shenton Park Field Station (31° 57 ́s, 115° 51 é) and consists of a 

temperature-controlled colony room and adjoining laboratory space. The facility is 

maintained at 27°C with a 12:12 day night photoperiod.  

 

3.2 Insect Colony Establishment  

Trapping 

Field trapping occurred during February and March 2016 in alignment with prior seasonal 

reports of occurrence of both study species in this region (Dadour, Cook, Fissioli, et al., 

2001). Whole guinea pig cadavers (Cavia porcellus) were used as bait to encourage fly 

colonisation.  Individual cadavers were placed in trap boxes designed to excluded large 

animal scavengers, allow access by adult blowflies for offspring deposition and to 

facilitate the eventual pupation of colonizing offspring. Trap boxes consisted of 100 x 60 

x 60 cm rectangle plastic crates with two holes for drainage in the bottom. The traps were 

fitted with a metal grate lid so that large animal scavengers could not access the cadavers 

but access by colonising fly species was uninhibited. Two traps were set up at each field 

location based on shade duration, with the aim to minimise direct sunlight exposure to 

the cadavers. Traps were sampled daily for blowfly eggs, larvae and pupae for a period 
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of 7 days. Samples were collected using either a fine-toothed paintbrush or forceps, 

placed in ventilated vials (70 ml) and transported back to the laboratory for further 

rearing.  

 

Colony Setup 

To establish the required fly species in colony, the collected specimens were reared in the 

laboratory within rearing containers on meat meal (slaughter-house by-product). Rearing 

containers consisted of a square plastic container measuring 25 x 15 x 25 cm. A 5 cm 

deep layer of clean sand was placed at the bottom of each container to facilitate pupation 

and a foam tray with the rearing substrate was then placed on top of the sand. Fine mesh 

cloth covers, secured with elastic bands, were used to cover the opening of the containers 

and prevent adult flies from escaping once emerged. The containers were placed in a 

rearing cabinet (1500 x 600 x 600 cm) within the laboratory colony room (maintained at 

27°C; 12:12 photoperiod).  

 

Following emergence, adult flies were individually chilled down at 4°C to allow 

examination under a microscope. Specimens were identified to species level using 

published taxonomic keys and regional reference specimens (Wallman 2001a; Wallman 

2001b). Following species identification, adult specimens, separated by species, were 

placed into custom-made cages. Colony cages consisted of a 60 x 120 x 60 cm wire frame 

covered by an outer layer of cheesecloth and secured at each end with elastic bands. 

Labelled colony cages of each species were then placed on wire shelving racks for 

ventilation within the laboratory colony room. The colony room contains wire shelving 

so that approximately 50 individual cages can be housed with enough ventilation between 

each cage. Exhaust fans in the room provide adequate ventilation to avoid the build-up of 

ammonia produced by reared larvae. 

 

Colony Maintenance  

Adult flies were fed sugar cubes and water ad libitum and cages were monitored twice 

weekly. Approximately 100 adult flies were kept in each cage. Foam trays were used for 

the sugar cubes and small plastic containers with lids were modified so that a piece of 

sponge could be inserted through the top on which the flies could drink from without the 

risk of drowning. For the development of ovaries, 3 days after emergence, emerged adult 

flies were provided with a single container of beef liver cubes for a period of 24 hours 

before removal. Beef liver was then provided weekly for a period of 24 hours at a time to 
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each colony cage to facilitate ovioposition and larviposition. Offspring were collected 

and used for ongoing colony maintenance. The colony consisted of a minimum of 12 

cages at any time (6 of each species).  

 

Following removal from the adult cages, any larvae or eggs were placed on approximately 

250 grams of meat meal in a mesh-covered container secured with elastic bands. The 

rearing containers were placed in a rearing cabinet until pupation. For the first five days, 

the rearing containers were checked daily for larval overcrowding in order to ensure that 

the developing larvae had access to enough meat meal at all times. During this time, the 

containers were sprayed with water to ensure that the rearing substrate did not dry out. 

Once specimens had reached the pupal stage they were manually moved from the sand, 

placed onto a foam tray and then transferred into a new colony cage. Approximately 50 

rearing containers were set up (25 for each species) during the course of this study. 

  

The colony room and associated items were regularly cleaned with hot water and 

detergent and left to air-dry. No chemicals were used that could interfere with the colony. 

All waste material was frozen and stored at -20°C to ensure that any insect material was 

killed.  All biological waste material was incinerated.  

 

3.3 Experimental Setup 

Experimental Design 

To investigate the effect of rearing media on blowfly development, immatures of the two 

species were reared at two different temperatures (24°C and 30°C) on six different food 

types (n = 2 species x 2 temperatures x 6 rearing media = 24 treatments).  

 

Rearing Treatments 

Six different rearing media were used in this experiment; pork liver, pork mince, pork 

tissue, beef liver, beef mince and guinea pig cadaver. The pork liver, pork mince, pork 

tissue, beef liver and beef mince were all sourced from a single butcher located in the 

Perth suburb of Swan View, 6056. The pork mince and beef mince both had an 

approximate fat content between 15-20%. The pork tissue used was pork loin, a lean cut 

from above the ribcage. Guinea pig cadavers were obtained from The University of 

Western Australia Small Animal Facility. These cadavers came from surplus colony cull 

stock (animal ethics approval RA/3/300/85; tissue and/or cadaver notification approval F 

69199) and were handled in accordance to the Australian Code for the Care and Use of 
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Animals for Scientific purposes (8th edition 2013) ‘The Code’ and with the Animal 

Welfare Act WA (2002). All rearing media was stored in the freezer prior to use.  

 

The preparation for each rearing medium for experimental set up is outlined in Table 2. 

Rearing media were brought up to room temperature 12 hours before set up. A recent 

publication by Amendt et al. (2015) proposes that for larval rearing approximately 2 

grams of food per larvae is recommended, to allow for optimal growth. To allow for this, 

each treatment was approximately 250 grams, except for the guinea pig replicates. 

Differences between dietary treatments, as indicated by the relative protein and fat, are 

outlined in Table 3. Due to the nature of using a whole cadaver, there was variation in the 

weights of the guinea pig (each replicate was between 300-400 grams). All food types 

were brought to ambient temperature prior to being used in the experiment. 

 

Table 2. Preparation details for all six rearing media including the initial placement of 

study specimens. 

Treatment     Preparation   Larvae/Egg Placement 

Pork Liver Cut into 5 x 5 cm pieces and 

placed so that pieces overlapped 

each other to minimise desiccation 

Placed in centre of liver 

pieces 

Pork Mince 250 grams, placed on tray  Placed in centre of mince 

Pork Loin Single piece of pork loin Placed on top of piece of 

tissue 

Beef Liver Cut into 5 x 5 cm pieces and 

placed so that pieces overlapped 

each other to minimise desiccation 

Placed in centre of liver 

pieces 

Beef Mince 250 grams, placed on tray Placed in centre of mince 

Guinea Pig  Whole cadaver on foam tray Placed in either cadaver ear 

or mouth 
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Table 3. Protein and fat content in grams, per 100g of the six rearing media*. 

 Pork Beef Guinea pig 

 Mince Loin Liver Mince Liver  

Protein  19.5 23.1 21.39 22.5 20.36 20 

Fat 10.6 1.1 3.65 10.4 3.63 8 

*Pork mince, pork loin and beef mince (Food Standards Australia New Zealand, 2016), 

beef liver (United States Department of Agriculture, n.d.), guinea pig (Kouakou et al., 

2013). 

 

Replication 

Six replicates (rearing containers) were used per treatment this equated to 144 rearing 

containers (2 species x 2 temperatures x 6 rearing media = 24 treatments x 6 replicates; n 

= 144 rearing containers). Each replicate was set up in a 20 x 20 cm plastic container with 

a clean sand layer for pupation (approximately 2 standard cup measurements). A foam 

tray was placed on top of the sand with the treatment type in it and mesh was used to 

cover the opening and prevent escapees. Each replicate container was labelled with 

species name, rearing medium and replicate number.  

 

On the morning of the first trial, oviposition was induced by using a consistent blood 

based protein source (beef liver). Preliminary lab work indicated that the minimum 

amount of time needed for each species to have access to the protein source in order to 

lay the required amount of eggs or freshly deposited larvae was 8 hours for Ch. rufifacies 

and 4 hours for C. dubia. Consequently, for Ch. rufifacies, beef liver was provided at 

0600hrs on the morning of the trial and then removed from the adult cages at 1400hrs and 

approximately 100 eggs were extracted for each replicate. Eggs were extracted using a 

fine paintbrush and distilled water. These eggs (~100) were then placed without bias on 

one of the six rearing media. Egg clutches were disaggregated and randomly assigned to 

one of the six rearing media to account for cohort variation. For C. dubia, the beef liver 

was provided at 1100hrs and then removed from the adult cages at 1500hrs and 

approximately 100 first instar larvae were extracted for each replicate and placed without 

bias (mixed) on one of the six rearing media. It took 1 hour to set up all replicates for 

each study species (n = 72) and once all replicates were prepared, they were placed 

without bias into one of the two Climatron environmental chambers (Thermoline 

Scientific, Australia) set at 24 ± 1°C, 12:12 photoperiod and 70% RH.  
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This set-up was repeated across the two environmental chambers for a subsequent trial at 

30°C ± 0.5°C, 70% RH and 12:12 photoperiod. A third experimental run was conducted 

with only replicates of Ch. rufifacies on beef liver and pork liver rearing media at 24°C 

+/- 0.5°C, 70% RH, 12:12 photoperiod.  

 

Temperature within the environmental chambers were monitored using iButton data 

loggers (iButtons; Maxin Integrated Products, Sunnyvale, USA) placed on the top, middle 

and bottom shelves of each cabinet and used during all stages of the trials. A digital 

thermometer (Thermometer; Hurst Scientific, Australia) with a screen on the outside of 

the cabinet was used to manually monitor the temperature and humidity before opening 

the cabinet. The temperature data gathered from the iButtons loggers was downloaded 

using the iButton-TMEX software and the data was imported to a Microsoft Excel 2016 

(v 15.24) spreadsheet for further analysis.  

 

3.4 Sampling Procedure  

Sampling 

Destructive sampling of 10 eggs/larvae from 3 replicates selected without bias, were 

conducted every 8 hours from experimental set up until pupation (10 samples x 2 species 

x 6 rearing media x 3 times per day; n = 360 samples daily until pupation). Prior to 

sampling from a replicate, a brief visual assessment of the replicate was conducted that 

assessed the condition of the rearing media (e.g. dry, wet, mould growth, bloat), identified 

the presence of post-feeding or wandering samples and the presence of pupae. Post-

feeding or wandering larvae were defined as those that had reached third instar, had 

moved off the rearing substrate and were present in the sand. To avoid any damage to 

samples, those less 5 mm long were handled using a fine paintbrush dipped in distilled 

water and samples larger than 5 mm long were handled using fine point forceps or small 

spoon (Amendt et al., 2007). 

 

For Ch. rufifacies sampling occurred at 0700 hours, 1500 hours and 2300 hours daily, 

and for C. dubia sampling occurred at 0800 hours, 1600 hours, 2400 hours daily. Random 

sampling was conducted from 3 replicates of each treatment type and the replicate 

numbers were recorded for later assessment of expected remaining specimens within 

replicates at the time of emergence. Sampled specimens were preserved based on the 

guidelines set out in (Amendt et al., 2007). Larvae were removed from rearing containers, 
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hot water killed by immersing in just boiled water (>80°C) for 30 seconds. Larvae were 

then preserved in an 80% EtOH solution (Amendt et al., 2007).
 
 

 

Once pupation had occurred, pupae were sampled once a day at 0700 hours until 

emergence. Sampled pupae were removed, pierced three times (head, thorax and 

abdomen) and hot water killed (>80°C) and immersed for 30 seconds (Brown, Thorne, & 

Harvey, 2012). Pupae were then preserved in 80% EtOH as recommended by Brown et 

al. (2012). Following pupation, adult fly emergence was monitored every 12 hours at 

0600 hours and 1800 hours, which corresponded to the lights on and off timer for the 

environmental chambers. This resulted in a 12 hour window of accuracy for adult fly 

emergence. Emerged adults were euthanised by placing them in a freezer at -20°C for 4 

hours. Adult specimens were then preserved in 80% EtOH for later analysis. All samples 

were labelled according to species, trial number, treatment type and time of sampling. All 

samples were stored and labelled in the secure laboratory for later analysis. 

 

3.5 Analysis 

Sample Analysis 

The age of immature specimens was determined by measuring the size (length and 

weight) and developmental stage (first instar, second instar, third instar and pupation) at 

the time of sampling (Amendt, Richards, Campobasso, Zehner, & Hall, 2011). The length 

of each larval sample was measured to the nearest 0.1 mm using a Leica binocular 

dissecting microscope with an eyepiece graticule. The eyepiece graticule was calibrated 

before each measuring period using a micrometre. The developmental stage of each larval 

sample was identified based on the number of separated spiracular slits present in each 

posterior spiracle; first instar larvae having one slit, second instar larvae having two slits 

and third instar larvae having three slits (Gennard, 2012; Sukontason et al., 2005).  

 

The individual weights of the ten randomly chosen pupae at each sampling point were 

measured to the nearest 0.1mg using an Ohaus Pioneer® Analytical Balance (model 

PA84C). Prior to being weighed the pupal specimens were left to air dry for 20 minutes 

to allow for evaporation of preservative solution.  

 

Adult fly size was determined by measuring head width from the farthest points of the 

compound eyes with the Leica binocular dissecting microscope with an eyepiece graticule 

(calibrated using a micrometre before each measuring period). The sex of the adult fly 
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specimens was determined based on the examination of the compound eyes under the 

microscope. Male calliphorids have enlarged eyes with a narrower space in between them, 

compared to females (Gennard, 2012; Kavazos et al., 2016). 

 

The details of each analysis were recorded and entered in to a Microsoft Excel 2016 (v 

15.24) spreadsheet. 

  

Statistical Analysis 

All statistical analyses were conducted using SPSS for Windows (v 24) and Microsoft 

Office Excel 2016 (v 15.24).  

 

The mean ADH required for each species to complete each developmental stage under 

the six different treatments were determined using the formula: ADH = (Ambient 

Temperature (°C) – LDT (°C)) x time (h). ADH values were calculated using a lower 

developmental threshold (LDT) of 6°C for C. dubia based on unpublished data by (Voss, 

Dadour, & Cook, 2018) and 9.5°C for Ch. rufifacies from Yanmanee et al., (2016). A 

two-way analysis of variance (ANOVA) was then used to compare the mean ADH 

(dependent variable) required for each species to complete each developmental stage 

across diets and temperatures (independent variables). Pairwise comparisons were 

conducted to separate least square means in the event of a significant F test (p < 0.05). As 

there was multiple analysis conducted on the same dependent variable a Bonferroni 

corrected significance level of p < 0.003 was used. 

 

Differences in mean larval length observations (dependent variable) at second and third 

instar across diets and temperatures (independent variables) was compared using a two-

way analysis of variance (ANOVA). 

 

For measurements of pupal weight, adult fly head width and adult fly sex ratio, specimens 

from the 24°C trial were unavailable for analysis as specimens were mistakenly discarded 

prior to measurement. Mean pupal weight for the 30°C trial was compared using a one-

way analysis of variance (ANOVA) across diets (independent variable). Adult fly size for 

the 30°C trial was compared using a two-way analysis of variance with head width 

(dependent variable) across sex and diet (independent variables). Adult fly sex ratio was 

compared using a chi square test for independence.  
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4. Results 

At the two temperatures investigated, C. dubia successfully developed through to adult 

emergence on all rearing media while Ch. rufifacies successfully developed through to 

adult emergence on four of the six rearing media. Development of Ch. rufifacies occurred 

on all six rearing media through to adult emergence at 30°C but development on beef 

liver and pork liver was inhibited and specimens failed to survive to third instar at 24°C. 

Consequently, data of Ch. rufifacies reared on beef liver and pork liver were excluded 

from comparative analysis as larvae reared on these diets failed to develop. Beef liver and 

pork liver trials were repeated a further two times at 24°C with larvae failing to develop 

to third instar in all repeated trials, therefore these media were considered unviable 

options for successful rearing of this species at temperatures in the species lower thermal 

range (< 24°C). 

 

4.1 Development of C. dubia   

Calliphora dubia completed development on all treatments with a minimum emergence 

time of 304 hours at 30°C and 396 hours at 24°C (Table 4). There was no significant 

difference in the ADH required for C. dubia to reach all developmental landmarks with 

diet. Development time was positively influenced by temperature across all 

developmental stages, with larvae reared at 30°C reaching each developmental stage 

faster than those reared at 24°C (Table 4). There was also a significant difference in the 

ADH required for C. dubia to reach the pupal stage and for adult fly emergence.
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Table 4. Development time, hours (mean ± SD) and minimum hours, required for C. dubia to transition between life history stages when reared on six 

different media at 24°C and 30°C. 

Treatment Type Temperature  Second Instar Third Instar Pupae Emergence 

Pork Liver 

24°C 
Mean 

n/a 
39.27  2.41 151.39  6.67 411.6  9.62 

Minimum 32 142 396 

30°C 
Mean 

n/a 
29.33  3.90 126.67  3.11 322.86  9.07 

Minimum 24 112 304 

Pork Mince 

24°C 
Mean 

n/a 
38.15  3.51 157.04  9.04 413.33  8.46 

Minimum 32 142 396 

30°C 
Mean  28.44  4.09 126.15  3.51 321.25  9.77 

Minimum n/a 24 112 304 

Pork Loin 

24°C 
Mean 

n/a 
41.82  6.50 157.04  9.04 413.33  8.46 

Minimum 32 142 396 

30°C 
Mean 

n/a 
31.27  2.41 130.95  6.09 321.25  9.77 

Minimum 32 120 304 

Beef Liver 

24°C 
Mean 

n/a 
38.67  3.11 152.80  5.96 410.61  9.55 

Minimum 32 142 396 

30°C 
Mean 

n/a 
32  0 131.77  5.74 325  7.46 

Minimum 32 120 304 
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Table 4. (Cont.) Development time, hours (mean ± SD) and minimum hours, required for C. dubia to transition between life history stages when reared 

on six different media at 24°C and 30°C. 

Treatment Type Temperature  Second Instar Third Instar Pupae Emergence 

Beef Mince 

24°C 
Mean n/a 37.71  3.75 156.81  8.80 413.33  8.46 

Minimum  32 142 396 

30°C 
Mean n/a 29.33  3.90 130.53  6.57 320  10.08 

Minimum n/a 24 112 304 

Guinea Pig 

24°C 
Mean  39.27  2.41 152.4  6.41 418  4.67 

Minimum n/a 40 142 408 

30°C 
Mean  29.71  3.75 130.67  5.84 321.25  9.77 

Minimum  24 120 304 
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Second Instar 

The transition between first and second instar for C. dubia occurred within 13 hours 

consisting of the; 4 hours required for larviposition, 1 hour experimental set up and then 

the subsequent first sampling period 8 hours after initial placement in the environmental 

chambers. Larvae were second instar at the first sampling period and thus the transition 

time between first and second instar was not encompassed in the implemented sampling 

regime.  

 

Third Instar  

There was a significant effect of diet on the ADH required for C. dubia larvae to reach 

third instar (F5, 154 = 2.75, p = 0.02; Figure 4) however, once Bonferroni correction was 

adjusted (p > 0.003) pairwise comparisons were not significant.  

 

There was no significant effect of temperature on the ADH required for C. dubia larvae 

to reach third instar (F1, 154 = 1.48, p = 0.23) and there was no significant interaction 

between the effects of diet and temperature on the ADH required for C. dubia larvae to 

reach third instar (F5, 154 = 0.78, p = 0.56).  
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Figure 4. Accumulated degree hours (mean ± SD; LDT = 6°C) required for C. dubia larvae to reach third instar when reared on different diets at 24°C 

(white) and 30°C (black).
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Pupation 

There was no significant effect of diet (F5, 229 = 2.15, p = 0.06; Figure 5) on the ADH 

required for C. dubia larvae to reach the pupal stage, however there was a significant 

effect of temperature (F1, 243 = 302.02, p < 0.001) on the ADH required for C. dubia larvae 

to reach the pupal stage. The mean ADH required for C. dubia larvae to pupate was less 

across all treatments at 24°C than at 30°C (Figure 5).  

 

There was no significant interaction between the effects of diet and temperature on the 

ADH required for C. dubia larvae to pupate (F5, 229 = 2.44, p = 0.04).  
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Figure 5. Accumulated degree hours (mean ± SD; LDT = 6°C) required for C. dubia larvae to reach pupation when reared on different media at 24°C 

(white) and 30°C (black).
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Emergence  

There was no significant effect of diet on the ADH required for C. dubia to emerge (F5, 

189 = 0.33, p = 0.90; Figure 6). Consistent with third instar and pupation, the mean ADH 

required for C. dubia to emerge was significantly less across all treatments at 24°C than 

at 30°C (F1, 189 = 108.42, p < 0.001; Figure 6).  

 

There was no a significant interaction between the effects of diet and temperature on the 

time that it took C. dubia to emerge (F5, 189 = 1.29, p = 0.27).
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Figure 6. Accumulated degree hours (mean ± SD; LDT = 6°C) required for C. dubia larvae to emerge when reared on different media at 24°C (white) 

and 30°C (black).
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Larval Length 

At the onset of third instar, larval length at 24°C ranged between 7.9 mm (reared on pork 

liver) and 17.9 mm (reared on pork mince) with a mean length of 12.7 ± 2.7 mm across 

all treatments (Figure 7). At the onset of third instar, larval length at 30°C ranged between 

5.9 mm (reared on pork liver) and 17.7 mm (reared on pork mince) with a mean length 

of 12.2 ± 3.1 mm across all treatments (Figure 8).  

 

There was a significant effect of diet on the larval length of C. dubia at the onset of third 

instar (F5, 288 = 47.23, p < 0.001; Figure 9). Larvae reared on guinea pig were significantly 

smaller in length at the onset of third instar when reared under both 24°C and 30°C 

compared to those reared on pork mince (p < 0.001) and beef mince (p < 0.001) but not 

pork liver, pork loin and beef liver. No other comparisons were significant once 

Bonferroni corrected (p > 0.003).  

 

There was no significant interaction between the effects of diet and temperature on larval 

length at the onset of third instar (F5, 288 = 6.36, p = 0.50).  

 

There was no significant difference in larval length between the two temperatures (F1, 288 

= 25.55, p = 0.06; Figure 9). 
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Figure 7. Length (mean ± SD; mm) of C. dubia larvae when reared on different diets at 24°C.  

 

 

Figure 8. Length (mean ± SD; mm) of C. dubia when reared on different diets at 30°C. 
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Figure 9. Length (mean ± SD; mm) of C. dubia larvae at the third instar transition point when reared on different diets at 24°C and 30°C. 
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Pupal Weight 

There was a significant difference in the weight of C. dubia pupae between the six rearing 

media when reared at 24°C and 30°C (F5, 966 = 25.83, p < 0.001; Figure 10). Pupae reared 

on beef liver weighed significantly less than all other treatments (p < 0.001). Those reared 

on guinea pig weighed significantly more than those reared on pork liver, pork loin, beef 

mince and pork mince (p < 0.001). No other comparisons were significant (p > 0.003).  

 

There was no significant difference in pupal weight between the two temperatures (F1, 966 

= 3.37, p = 0.07). There was no statistically significant interaction between the effects of 

diet and temperature in pupal weight (F5, 966 = 0.66, p = 0.65).  
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Figure 10. Pupal weight (mean ± SD, mm) of C. dubia pupae when reared on different diets at 24°C (white) and 30°C (black).
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Adult Size and Sex Ratio 

Unfortunately, samples of emerged adult flies collected from the 24°C trial were 

mistakenly discarded prior to analysis and thus no adult head width or sex ratio 

information was obtained.  

 

At 30°C, adult fly head width ranged between 5.0 mm (guinea pig) and 6.4 mm (pork 

mince) with a mean length of 5.8 ± 0.3 mm across all treatments (Figure 11). 

 

There was a significant difference in head width between the males and females of the 

species (F1, 349 = 166.64, p > 0.001).  

 

Within sex, there was a significant difference in the head width of mature C. dubia 

between the six rearing media at 30°C (F5, 349 = 3.98, p > 0.001, Figure 11). Specimens 

reared on pork loin were significantly smaller than those reared on pork mince (p > 

0.001). No other comparisons were significant once Bonferroni corrected (p < 0.003). 

There was no statistically significant interaction between the effects of diet and sex on 

adult head width at 30°C (F5, 349 = 0.71, p = 0.62).  

 

There was no relationship between adult sex ratio and diet (2 (5) = 6.141, p = 0.293; 

Figure 12).  
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Figure 11. C. dubia mean adult fly head width in millimeters when reared on different diets at 30°C.
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Figure 12. The adult sex ratio (proportion of male emergence) of C. dubia reared on 

different diets at 30°C. *n=60 flies per media. 
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Overview  

In summary, there was no significant effect of diet on the ADH required for C. dubia to 

reach each developmental stage at either rearing temperature, however, diet significantly 

impact larval length, pupal weight and head width of emerged adults. Additionally, the 

ADH required to complete development significantly differed between the two 

temperatures investigated. Larvae at 24°C required less ADH to develop to pupation and 

adult emergence compared to 30°C. 

 

4.2 Development of Ch. rufifacies  

At 24°C Ch. rufifacies failed to complete development on two of the six rearing media 

(beef liver and pork liver) (Table 6, Table 7), the minimum emergence time for the 

remaining four treatments was 303 hours at 24°C and 207 hours at 30°C (Table 8). On 

average Ch. rufifacies developed faster at 30°C compared to 24°C. At all developmental 

landmarks (second instar, third instar, pupation and emergence) there was a significant 

effect of diet, with larvae reared on pork loin taking longer to develop than on the other 

four diets (Table 8). There was also a significant difference in the ADH required for Ch. 

rufifacies to reach all developmental landmarks with temperature (Table 8).  

 

Beef Liver and Pork Liver 

For Ch. rufifacies beef liver and pork liver data were excluded from comparative analysis 

as larvae reared on these media at 24°C failed to develop to adulthood or, if emergence 

occurred, with adequate sample size (< 20).   

 

Initially (Trial 1) at 24°C, larvae reared on beef liver failed to develop past day four (Table 

6) and larvae reared on pork liver past day six (Table 7). Upon observing that both beef 

liver and pork liver replicates had high mortality rates these replicates were repeated using 

the same method. In this trial (Trial 2), larvae reared on beef liver remained stagnant at 

1st instar at day 3 (48 hours), with complete mortality across all six replicates at day 4 

(Table 6). Larvae reared on pork liver appeared developmentally stunted at day 4 and 

three of the six replicates failed to develop past day 5 (Table 7). Larvae reared on pork 

liver completed development on the remaining 3 replicates, however adult survivorship 

in all replicates was < 20%. 

 

This trial was then repeated a third time (Trial 3) using a modified method for rearing 

media preparation. In this trial, beef liver and pork liver were diced into approximately 2 
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cm x 2 cm cubes and left out resting on paper towel to desiccate. As Ch. rufifacies is often 

referred to as a ‘secondary species’ the liver was left out at room temperature (~27°C) for 

24 hours to assist with decomposition and less rearing media was used (approx. 150g) so 

that there was less liquid in the rearing tray. During this trial larvae reared on beef liver 

appeared developmentally stunted at day 4 (64 hours) and three replicates failed to 

develop past day 5 (Table 6). Three replicates did complete development, however adult 

survivorship in all replicates was ≤ 11. Larvae reared on pork liver on day 5 struggled, 

resulting in the sampling period being changed from every 8 hours (3 x per day) to every 

12 hours (2 x per day). In this trial larvae reared on pork liver completed development 

with the modified sampling period, all replicates had < 20 adult flies emerge (Table 7).
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Table 5. Mortality Rate (100%) of Ch. rufifacies larvae reared on beef liver across three 

trials at 24°C. 

Replicate Trial 1 Trial 2 Trial 3 

1 Day 4 (64 hours) Day 4 (72 hours) 
Completed development  

(363 hours) 

2 Day 4 (72 hours) Day 4 (72 hours) 
Completed development 

(363 hours) 

3 Day 4 (64 hours) Day 4 (64 hours) 
Completed development 

(363 hours) 

4 Day 4 (72 hours) Day 4 (64 hours) Day 5 (104 hours) 

5 Day 4 (64 hours) Day 4 (72 hours) Day 5 (88 hours) 

6 Day 4 (64 hours) Day 4 (72 hours) Day 5 (104 hours) 

 

Table 6. Mortality Rate (100%) of Ch. rufifacies larvae reared on pork liver across three 

trials at 24°C. 

Replicate Trial 1 Trial 2 Trial 3 

1 Day 6 (112 hours) 
Completed development 

(363 hours) 

Completed development 

(363 hours) 

2 Day 6 (120 hours) Day 5 (88 hours) 
Completed development 

(363 hours) 

3 Day 6 (112 hours) 
Completed development 

(363 hours) 

Completed development 

(363 hours) 

4 Day 6 (112 hours) Day 4 (80 hours) 
Completed development 

(363 hours) 

5 Day 6 (120 hours) Day 5 (88 hours) 
Completed development 

(363 hours) 

6 Day 6 (112 hours) 
Completed development 

(363 hours) 

Completed development 

(363 hours) 
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Table 7. Development time, hours (mean ± SD) and minimum hours, required for Ch. rufifacies to transition between life history stages when reared 

on six different media at 24°C and 30°C. 

Treatment   First Instar Second Instar Third Instar Pupae Emergence 

Pork Liver 

24°C 
Mean 28.52  6.56 61  4 - - - 

Minimum 24 56 - - - 

30°C 
Mean 8  0 28.44 8  4.09 61.91  9.09 139.76  5.74 223.42  9.13 

Minimum 8 24 56 120 207 

Pork Mince 

24°C 
Mean 22.15  3.50 46.66  3.11 92.23  4.99 208  8.90 341.4  15.18 

Minimum 16 40 88 192 303 

30°C 
Mean 8  0 22.15   3.51 45  4 137.28   6.4 223.42  9.13 

Minimum 8 16 40 112 207 

Pork Loin 

24°C 
Mean 27.05  5.35 61.14  5.06 123.11  6.22 225.90  7.11 368.68  7.34 

Minimum 16 48 112 208 342 

30°C 
Mean 8  0 32  0 60.5   4.10 155.11 6.22 241 4.67 

Minimum 8 32 56 144 231 

Beef Liver 

24°C 
Mean 29.71  3.75 - - - - 

Minimum 24 - - - - 

30°C 
Mean 8  0 29.33 3 .90 74.22   6.61 - - 

Minimum 8 24 64 - - 
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Table 8. (Cont.) Development time, hours (mean ± SD) and minimum hours, required for Ch. rufifacies to transition between life history stages when 

reared on six different media at 24°C and 30°C. 

Treatment   First Instar Second Instar Third Instar Pupae Emergence 

Beef Mince 

24°C 
Mean 24  0 49.90  5.60 93.71  3.75 209.6  7.61 343.62  15.13 

Minimum 24 40 96 192 303 

30°C 
Mean 8  0 21.71   3.75 48   0 137.82  6.50 226.2  7.59 

Minimum 8 16 48 120 207 

Guinea Pig 

24°C 
Mean 29.33  3.90 48  0 97.88  6.02 220.8  5.06 355.94  9.54 

Minimum 16 48 88 208 339 

30°C 
Mean 8  0 21.71   3.75 48   0 144.35  8.85 227.31  7.57 

Minimum 8 16 48 128 207 
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Egg hatching and first instar 

For the 30°C trial the transition between egg and first instar for Ch. rufifacies occurred 

within 17 hours consisting of the; 8 hours required for oviposition, 1 hour experimental 

set up and then the subsequent first sampling period 8 hours after initial placement in the 

environmental chambers. Larvae were second instar at the first sampling period and thus 

the transition time between egg and first instar and first and second instar was not 

encompassed in the implemented sampling regime.  

 

Second Instar  

There was a significant effect of diet on the ADH required for larvae to reach second 

instar (F3, 100 = 53.57, p < 0.001; Figure 13). Larvae reared on pork loin required 

significantly more ADH to reach second instar than those reared on pork mince, beef 

mince and guinea pig (p < 0.001). No other comparisons were significant once Bonferroni 

corrected (p > 0.003).  

 

There was also a significant effect of temperature on ADH (F1, 100 = 352.29, p < 0.001).  

Across all treatments, Ch. rufifacies larvae required less ADH to reach second instar at 

30°C compared to 24°C (Figure 13).  

 

There was no significant interaction between the effects of diet and temperature on the 

ADH required for Ch. rufifacies larvae to reach second instar (F3, 100 = 1.04, p = 0.38).  
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Figure 13. Accumulated degree hours (mean ± SD; LDT = 9.5°C) required for Ch. rufifacies larvae to reach second instar when reared on different diets 

at 24°C (white) and 30°C (black).
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Third Instar  

There was a significant effect of diet (F3, 110 =185.74, p < 0.001; Figure 14) and of 

temperature (F1, 110 = 1026.52, p < 0.001) on the ADH required for Ch. rufifacies larvae 

to reach third instar. Larvae reared on pork loin took significantly longer to reach third 

instar than those reared on all other treatments (p < 0.001). No other comparisons were 

significant once Bonferroni corrected (p > 0.003).  

 

Consistent with the second instar developmental stage, Ch. rufifacies larvae required less 

ADH to reach third instar across all treatments at 30°C compared to 24°C (Figure 14). At 

both temperatures, the mean ADH required for larvae to reach third instar was the shortest 

for larvae reared on pork mince and longest for larvae reared on pork loin (Figure 13). 

 

There was a statistically significant interaction between the effects of diet and temperature 

on the ADH required for larvae to reach third instar (F3, 110 = 7.51, p < 0.001).  



71 

 

Figure 14. Accumulated degree hours (mean ± SD; LDT = 9.5°C) required for Ch. rufifacies larvae to reach third instar when reared on different diets 

at 24°C (white) and 30°C (black).

0

500

1000

1500

2000

Pork Mince Pork Tissue Beef Mince Guinea Pig

A
cc

um
u

la
te

d
 D

eg
re

e 
H

ou
rs

Rearing Media

24

30

Pork Loin 



72 

 

Pupation 

There was a significant effect of both diet (F3, 158 = 52.05, p < 0.001; Figure 15) and 

temperature (F1, 158 = 85.76, p < 0.001) on the ADH required for Ch. rufifacies larvae to 

reach pupation. Larvae reared on pork loin took significantly longer to pupate than pork 

mince, beef mince and guinea pig (p < 0.001). Guinea pig was significantly slower than 

pork mince (p = 0.001) and beef mince (p = 0.001). No other comparisons were significant 

once Bonferroni corrected (p > 0.003).  

 

The mean ADH required for Ch. rufifacies larvae to pupate was less across all treatments 

at 30°C compared to 24°C (Figure 15). At both temperatures, the mean ADH required for 

larvae to pupate was the shortest for larvae reared on pork mince and longest for larvae 

reared on pork loin (Figure 15). 

 

There was no statistically significant interaction between the effects of diet and 

temperature on the ADH required for Ch. rufifacies larvae to pupate (F3, 158 =2.35, p = 

0.08).  
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Figure 15. Accumulated degree hours (mean ± SD; LDT = 9.5°C) required for Ch. rufifacies larvae to pupate when reared on different diets at 24°C 

(white) and 30°C (black). 
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Emergence 

There was a significant effect of both diet (F3, 115 = 31.62, p < 0.001; Figure 16) and 

temperature (F1, 115= 181.16, p < 0.001) on the ADH required for Ch. rufifacies to reach 

emergence. Larvae reared on pork loin took significantly longer to emerge than pork 

mince, beef mince and guinea pig (p < 0.001). Guinea pig was significantly slower than 

pork mince (p = 0.001) but not beef mince (p > 0.001). No other comparisons were 

significant once Bonferroni corrected (p > 0.003).  

 

At 30°C the mean ADH required for Ch. rufifacies to reach emergence was less across 

all treatments than at 24°C (Figure 16). At both temperatures, the mean ADH required 

for emergence was the shortest for larvae reared on pork mince and longest for larvae 

reared on pork loin (Figure 16). 

 

There was no statistically significant interaction between the effects of diet and 

temperature on the ADH required for Ch. rufifacies to reach emergence (F3, 115 =1.27, p 

= 0.29).  
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Figure 16. Accumulated degree hours (mean ± SD; LDT = 9.5°C) required for Ch. rufifacies larvae to emerge when reared on different diets at 24°C 

(white) and 30°C (black). 
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Larval Length 

At the onset of second instar larval length at 24°C ranged between 2.3 mm and 7.2 mm 

with a mean length of 4.4 ± 1.2 mm across the four treatments (Figure 17). In comparison, 

at 30°C, larval length ranged between 2.2 mm and 6.9 mm with a mean length of 4.2 ± 

1.3 mm (Figure 17).  

 

There was a significant effect of diet (F3, 265 = 8.286, p < 0.001; Figure 17) on Ch. 

rufifacies larval length at second instar but no significant effect of temperature on larval 

length (F1, 265 = 0.142, p = 0.71). Larvae reared on pork loin were significantly shorter in 

length compared to pork mince (p < 0.001) and guinea pig (p < 0.001) but not beef mince 

(p = 0.06). No other comparisons were significant once Bonferroni corrected (p > 0.001).  

There was no significant interaction between diet and temperature on larval length at 

second instar (F3, 265 = 0.063, p = 0.98).
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Figure 17. Length (mean ± SD; mm) of Ch. rufifacies larvae when reared on different 

diets at 24°C.

 

Figure 18. Length (mean ± SD; mm) of Ch. rufifacies larvae when reared on different diets 

at 30°C
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Figure 19. Length (mean ± SD; mm) of Ch. rufifacies larvae at the second instar transition point when reared on different diets at 24°C and 30°C. 
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At the onset of third instar the length of larvae reared at 24°C ranged between 5.23 mm 

and 16.62 mm with a mean length of 10.90 ± 2.81 mm across all treatments (Figure 17). 

At 30°C, larvae ranged between 5.69 mm and 18.46 mm, with a mean length of 12.42 ± 

3.48 mm across the four treatments (Figure 18).  

 

There was a significant effect of diet (F3, 466 = 44.071, p < 0.001; Figure 20) on larval 

length at the onset of third instar. Larvae reared on pork loin were significantly shorter in 

length compared to all other treatments (p < 0.001). No other comparisons were 

significant once Bonferroni corrected (p > 0.003).  There was a significant effect of 

temperature on larval length (F1, 466 = 35.780, p = 0.001), with larvae reared at 30°C 

significantly larger than those reared at 24°C for all treatments (p < 0.001).  

 

There was no significant interaction between the effects of diet and temperature on Ch. 

rufifacies larval length at third instar (F3, 466 = 1.897, p = 0.129). 
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Figure 20. Length (mean ± SD; mm) of Ch. rufifacies larvae at the third instar transition point when reared on different diets at 24°C and 30°C.
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Pupal Weight  

There was a significant effect of diet (F3, 96 = 31.34, p = 0.001, Figure 21) on the pupal 

weight of Ch. rufifacies. Pupae reared on guinea pig weighed significantly more than all 

other treatments (p < 0.001; Figure 21). No other comparisons were significant once 

Bonferroni corrected (p < 0.003).  

 

There was a significant effect of temperature (F1, 96 = 55.93, p = 0.001, Figure 21) on the 

weight with larvae reared at 30°C heavier than those reared at 24°C across the four 

treatments (p < 0.001) 

 

There was no significant interaction between the effects of diet and temperature on Ch. 

rufifacies pupal weight (F3, 96 = 0.93, p = 0.43).
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Figure 21. Mean weight in milligrams of Ch. rufifacies pupae when reared on pork mince, pork loin, beef mince and guinea pig at 24°C and 30°C. 
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Adult Size and Sex Ratio 

Samples of emerged adult flies collected from the 24°C trial were mistakenly discarded 

prior to analysis and therefore, no adult head width or sex ratio information was recorded.  

 

At 30°C there was a significant difference in head width between the males and females 

of the species (F3, 232 = 12.042, p < 0.001). Female head width was larger across all 

treatments than male head width (Figure 22). Within sex, there was a significant 

difference in adult head width at 30°C (F1, 349 = 18.693; p > 0.001, Figure 22). Specimens 

reared on guinea pig were significantly larger than those reared on pork mince and pork 

loin (p < 0.001), but not beef mince (p = 0.01). No other comparisons were significant 

once Bonferroni corrected (p < 0.003). 

 

There was no statistically significant interaction between the effects of diet and sex in 

analysis in adult fly head width (F3, 232 = 0.400, p = 0.753).  

 

There was a significant relationship between adult sex ratio and diet (2 (5) = 40.324, p < 

0.001; Figure 23). There were less males than expected when reared on beef (beef mince 

and beef liver) and more males than expected when reared on pork, particularly pork liver.  
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Figure 22. Ch. rufifacies male and female adult fly head width in millimetres, when reared on pork mince, pork loin, beef mince and guinea pig at 30°C.
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Figure 23. Ch. rufifacies male and female adult fly sex ratio when reared on pork mince, 

pork loin, beef mince and guinea pig at 30°C. *(Pork liver: n=45; pork mince: n=60, 

pork loin: n=60, beef live: n=8, beef mince: n=60; guinea pig: n=60). 
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Overview 

In summary, there was a significant effect of diet on the ADH required for Ch. rufifacies 

to reach each developmental stage at both rearing temperatures. In addition, the ADH 

required to complete development significantly differed between the two temperatures 

investigated. Larvae at 24°C required more ADH to develop at all developmental stages 

(second instar, third instar, pupation and emergence) compared to 30°C with a minimum 

emergence time of 303 hours at 24°C and 207 hours at 30°C. At 24°C, Ch. rufifacies 

failed to develop on liver at and demonstrated high mortality at 30°C. On the four 

remaining treatments, larvae reared on pork loin required more ADH to reach all 

developmental landmarks (second instar, third instar, pupation and emergence) at both 

temperatures, and were smaller in length (mm) at second and third instar compared to 

other diets.  
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5. Discussion 

The development of C. dubia and Ch. rufifacies was significantly influenced by both 

temperature and diet, with species-specific responses. The temperature effects were 

consistent with previous reports for each species as well as the established curvilinear 

relationship between insect development and temperature (Byrd & Butler, 1997; Dadour, 

Cook, Fissioli, et al., 2001; Monzu, 1977). Dietary effects on development were also 

evident under the two temperatures investigated for both species however the response 

was species-specific and in the case of C. dubia was limited to measures of larval, pupal 

and adult size and not development time.  

 

C. dubia 

At both temperatures, the larvipositing C. dubia successfully developed through to 

emergence on all rearing media. The units of heat required as measured by ADH for C. 

dubia during pupation and emergence was greater at 30°C compared to 24°C. Similarly, 

larvae were significantly smaller at 30°C compared to 24°C.  

 

Prior to this study, limited published data was available detailing the relationship between 

C. dubia development and temperature. This species is documented within the cooler 

climates of south-western and central–southern Australia (Wallman & Adams, 1997). 

These regions have a temperate ‘Mediterranean’ climate, characterised by warm to hot, 

dry summers and mild to cool, wet winters (Charles et al., 2010). In a laboratory setting 

C. dubia has been studied at fluctuating temperatures between 19°C – 30°C; and at the 

constant temperature of 24°C (Dadour, Cook, Fissioli, et al., 2001) and in a field 

succession study in Western Australia the species has been documented all year round 

(Voss et al., 2009). In both Dadour, Cook, Fissoli and Bailey (2001) and the current study, 

C. dubia developed to maturity at 24°C and 30°C, with Dadour et al. 2001 suggesting that 

temperatures from 19C – 30C lie within the temperature threshold and optimum 

temperature for this species.  

 

Although C. dubia reached maturity at both temperatures, the ADH required was longer 

at 30°C and larvae were smaller compared to 24°C. These differences may be a result of 

30°C being within the temperature range for the species but above the optimal 
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temperature required for development. It is possible that at 30°C C. dubia still develops 

to maturity at a faster rate than 24°C, but it may be slower than at the possible optimal 

temperature for this species which may lie around 27-28°C. As there is limited research 

to compare to, it is possible that in Dadour, Cook, Fissioli, et al., (2001) the fluctuating 

temperate regime of 19-30°C was closer to the optimal temperature than a constant 30°C. 

This suggests that whilst larvae reared through successfully, development was not 

optimal (as measured by units of heat required and size) at the hotter temperature and 

30°C may fall outside the linear portion of the species development curve.  

 

In this study there was significant effect of temperature but not of diet on the ADH 

required for C. dubia reach each developmental stage. A similar finding was reported for 

Megaselia scalaris Loew (Diptera: Phoridae) and Cochliomyia macellaria Fabricius 

(Diptera: Calliphoridae) where an effect of temperature but not diet was observed on 

development of the two forensically relevant species (Boatright & Tomberlin, 2010; 

Thomas et al., 2016). Development of M. scalaris was 45.5% faster at 32.2°C compared 

to 24°C but no difference in development time was observed when the species was reared 

on bovine or porcine biceps femoris (Thomas et al., 2016). Likewise, Boatright and 

Tomberlin (2010) found that the development of Cochliomyia macellaria Fabricius 

required approximately 35% more time when reared at 20.8°C compared to 28.2°C.  

  

Although, diet had no effect on the ADH required to develop there was a significant effect 

of rearing media on larval length, pupal weight and head width of emerged adults. Larval 

lengths at third instar of 7.9 - 17.9 mm at 24°C and 5.9 - 17.7 mm at 30°C were similar 

to Wallman (2001) with the length of third instar C. dubia ranging between 8.6 – 19.6 

mm when reared at 25 ± 1ºC.  This is consistent with the findings of Atkinson (1994) 

which states the general rule for poikilothermic insects is that at higher temperatures 

development is usually faster, but results in smaller specimens as the time between life 

stages is reduced. In this present study both the mean times for C. dubia reared at 30°C 

was quicker at all life stages compared to 24°C and larvae reared at 30°C were smaller in 

length than those reared at 24°C. At third instar larvae reared on both minced tissues (pork 

and beef) were significantly larger than those reared on guinea pig but not the other 

rearing media (pork loin, pork liver and beef liver). Although larvae were larger in length 

at third instar when reared on minced tissue, by the pupal stage the largest C. dubia 
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specimens, measured by pupal weight (mg), were those reared on guinea pig. It is 

acknowledged that the difference observed is possibly due to sampling bias. To avoid 

excessive disturbance to guinea pig carcasses, visible larvae were sampled and may have 

been inadvertently smaller than internal specimens and thus not a true representation of 

average larval size. It is possible that larger larvae were feeding inside the carcass cavities 

(e.g. brain) and by the pupal stage they had moved from the carcass to the sand underneath 

to pupate and were then subsequently sampled.  

 

While there was no difference in ADH on larvae reared on liver compared to the other 

media, there was an observable trend in C. dubia reared on beef liver being smaller, with 

the difference in mean length compared to those reared on pork mince being: 1.1 mm at 

24°C and 3.0 mm at 30°C. While larval development time was not affected by diet, the 

evident larval size difference is potentially due to variation in the nutritional profile of 

the different diets. Smaller larvae when reared on beef liver may be linked to a 

comparatively poorer nutritional intake.  This is supported by Bernhardt et al. (2016) who 

suggest that the nutritional profile of rearing medium may have affected the size of C. 

vicinia larvae when reared on pork loin compared to human tissue. In their study larvae 

reared on pork loin were significantly smaller than those reared on human tissue, although 

the structure and texture of these two tissues does not differ. They suggested that this 

difference in larval length was due to the lower fat content of pork loin compared to 

human tissue.  

 

Similar studies on Mediterranean fruit flies (Diptera: Tephritidae) have found that 

nutritional profile of rearing medium can effect developmental outcomes and 

reproductive success. Blay & Yuval (1996) found that for Mediterranean fruit flies 

(Diptera: Tephritidae) nutrition had a significant effect on the reproductive success of 

males. For this species, males that were fed no protein copulated at a significantly lower 

rate than males fed protein in their diet. Similarly, Kaspi, Mossinson, Drezner, Kamensky, 

& Yuval, (2002) found that Mediterranean fruit fly Ceratitis capitata (Diptera: 

Tephritidae) larvae reared on a high sugar and protein diet developed faster than larvae 

that were fed a lower protein/sugar diet. Likewise, males fed on a protein diet were 

sexually active before males that were fed a low protein diet as larvae. Similarly, females 
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fed on a protein diet produced more mature eggs than those fed on a protein deprived diet 

(Kaspi et al., 2002).  

 

In this study it is possible that the non-significant effect of diet on C. dubia resulted from 

both the biology and behaviour of the species. Whilst there is limited biological 

information on C. dubia, it is known in Western Australia as an ovoviviparous early 

coloniser and primary strike species on carrion (Dadour, Cook, Fissioli, et al., 2001). In 

a Western Australian study on insect succession patterns, adult and larvae of C. dubia 

were present on a carcass within 0-3 days or the ‘fresh stage’ of  decomposition in all four 

seasons (Voss et al., 2009). Early colonisers and ovoviviparous species like C. dubia have 

a biological advantage over oviparous species as they are able to exploit small and quickly 

perishable carcasses before the arrival of numerous competitors. Potentially, C. dubia is 

adapted to utilise a wide range of diet types (nutritional profiles and textures) while later 

colonisers are more dependent on prior food processing by initial colonisers. Once 

deposited C. dubia larvae commence feeding immediately, reaching second and third 

instar before other species reach the carcass (Cook & Dadour, 2011). Additionally, as 

first instar C. dubia are deposited directly onto a food source they are not susceptible to 

egg desiccation and larvae, being comparatively more advanced in development, will 

process the food source prior to egg laying species which are oviposited around the same 

time. The biological advantage that ovoviviparous early colonisers have over other 

species may be further reflected in the feeding structures of larvae.  

 

In Dipteran species, similarities exist in the morphological structure of the 

cephalopharyngeal skeleton based on feeding type and the structure may adapt to feed on 

specific food sources (Courtney, Sinclair, & Meier, 2000; Rotheray, 2016). Examples of 

this are detailed in Rotheray (2016) and include the long, curved mandible which suits 

piercing in predative species and in plant eating species the mandibular teeth for rasping 

tissue. These differences may introduce variability between different species digestive 

capabilities (Wallman, 2001). For species such as C. dubia, at present the  

cephalopharyngeal skeleton structure has only been documented in one study (Wallman, 

2001), which does not include the feeding technique and behaviour. It is possible that C. 

dubia larval morphology contributes to the limited impact of dietary changes with robust 
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feeding mechanisms potentially in place to cope with food variation (e.g. texture). 

Wallman (2001) reported that C.dubia larvae have a maximum length (19.6 mm) which 

is longer than other calliphorids (Calliphora augur Fabricius (16.0 mm); Calliphora hilli 

hilli Patton (16.0 mm); Calliphora maritima Norris (19.0 mm) and Calliphora vicina 

Robineau-Desvoidy (17.0 mm). It is possible that C. dubia larval size, feeding structure 

and early colonising behaviour are adapted to feed on varying tissue types compared to 

Ch. rufifacies which feed upon diets that have already been masticated by earlier species. 

 

Ch. rufifacies 

The development rate of Ch. rufifacies was consistent with reported growth curves for 

this species, with development occurring faster at higher temperatures compared to cooler 

temperatures (Byrd & Butler, 1997). The ADH required for Ch. rufifacies during all 

developmental stages (second instar, third instar, pupation and emergence) was greater at 

24°C compared to 30°C.  In this case the significant difference is again likely related to 

the species thermal range with Ch. rufifacies known to thrive in temperate, tropical 

climates being native to Australia and surrounding Asia (Baumgartner, 1993; Byrd & 

Butler, 1997). A significant effect of temperature was also observed on measures of body 

size throughout development and emergence. Larvae of Ch. rufifacies were larger in 

length, pupae were heavier in weight and adult head width was larger when reared at 30°C 

compared to 24°C which is supported by Byrd and Butler (1997) who also observed that 

Ch. rufifacies larval length decreased with decreasing temperatures.  

 

The ADH of Ch. rufifacies was significantly influenced by diet with the egg laying 

species only completing development on four of the six rearing media at 24°C. 

Development of Ch. rufifacies occurred on all six rearing media at 30°C but development 

on beef liver and pork liver were inhibited and specimens failed to survive to third instar 

at 24°C. For Ch. rufifacies across both temperatures the ADH for larvae to reach all 

developmental landmarks was significantly shorter for larvae reared on pork mince and 

significantly longer for larvae reared on pork loin. Similarly, larvae reared on pork loin 

were significantly smaller in length at both second instar and third instar compared to 

pork mince. This is consistent with the results of Berhardt et al. (2016) and Niedreigger 

et al. (2013) in which larvae were larger when reared on minced tissue (irrespective of 
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species) compared to non-minced tissue. A possible explanation of this difference in 

ADH between rearing media from the same species of animal is the structure and fat 

composition of the tissue used.  

 

The pork loin used in this study was a single piece of lean pork loin with a lower fat 

content compared to the pork mince used. It is possible that due to the morphology of the 

species in early stages of development (first and second instar) the Ch. rufifacies larvae 

were not able to easily breakdown the structure of the tissue and development was slowed. 

As larvae age, the morphology of the cephalopharyngeal skeleton changes. In Ch. 

rufifacies, during the transition between second to third instar their mouthooks develop 

serrate lateral margins, which potentially aid in the breakdown of tough tissues during 

feeding (Sukontason et al., 2003). Likewise, it is possible that the presence of these serrate 

lateral margins in third instar also allow for the predacious feeding habits that are more 

frequently seen compared to second instar (Wells & Greenberg, 1992). In comparison, 

the looser structure of the pork mince allowed for larvae to easily move through the tissue 

and may have aided development in the earlier instars.  

 

Similarly, the differences in the fat content of each tissue could have also affected the 

development of immature stages. The pork loin had a markedly lower fat content (1.1 per 

100grams) compared to both minced tissues (pork mince = 10.6 grams; beef mince =  

10.4 grams), guinea pig (8 grams) and less than the fat content of human muscle which 

ranges between 5% - 19% (Bernhardt et al., 2016). This is consistent with Bernhardt et 

al. (2016) in which Calliphora vicinia (Diptera, Calliphoridae) larvae reared on pork loin 

were significantly smaller in length (0.7–0.9 mm) and developed slower (393.9h v’s 

385.6h) than those reared on pork mince. Uvarov (1929) suggested that larvae metabolize 

proteins into fat, store it in their bodies as an energy source. Therefore, larvae feeding on 

fatty food sources require less energy to modify proteins and have more energy left to 

grow (Berhnardt et al. 2016).  

 
As with C. dubia, Ch. rufifacies larvae reared on guinea pig were smaller than larvae 

reared on other media although the weight of pupae reared on guinea pig were the 

heaviest. A similar sampling bias may account for this difference given the difficulty of 

collecting larvae from within the carcass itself. As larvae often enter a corpse through the 
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eyes into the skull cavity a large portion of their development may occur within the 

carcass (El-Moaty & Kheirallah, 2013). For the guinea pig replicates the larger larvae 

may have been feeding inside the skull cavity or carcass. In order to avoid disrupting the 

replicates the carcasses were not pierced or dissected and therefore only larvae that were 

visible were sampled. It is possible that the larvae sampled were smaller than the larvae 

feeding inside the carcass and the true average size of the carcass cohort was only 

determined by the time of pupation.  

 

For Ch. rufifacies, development was so impaired by liver that larvae failed to develop to 

maturity in the majority of replicates. This is comparable to the results of Beuter and 

Mendes (2013) and Niederegger et al. (2013) in which larvae of carrion feeding species 

reared on liver failed to develop to maturity. In this study at 24°C Ch. rufifacies failed to 

develop past day 5, Niederegger et al. (2013) found that C. vomitoria larvae reared on 

pork liver developed more slowly than those on other media and larvae reared on beef 

liver failed to develop past day 4. Likewise, Beuter and Mendes (2013) found that 

Chrysomya albiceps (Wiedemann) larvae reared on pork liver failed to develop past first 

instar even with modified experimental techniques (sliced v’s non-sliced liver). Although 

at 30°C, larvae developed to maturity, development was slower than on all other rearing 

media. This is consistent with multiple studies that report smaller larvae size and delayed 

development when reared on liver including; Kaneshrajah and Turner (2004), Day and 

Wallman (2006a), Clark et al. (2006), El-Moaty and Kheirallah (2013), and Bernhardt et 

al. (2016).   

 

The poor development on liver is potentially due to liver function, nutrient content and 

structure of liver tissue which may be detrimental to larval development compared to 

other tissue types (Bernhardt et al., 2016; Beuter & Mendes, 2013; El-Moaty & 

Kheirallah, 2013). The liver acts as a filter and accumulates toxins, which may have an 

adverse effect on the development of larvae. Similarly, the structure of liver also varies 

from other tissues as it is denser and contains more connective tissue. El-Moaty and 

Kheirallah (2013) proposed that larvae require a larger output of energy to liberate the 

nutrients within the liver and whilst doing so they may ingest toxins stored in the liver. 

The lower fat content of liver may also inhibit growth with pork liver having less fat than 
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minced pork. In this study the lower fat content of some media generated the smallest 

larvae and pupae. 

 

For both species, but more pronounced for Ch. rufifacies, was the interaction effect 

between temperature and diet. For this species, the effects of the various rearing media 

were dependent on the temperature that the larvae were reared at and as Ch. rufifacies is 

considered a hot adapted species the effects of diet were greatest at the lower temperature. 

This species preference for warmer temperatures has been documented extending to the 

feeding stages with Byrd and Butler (1997) reported that feeding stages Ch. rufifacies 

larvae prefer warmer temperature. Similarly Baumgartner (1993), reported various lower 

thermal threshold for the species all with a trend towards its preference for hot 

temperature (eggs fail to hatch at 9°C; at 15°C eggs hatch and larvae develop but fail to 

pupate and the minimum temperature threshold for adult flight activity is 13°C). This 

appears to support the more pronounced difference between rearing media at 24°C for 

Ch. rufifacies suggesting that 24°C falls outside the linear portion of the species 

development curve.  

 

Optimal Rearing Media for Estimations of mPMI 

For estimations of mPMI, the optimum rearing medium for each species is based on the 

minimum development time in conjunction with survival rate and size.  As larval size can 

be influenced by diet assessment of an optimal rearing medium cannot be based on size 

alone. Observed in both species was the superior development of larvae when reared on 

pork mince compared to other tissues. Larvae reared on pork mince developed faster and 

were larger than those reared on the other media. This supported both Beuter & Mendes, 

(2013) who found minced tissue to be the most effective rearing medium and Bernhardt 

et al. (2016) in which larvae reared on lower fat content tissues had delayed growth rates 

and smaller maximum length.  

 

Within the literature pork tissue is generally considered to be to be a relatively good 

animal model for human tissue (Clark et al., 2006). Despite this, prior to Bernhardt et al. 

(2016) there was no published research on the developmental differences between larvae 

reared on pork tissue and human tissue. In their study Bernhardt et al. (2016) found no 
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significant difference in development time between pork mince and human tissue. In 

comparison, they did find that larvae reared on pork loin or pork liver developed 

significantly slower compared to those reared on human muscle tissue (Bernhardt et al., 

2016). In this study researchers were limited to using two types of human tissue,  

either musculus gluteus maximus or musculus quadriceps femoris (Bernhardt et al., 

2016). As there is a documented difference in larval development on different tissue types 

future studies should focus on the development of larvae on other human tissues such as 

the brain or organs.  

 

It is important to note that for estimations of mPMI, which is focused on the minimum 

time that larvae may have been present and feeding on a cadaver the optimal rearing 

medium is one that allows larvae to develop the fastest and replicates development on 

human tissue. Based on the findings of Bernhardt et al. (2016), combined with this study’s 

report of superior development for both study species on pork mince, it is recommended 

that the optimal rearing medium for Western Australian C. dubia and Ch. rufifacies is 

pork mince.  

 

Limitations  

This research provides baseline data on the effects of different diets on two Western 

Australian blowflies. Whilst this study sought to control for as many variables as possible, 

limitations do exist. 

 

In order to avoid food competition from overcrowding and increasing temperatures from 

aggregations a controlled number of larvae was used on each replicate. Although many 

researchers acknowledge the external factors that may affect larval development aside 

from temperature, laboratory studies seek to control for fluctuations in temperature so 

that a growth curve can be generated for use in mPMI calculations. In the field, Ch. 

rufifacies frequently occur in aggregations of >1000 larvae on carcasses. These larval 

aggregations produce increased digestive enzymes which aid in the digestion of tissue 

and therefore in turn, result in increased feeding (Charabidze, Bourel, & Gosset, 2011). 

Similarly, larval aggregations emit metabolic heat, resulting in a local increase of 

temperature as well as acting as a buffer for fluctuating and low temperatures. Larval 
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aggregations that are greater than 20 cm3 have been documented as exhibiting internal 

temperatures that are independent of the ambient temperature with larger aggregations 

associated with higher temperatures (Slone & Gruner, 2007). Consequently, as suggested 

by Gallagher et al. (2010) the ambient temperature of the environment may be 

insignificant when a mass over 20 cm3 is present. As laboratory studies seek to control 

all variables including temperature, larval aggregations are controlled for and therefore 

increase in temperature and digestive enzymes is not addressed in this study or in other 

studies that are used to generate reference data. There is a possibility that if the larval 

numbers were increased, feeding related development outcomes might be successful on 

all media. Here we controlled for rearing temperature to align with current data generation 

in the laboratory for use in mPMI estimation. Field validation of these results would 

address this limitation.     

 

Similarly, as with other laboratory studies, this research did not control for the disruption 

that occurs when sampling. In order to capture the changes in development replicates 

were sampled from every 8 hours. It is possible that this frequency of sampling slightly 

disrupted the feeding larvae, however in laboratory studies that rely on sampling for data 

generation a level of disruption is inevitable. In turn the disruption that may occur from 

frequent sampling may not significantly affect the outcome of a study, according to 

Richards & Villet, (2008) the lower duration between sampling events the increased 

precision for the thermal summation constant and developmental threshold.  

 

Likewise, as a whole carcass was used for the guinea pig replicates it is possible that a 

sampling bias was introduced. In order to avoid disrupting the decomposition process of 

the carcass, it was not dissected and specimens sampled came from easily accessible areas 

including the orifices or under the carcass. The accuracy of a study can be compromised 

by the way that samples are selected, resulting in ‘sample bias’ (Villet & Amendt, 

2011). When specimens that are unrepresentative of the population are collected, i.e the 

largest larvae, sample bias may occur (Villet et al., 2010). Sample bias cannot be reduced 

by enlarging a sample unless the specimens that are collected are more representative of 

the population (Villet et al., 2010). In the current study, it is possible that the largest larvae 

were developing inside the carcass and these were missed in the sampling process. 

Unfortunately to avoid dissecting the carcass and disrupting larvae a sampling bias may 
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have occurred for guinea pig treatments, potentially resulting in underestimating mean 

larval length.  

 

Limitations in using Accumulated Degree Hour/Day models 

It is important to note that limitations exist in the use of ADH models for the estimation 

of mPMI. The accuracy of mPMI estimations using ADH calculations are based on a 

multitude of variables that may influence estimations to varying degrees (Villet et al., 

2010). The limitations of using the ADH method in mPMI estimations include; the 

reliability of the models in accurately predicting mPMI across geographic regions, the 

accuracy of research methods and data analysis, the selection of parameter values for 

calculations, periods of low temperature and incorrect weather data.  

 

One criticism is the regionally specific nature of development data that is used to calculate 

ADH and its application in different geographical regions. Both regional genetic variation 

and environmental factors may result in a species of Diptera differing physiologically 

across geographic regions (Harvey, Gasz, & Voss, 2016). This is evident when there are 

discrepancies in developmental data generated within the same species from different 

geographical regions reared at the same temperature (Harvey et al., 2016). In some cases 

the reference data generated for a species is not applicable to the temperature range 

encountered by individuals of that species in different geographical regions. Reibe, 

Doetinchem, & Madea (2010) found that for the developmental data generated 

by Grassberger and Reiter (2001) for L. sericata was not applicable to populations in 

Germany which experienced temperatures during Summer that exceeded the thermal 

range of the species within which the relationship between temperature and development 

was linear and applicable to ADH calculations of mPMI. Similarly periods of low 

temperature outside of the linear portion of a species thermal range have been 

documented to affect development and calculations of PMI involving ADH (Ames & 

Turner, 2003; Cervant, Dourel, Gaudry, Pasquerault, & Vincent, 2018; Johl & Anderson, 

1996; Myskowiak & Doums, 2002). For ADH calculations there is an assumption that a 

development is based on a fixed quantity of metabolic activity that is controlled by time 

and temperature (Ames & Turner, 2003). This linear based model does not account for 

the fluctuations in temperature that may occur outside of the linear range and if periods 

of low temperature are not accounted for the PMI is likely to be underestimated (Ames 
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& Turner, 2003).Geographic adaptation to environmental gradients may also account for 

observed differences in temperature dependent development within a species across 

regions. With this in mind, the most accurate calculations of ADH’s come from regionally 

specific data, that in a lot of cases will need to be generated specifically for mPMI 

estimations (Gennard, 2012). While the generation of regionally specific development 

data for use in AHD based mPMI estimation is both costly and time consuming, it is 

necessary to ensure precision based estimations of mPMI (Villet et al., 2010).  

 

Experimental design may also impact on the accuracy of laboratory generated 

development data used for ADH calculations. As outlined by Villet & Amendt (2011) the 

‘accuracy’ of an outcome is comprised of both precision and bias, which occur in sample 

selection, sample measurement and sample analysis (Villet & Amendt, 2011). A study 

can be compromised by sample precision/bias if the sample size is not large enough and 

if the samples selected are not representative of the population.  Measurement 

precision/bias involves the resolution and calibration of measurement equipment that may 

under estimate or over exaggerate measurements. Estimate precision/bias relates to the 

inherent variation of the variable and the method of estimation being used (Villet et al., 

2010).  All these factors may impact the outcomes of a study to varying degrees and 

researchers must be mindful of the experimental design of a study when interpreting data 

that is used in estimations of mPMI.  

 

Similarly, error may also introduced into calculations of ADH when parameter values for 

one species are substituted for an unknown value of a different species, such as the LDT 

(Villet et al., 2010). Even in species that are closely related, using incorrect parameter 

values will introduce sources of error into calculations (Villet et al., 2010). Only the 

parameter values for that species should be used in estimations, and when values are not 

available they should be generated (Gennard, 2012). When an inappropriate LDT is used 

the accumulated physiological energy budget will be overestimated and calculations of 

ADH may be incorrect (Gennard, 2012).  

 

Possible errors also extend to the data used to calculated ADH. Researchers have 

proposed that incorrect temperature data gathered from weather stations can introduce 

error into calculations. In general, local weather records are used in ADH calculations to 
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represent the ambient temperature of the crime scene (Catts, 1992). This does not take 

into account the conditions of the microhabitat such as vegetational cover, drainage and 

slope that may alter the estimated temperature (based on local weather records) and actual 

temperature of the crime scene (Catts, 1992). Similarly, using the mean temperature, 

calculated over a period of days does not account for the fluctuations that may occur and 

dramatically alter development (Gennard, 2012). For example, if the mean is calculated 

over 5 days but there has been a colder than average day, development may be slowed 

and therefore using the ‘mean’ temperature would over-estimate the mPMI.  

 

Forensic entomologists frequently use simplified methods for mPMI calculations, such 

as ADH calculations to generate an estimate of mPMI and then account for the variable 

that may affect estimations based on qualitative research, peer reviewed data and their 

own experience (Villet et al., 2010). The influence that different variables has on ADH 

estimations may have varying degrees, for example ‘preservation and measuring 

methods’ may extend error rates from ‘hours’ to ‘days’ and/or in comparison 

overestimating the amount of time that specimens have been ‘chilled’ may extend error 

rates associated with a mPMI estimate by ‘months’ (Villet et al., 2010). The development 

of standardised research methods and best practice will help to account for the error that 

may be introduced into mPMI estimations and in turn the validity, precision, and 

reliability of estimates. 

 

Future Research  

This research presents baseline data on the effect that six commonly used rearing media 

have on the development of C. dubia and Ch. rufifacies in Western Australia. To further 

expand on this study, future research should be conducted with the aim of placing the 

results of this study within the greater context of both species development in Western 

Australia, particularly in the field.  

 
As discussed in Rothery (2016), at present there is limited understanding/information of 

many species of Diptera including Calliphoridae. For some species, such as C. dubia very 

little biological information is available. Further research of the morphology of both C. 

dubia and Ch. rufficaies, as well as other species of forensic importance may allow for 
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understanding of how the morphological structure of Callihporoidae effects the digestive 

process and in turn food consumption.  

 

Similarly, for C. dubia there is also limited information on the relationship between 

temperature and development with the lower developmental threshold, optimal 

temperature and upper developmental threshold unknown. Likewise, although more 

studies have been conducted on Ch. rufifacies, there is little information on the Western 

Australian population. Further research on the temperature thresholds of both species in 

Western Australia would allow for comparison with this study as well as determining if 

the observed differences in development/diet were limited to the Western Australian 

population. Relatedly, further research may extend to the effect that rearing media has on 

larval development at fluctuating and more extreme temperatures. As discussed, in this 

study, there was an interaction between temperature and development which was more 

pronounced at the extremes. Further research should also be conducted to study if 

increased larval numbers mitigate the effects of diet on the development of both species. 

It is possible that numbers greater than 100 may change larval response to diet.  

 

Additionally, as results are thought to be geographically specific, future research should 

address how much genetic variability exists between larvae of the same species in 

different locations. The potential for intra-specific developmental variation across 

geographic locations means that while it is possible to determine the optimal rearing 

medium for a species, it is only for the geographic region that the specimens come from. 

Both Gallagher et al. (2010) and Tarone et al. (2011) have documented regional variation 

in the development time of varying populations of L. sericata (Meigen). It is possible that 

the observed differences in development result from varying adaptions to external factors 

that affect development under different conditions. Both studies stressed the need to 

account for both genetic differences and genetic variation in environmental responses 

when referencing developmental data. Furthermore Gallagher et al. (2010) suggests that 

the more widely distributed a species is the more genetic variation may exist. Further 

research on the same species from different geographic regions could determine if the 

response to the different diets was only for the Western Australian population. It is 

possible that the as Ch. rufifacies is globally distributed, a high degree of genetic variation 
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may exist between the Western Australian population and globally distributed 

populations used to generate published reference data.   

 

Field validation, of the results of this study, similar to Núñez-Vázquez et al. (2013) should 

be conducted to assess the applicability of this data in estimations of mPMI. As discussed, 

laboratory studies aim to control for as many variables as possible when generating data 

for estimations of mPMI. Consequently, it is difficult to determine the level of accuracy 

of this data when estimating mPMI in casework, when abiotic variables are not controlled 

for. Field validation of research allows for the determination of accuracy between 

laboratory generated data and mPMI estimations. For the current study field validation 

would determine if the results of diet on development also occur in uncontrolled or semi-

controlled environments.  

 

Lastly, whilst this study determined the optimum rearing medium out of the six most 

accessible diets for laboratory based studies, the data will ultimately be applied to model 

development on human tissue. As such, an assessment of development differences 

between the recommended optimal medium, pork mince, and human tissue is essential to 

determine appropriate error rates for generated estimates of mPMI.  

 

Conclusion 

The development of feeding larvae is influenced by a variety of factors all of which can 

impact estimations of mPMI. While the effect of climatic factors such as temperature on 

development are incorporated into developmental models for use in forensic estimations 

of time since death, dietary effects are largely ignored. Laboratory generated data relating 

to larval development are used to estimate mPMI and the accuracy of estimates increases 

where the specifics of the reference data applied closely matches the death scene. Human 

tissue cannot always be used as a replicate in the laboratory and the closest approximate, 

supporting the optimal development of larvae, should be used as a representative 

standard. Currently, various animal based rearing media, acting as substitutes for human 

tissue, are used to generate reference data. The comparative value of different rearing 

media for different blowfly species of forensic significance has not, however, been 

investigated to establish an optimal laboratory alternative for use in forensic applications. 
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Current inconsistencies in rearing media choices across developmental studies may 

impact on the accuracy of entomological based estimations of mPMI. As mPMI applies 

to death investigations, the implications of an erroneous calculation can be severe and a 

scientifically established alternative to human tissue that is as close to the death scene as 

possible is preferable. Furthermore, as the response to various factors is species-specific 

a ‘one size might not fit all’ approach cannot be taken as one species may develop fastest 

on a particular medium but for another species it may be less suitable. 

 

In this study C. dubia development times were unaffected by rearing media while Ch. 

rufifacies was significantly affected. The main influence on development for both species 

appeared to be the fat content and tissue structure of the rearing media with pork mince 

having faster developmental times and larger larvae. Consistent with the 

recommendations of previous diet/development studies, researchers should consider the 

species-specific variation in larval development on different rearing media when 

estimating mPMI. Further research may focus on areas of the cadaver that larvae frequent 

such as the skull cavity, to determine if variation exists between that and recommended 

rearing medium. As results are species-specific it is optimal that the variation in 

development on rearing media is explored for all forensically important Diptera. This 

study provides species-specific development data for two forensically significant 

blowflies reared on six commonly used laboratory diets and compares the value of each 

rearing medium for use in forensic applications It is recommended that unless a species 

has researched tolerance to rearing on liver, it should be avoided. Furthermore, for the 

species studied, pork mince is the most appropriate surrogate tissue for establishing 

developmental data out of the six media.  
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