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Abstract

Abstract

The development of immature insects is commonlyleygal in forensic investigations
to estimate time of death, or postmortem inter¥2Nil), of a corpse on which they are
feeding. The bulk of this thesis focuses on factorBuencing the accuracy of
developmental data, and exploring how and why dgreental data differ between
studies involving the same species, and betwederelift species. Because carrion-
feeding insects are ectotherms, temperature magxpected to significantly influence
their behaviour, development and distribution, #mel remainder of the thesis therefore
focuses on the thermal biology and geographicalribigion of seven forensically
important blowflies. The species inclu@arysomya albicep<C. putorig C. chloropyga

C. megacephalaC. marginalis C. inclinataandCalliphora croceipalpis

A robust experimental design for estimating develeptal models is outlined and tested.
It is recommended that forensic entomologists shdolvolve at least six constant
temperatures, starting at about 7°C above theastedevelopmental zer®§) and going

to about 10°C above the upper critical temperatamd,a temporal sampling interval with

a relative precision of about 10%.

Using this design, focused experiments consistemitgvided the most reliable

developmental data, while data pooled from diffestndies yielded inconsistent results.
Similarly, developmental data from closely relatguecies differed significantly, and

surprisingly so did developmental data from différpopulations of the same species.
Possible explanations for the latter lay in théedént methods of data collection but only
temporal sampling resolution had a direct influencethe accuracy of developmental
data. Consequently, disparities in such data wenegpily ascribed to genetic differences

and phenotypic plasticity.
Comparisons between numerous thermal thresholdsnade, pupae and adults support

this conclusion and suggest a phylogenetic compomnenthe thermal biology of

blowflies. Further comparisons were made betweerettemperature thresholds and the
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Abstract

distributions of blowfly species present on twondgeros carcasses. These comparisons
suggest that blowfly larvae with high upper letbeinperature thresholds dominate in
interspecific competition in favorable thermal eoviments by raising maggot mass
temperature above the thresholds of other careedihg blowflies, through maggot-

generated heat.

Bioclimatic modeling using maximum entropy analygisvided a successful means of
predicting whether a species is likely to occuaimarea, and whether it would therefore
be expected in a local carcass community. It alsowed that temperature was less
important than moisture in shaping the geographdiatribution of African carrion
blowflies.

Based on these results, several recommendationshade for the practice of forensic
entomology.
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Chapter 1 — General Introduction

General Introduction

Preface

This chapter introduces the primary focus of tlissts, forensic entomology, and highlights

problem areas within this field that will be addred.

Post-mortem interval (PMI) is the time between teath and discovery of a corpse
(Adams and Hall 2003). Several natural processesaasociated with decomposition,
including rigor mortis, livor mortis, dehydratioaJgor mortis, autolysis, autodigestion
and putrefaction (Campobasso et al. 2001). But nadutlyese processes are limited to the
first 72 hours after death, and can only be useshort PMI estimates (Henssge et al.
1995; Al-Alousi 2002; Bourel et al. 2003). Othemngdications arise in calculating short
PMI from these processes as they are reciprocattibns and become vague very
quickly (Henssge et al. 1995; Bourel et al. 2003)ere are several algorithms based on
core body temperature (Nelson 2000) and braing bwel rectum temperature (Al-Alousi
2002) which are used to calculate short PMI, bubhynaf them have high error due to
mathematical and biological difficulties and canbetused in law enforcement (Nelson
2000; Querido & Phillips 2001).

Entomological decomposition in and on the corpsean on-going process that can be
measured easily and can be used to estimate bothaid long PMIs (Henssge et al.
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Chapter 1 — General Introduction

1995; Amendt et al. 2007). Short PMIs are basetheroldest developing individuals on

the body while long PMIs are on arthropod succesgipatterns (Amendt et al. 2007).
But insects only colonize a body after death, tfueeeforensic entomology can only

provide a minimum PMI, rather than the actual timke death. Because blowflies

(Diptera: Calliphoridae) are the first to colonadody (Turner & Howard 1992; Bourel

2003), the focus of estimates of short minimum Phi4loften on them when using

entomological evidence, and for this reason, thésis deals with short minimum PMIs
only. The assumption behind these estimates isbthatlculating the age of developing
blowflies from the crime scene, it is possible siirmate an accurate PMI (Greenberg
1985; Catts 1992).

Because small insects, and therefore blowfliesgatetherms, their rate of development
is heavily influenced by the environmental tempated they experience (Sharpe and de
Michelle 1977; Adams & Hall 2003; Lefebvre & Pastad 2004). This relationship has
huge implications for accurate estimates of PMIe@berg 1991). Therefore, to
calculate an accurate PMI from developing inseti®) separate sets of thermal
information are required. The first set is the eowmental temperatures experienced by
the developing insects on the body (Greenberg 16888s 1992). To obtain this, a record
of ambient temperatures is gathered, usually froweather station nearest to the body
discovery site (Smith 1986; Archer 2004; Amendale2007). Unfortunately, there may
be significant difference between the ambient teatpees of the weather station and the
site (Anderson and Cervenka 2002; Archer 2004) umxdhey might be at different
altitudes to one another, or experience differepiosure to identical weather conditions
(Goff 1991; Archer 2004). For this reason, ambigmbhperature is recorded on site for
several days after the body is discovered (Andei€9%), and a regression relationship
is then derived between these temperatures andtamaously recorded weather station
temperatures (Haskell et al. 2001). This derivedaéign is then used to correct the
weather station temperature records to ambientesigerature for the duration that the
body was thought to bm situ (Byrd and Castner 2001; Haskell et al. 2001; Arche
2004).

CS Richards — PhD thesis 2007 2



Chapter 1 — General Introduction

Because maggots feed gregariously and are signifjcaxothermic in the ? and &
larval instars, they may not develop at the ambientperature of the site, but rather at
higher temperatures (Deonier 1940; Payne 1965; berg 1990, 1991; Turner &
Howard 1992, Slone and Gruner 2007). Unfortunatiblgre is no published model that
describes this relationship successfully. The mesént publication in this area (Slone
and Gruner 2007) noted a relationship between theme and temperature of maggot
masses, but had insufficient information to builchadel of the thermal environment of
gregarious maggot mass. Despite the evident neeiddased research in this area, this
thesis is not directed at overcoming this problewm therefore this topic is not discussed
further.

Once maggot mass temperature has been estimatétkfduration that the body was
situ, an estimate of PMI can be made using this inféonaand development data
obtained in the laboratory.

Development data are simply data pertaining tadiimation of development of immature
stages recorded at different constant temperatuf@ish are then summarized in one or
more of three developmental models, namely isonenptiagrams (Grassberger and
Reiter 2001), isomegalen diagrams (Reiter 1984)thednal summation models (Higley
and Haskell 2001), for the purpose of estimatingl.AM South Africa there is only one
published study reporting isomorphen and isomegdiagrams, folChrysomya albiceps
(Wiedemann) only (Richards et al. 2007). OutsideSotith Africa, there are only two
published studies reporting isomegalen diagramslomflies, for Calliphora vicina
(Meigen) (Reiter 1984) anducilia sericata(Meigen) (Grassberger and Reiter 2001), and
three published studies reporting isomorphen dragran blowflies (Grassberger and
Reiter 2001, 2002; Grassberger et al. 2003)Lfosericata Protophormia terraenovae
(Robineau-Desvoidy), andC. albicepsrespectively. The evident lack of available
published isomorphen and isomegalen diagrams mgyesti that these models are not a
preferred method for calculating PMI. Neverthelefese two models are the only
known approach to calculating PMI from samples @&dl maggots and diagrams for a
wider range of species are needed, particular§outh Africa.
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Chapter 1 — General Introduction

Similarly, there is only one published study repwtthermal summation constants for
one species of South African Calliphoridae (Rickaed al. 2007), alongside the few
anecdotal publications reporting raw developmera dh one or two temperatures (Prins
1982, Laurence 1988; Leipoldt and van der Linde31®adler and van der Linde 1995).
Outside South Africa, only a few publications piwicalculated thermal summation
constants, for a handful of forensically importatawfly species. By far the majority of
published studies in this field report developmaatia in their raw form (commonly the
minimum, mean and/or maximum values of the devetapal data summarised in
tables). For an accurate PMI to be estimated floesd data, the reader is often left to
calculate thermal summation constants from an dfreaduced data set. For estimating
PMI, it may be more beneficial to present thermammation constants and/or

isomorphen and/or isomegalen diagrams as opposethtide of raw development data.

It is commonly thought that thermal summation medale the preferred approach to
calculate PMI (Higley and Haskell 2001), but thmited thermal summation constants
available in the literature suggest that eithefotgnsic entomologists use unpublished
data to calculate PMI; 2) the limited thermal surtioraconstants on the few forensically
important blowfly species that is published is miént in all other cases; or 3) that
entomologists derive thermal summation constam fthe published summarized raw
data. PMI estimates should not be calculated frampublished data because the
credibility of data that is not peer-reviewed candhallenged and is unlikely to stand in
court (Byrd and Castner 2001). Although there maybly a handful of carrion-breeding
Calliphoridae species that are common in forenages, it is highly unlikely that they

alone will satisfy all needs for PMI estimates aately, and that other less common
species will be important in some cases. The mkstyl explanation for the limited

number of published thermal summation constanssvigh the third alternative. If this is

the case, then it will become evident in this thethat more published thermal

summation constants are needed.
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Despite 77 publications involving development d&ta blowflies in some form or
another, there are currently no recommended gueelihat recognize a standard method
for obtaining raw development data of adequatelyhhquality, specifically for the
purpose of estimating PMIs (from any of the thrgailable models). This is an area of

concern that needs to be addressed and one tiwttlimited to South Africa.

There is a recognized statistical method for anatyzlevelopmental data for thermal
summation models (Higley and Haskell 2001; Greembend Kunich 2002).
Traditionally, it has been used to calculate dgwelent thresholds for the purpose of
biological control (Réaumur 1735; Pedigo 1996) dmad been modified for forensic
entomology (Higley and Haskell 2001; Greenberg &uthich 2002). This method is
commonly referred to as the thermal summation maddiemperature/rate graph, where
the x-intercept and the inverse of the slope oh@al regression are used as the thermal
summation constants to calculate PMI. Becausertigerelationship is sigmoidal and not
linear (Ikemoto and Takai 2000; Higley and HaskZ€D1), problems arise when using
this method to identify the points nearest theaxes of the linear approximation that
deviate significantly from it (lkemoto and Takai®D) and because of this, it has been
suggested that it is not the most accurate apprdacklescribing the best-fitting
relationship (Ikemoto and Takai 2000). Despite,this published forensic studies other
than that of Villet et al. (2006) and Richardsle{2007) use this analytical method.

Besides the lack of development data on forengicadportant South African blowflies,
there is also a lack of information in other are&sheir general thermal biology. Lunt
(2002) and Williams (2002) are the only authorsyetematically investigate other areas
of South African blowfly thermal biology. Lunt (2@ studies studied the phylogenetic
prediction of developmental constants, and Williar(fg002) studied the lower
temperature thresholds of nervous activity and d¢ioated movement, and the upper
lethal temperature thresholds of the adult stag&éwf forensically important blowfly
species. Knowing the thermal biology of these fliggarticularly important because
temperature significantly influences the biologyectotherms like blowflies (Sharpe and
de Michele 1977). Therefore, an understanding @ivilyy thermal biology may assist the
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forensic interpretation of the behaviour and dusttion of larvae and pupae in the carrion
environment, and interactions between larvae déiht species.

Similarly, blowfly thermal biology may help to exdh the geographic distribution of
these flies in South Africa. Temperature is wideled as the primary climatic variable
limiting geographic distribution of numerous insasgecies (Leather et al. 1993; James
and Partridge 1998; Klok and Chown 2003), but thés never been reported for
blowflies. Along with this, understanding the geagic distribution of blowflies in
South Africa is important to better interpretingithforensic importance and useful to
focus control measures against vector speciese@ilyr there is limited information on
the geographic distribution of forensically impartdlowflies in South Africa and what
is available is either limited (Williams and Vill&006) or out of date (Smit and du
Plessis 1926; Ullyett 1950; Zumpt 1956, 1965; P80; Prins 1982).

Scope

This thesis focuses on establishing the role optature in the biology of blowflies, in
terms of their development, physiological threskolthd ecology at small and large
spatial scales, with the intention of developinghtgques for Forensic Entomology using
South African flies as models.

Aims
This thesis addresses the following hypotheses:

1. Pooling developmental data from several publishédliss is effective at
increasing the quality of data used to make PMireges.

2. Aspects of data collection (including sampling sieenporal sampling resolution,
and summary statistics) do not influence the egstomaof the duration of
development of immature stages.

3. Development data from different geographic popatetiof the same species do

not differ significantly from one another.
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4. Development data are not transferable betweeneseci

5. Common trends exist between the temperature thicsiud larvae, pupae and
adults of different species; the temperature thokelshof larvae play of role in
interspecific competition and distribution in thargon feeding environment; and
these thresholds are linked to phylogeny.

6. Temperature significantly influences the geographdsstribution of forensically

important blowfly species in South Africa.
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Data quality in thermal summation models of

development of forensically important blowflies

Preface

This chapter adopts a new regression model foatladysis of developmental data, and identifies
minimum requirements for a regression analysictoexe reliable thermal summation constants.
It progresses to the question of combining more tbae published data set to achieve these
minimum requirements. Finally, this chapter ideasifthree possible areas that influence data
quality and the compatibility of different data seThis chapter has been submittedviedical

and Veterinary Entomology

Abstract

To highlight some issues regarding data qualityt thee significant in estimating

postmortem intervals from maggots, the developmemtastants of thermal summation
models for development &hrysomya megacepha(&abricius) (Diptera: Calliphoridae)

were calculated from incidental data gathered ftarmlve published studies, and from
data generated specifically for the purpose innglsi experiment, using the improved
analytical method described by Ikemoto and Tak#&iO(®. The focused experiment
involved measuring the timing of five developmentahdmarks at nine constant
temperatures with a sampling resolution of 6-12 vknjch is characteristic of other
published studies. Combining different studiesadgelded inconsistent results, which is

ascribed to statistical noise introduced by (astledisparities in temporal precision,
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descriptive statistics, geographical location aedring diets. A robust experimental
design to estimate a developmental model shouldlwev at least six constant
temperatures, starting at about 7°C above theastedevelopmental zer®§) and going
almost to the upper critical temperature, and gptaal sampling interval with a relative
precision of about 10%, which translates into samgpabout every 2hr until hatching,
about every 3hr until first ecdysis, and about gw#r until second ecdysis.

Introduction

A major focus of medico-criminal forensic entomojog to calculate an accurate and
precise estimate of the time between death andwksg of a corpse, otherwise known as
the minimum post mortem interval (PMI) (Greenberg9l; Catts 1992). Because
blowflies are often the first insects to arriveanorpse, the focus of these estimates is on
them (Catts 1992).

The most common method used to calculate minimum BMhe thermal summation
model, a linear regression model based on the temype-dependent rate of
development of immature insects. It works on theuagption of a linear relationship
between rate of development and the temperatunesriexced by the growing insects
(Sharpe and DeMichele 1977; Byrd and Allen 200gl¢4i and Haskell 2001; Greenberg
and Kunish 2002). The age of an immature insectbmassessed from developmental
landmarks and temperature-specific developmens ratied this age is used to estimate
the PMI. Because blowflies often find a corpse gudynand lay eggs on it almost
immediately (Turner and Howard 1992), they are lideandidates for estimating

minimum PMIs.

The precision of the estimate of age from tempeeats affected by the number of
constant temperatures used in the regression adlkemoto and Takai 2000), and
good regression models are based on no fewer thgomts along the linear section of
the relationship (lkemoto and Takai 2000; Sokal Rathlf 2005). However, because the
relationship between developmental rate and tenyoeras generally sigmoidal (Sharpe
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and DeMichele 1977; Ikemoto and Takai 2000; Byrd Aflen 2001; Higley and Haskell
2001), more points are needed in practice to iflefitie limits of its (approximately)
linear mid-section, so that at least eight constamiperatures are needed to characterize
the model comprehensively. Few developmental ssudieblowfly species achieve this
goal: a comprehensive paper by Grassberger an@rR@id01) used ten temperatures
from 15°C-34°C; O’ Flynn (1983) used eight; HangkB76) and Reiter (1984) used
seven; and Byrd and Allen (2001) and Williams andhBrdson (1984) used siOne
possible solution to this problem is to pool datanf separate studies. A case study is
presented to examine the implications of this apghnofor data quality and the

interpretation of forensic entomological evidence.

Chrysomya megacephal@.) is a blowfly that has relevance to forensiogdical
entomology and public health in Africa, Asia, Aadi@ and South America (Prins 1982;
Pont 1985; Wells 1991; Wells and Kurahashi 1994 ¥oben et al. 2001). Numerous
authors (Table 2.1) have published rates of devedop ofC. megacephalabut Nishida
(1984; Nishida et al. 1986) is the only study tesant data for more than one constant
temperature. Since no thermal summation modelh®rdevelopment of this forensically
important fly is currently available, | exploredetlusefulness of pooling data from the
published studies to meet the minimum data requergrof a reliable regression model,
and compare the results with those of a single paddent experiment designed to

provide a precise developmental zddg)(and thermal constark) for C. megacephala

Materials and Methods

Meta-analysis of published data

Developmental times for six developmental landmddsC. megacephalat various

constant temperatures were collected from twelveera (Table 2.1). The regression
constants representirtg and Dy for various developmental landmarks were calcdlate
from the aggregated data using the improved metestribed by Ikemoto and Takai
(2000). This involved plotting the duration of déeymment (D) to a developmental
landmark at a constant temperature (T) againstptioeluct of the duration and the
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temperature (DT). This revised approach balanceswhkights of upper and lower
temperature ranges (lkemoto and Takai 2000), wlatbws for a more accurate
calculation ofK and its confidence interval than the traditiongbr@ach of plotting 1/D
against T. It also helps to identify the upper &wler critical temperatures of the linear
section of the developmental curve. In the plotDofgainst DT, the points form an
inverted N-shaped line, where the linear sectioreesented by the crossbar, and the
critical temperatures lie at the vertices (lkemaod Takai 2000). When making
predictions using linear regression, the largesbreroccur at the extremes of the
relationship (Sharpe and DeMichele 1977; Higley &takkell 2001; Sokal and Rohlf
2005), emphasizing the importance of the data enntiid-section of the regression. The
data outside the upper and lower critical tempeestare excluded from the analysis as
they do not fit on the linear part of the relatibips (Sharpe and DeMichele 1977,
Ikemoto and Takai 2000). If sufficient temperatuaes included, a straight line is fitted
to the remaining data using reduced major axisessgon (Ikemoto and Takai 2000). The

slope of the regression linely, and the intercept is.

New data

About a hundred adulE. megacephalapecimens were collected with Red Top™ fly
traps (Miller Methods, Pretoria) in Grahamstown’(38S 26°32’E) to found a laboratory
fly culture. The culture was maintained at appradiely 22°C under a lighting cycle of
12:12 hours (light:dark). Flies were feed milk p@rdsugar and wated libitumfor 1
week and then provided with a 200g pork chop asv@position medium. After one day
numerous eggs were found under the chop and theemonitored frequently until they
hatched.

Newly hatched larvae (approximately 1 hour old) evpfaced ten to a cup in tapered,
plastic 250ml cups, each containing 20g of fresktken liver. This low density of
maggots prevented measurable temperature increflases maggot-generated heat
(Goodbrod and Goff 1990) that might have stimulagsemivth (Higley and Haskell 2001)
and avoided stunted growth associated with isalaf@avis and Ratcliffe 1994). Each
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cup was steadied in river sand 3.0 - 3.5cm deep plastic tub (8 x 8 x 5cm). This
provided sufficient substrate for pupariation otioe wandering phase began. Cups were
placed in Labcon 3104U incubators set at constanperatures of 17.5°C, 20°C, 22.5°C,
25°C, 27.5°C, 30°C, 32.5°C, 37.5°C, and 42.5°C. ifioidal chicken liver was added
when necessary (e.g. when it dried out or was coadurapidly at high temperatures) to
avoid stunted growth (dos Reis et al 1999).

Twice a day, 5 random maggots were sampled, eawh & different cup, at each
temperature and placed directly into 70% alcohdlisTsampling interval matched the
coarsest resolution of published studies, thusdavgibiasing comparisons in favour of
the focused experiment. In other comprehensive iegsudf maggot development,
Grassberger et ali2003) and O’Flynn (1983) measured maggots everyhaa@rs;
Lefebvre and Pasquerault (2004) measured maggety 8w 12 hours; Nishida (1984)
measured maggots every 6 hours; and GrassbergeReaitet (2001, 2002) measured
maggots every 4 hours. Samples were placed direttttyalcohol and not killed in hot
water because this is standard procedure in SofrtbaAvhen collecting entomological
evidence from a crime scene. Larvae took betweandl2 hours to die after which the
length of each maggot was measured to 0.1mm usgagige (Villet 2007), and its instar
was determined by inspecting its posterior spisafiins 1982). The onset of wandering
was determined graphically as the time when lengigan to shorten. The onset of
pupariation and eclosion were recorded and the ametime of occurrence for each
developmental landmark was calculated from hatchimify a precision of six hours.
Hatching was used as the starting time because suys be fertilized and start
developing well before they are laid (Smith 1986IM/and King 2001).

The results were analyzed using the method (lkeraatb Takai 2000) outlined above

with the computer software programme “Statisticaliaddition, a t-test was used to test

for significant differences between pooled data rmew data.
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Results

Meta-analysis of published data

The published data fa&€hrysomya megacephadgiginated from twelve locations in eight
countries (Table 2.1). Two other papers were exadudom the analysis: one (Jenson and
Miller 2001) because the temperatures were ingaffity constant, and the other
(Nishida 1984) because the raw data that it suns@snivere presented by Nishida et al.
(1986). The temperatures ranged from 23.5°C to’@9buit Lunt (2002) tested as low as
20°C (Table 2.1). The laboratory diets of the stadivere mostly liver of pigs, cows or
chickens, but included other diets such as beakehmeat and pet mince (Table 2.1).
Half of the papers reported mean developmentalstimnéhers presented minimum and
maximum developmental times or raw data (Table.2lhe temporal precision varied
from 6hr (Nishida 1986) to 24hrs (O'Flynn 1983; Welnd Kurahashi 1994; Gabre et al.
2005).

A majority of the data was discarded from the asialyTable 2.1) because it apparently
lay outside the critical temperatures of the lingzation of the developmental curve (Fig.
2.1). The resulting Rvalues ranged between 0.89 and 1.00 (mean = 6t88dev. =
0.04) (Table 2.1). The avera@g value for all developmental events is 19.50°C.(std
= 2.09°C), but there are several statistically ifiggnt differences inDy between

particular events (Fig. 2.2).

New data

The eggs hatched 19 to 21 hours after oviposifidies failed to eclose at 42.5°C. The

upper critical temperature was about 35°C, sineeahalytical graphs turned back on
themselves above 32.5°C (Fig. 2.3). Very few pupaesed at 17.5°C. The lower critical

temperature was probably just below this tempeeafkilg. 2.3). Regression analysis was

therefore restricted to the temperature range ¢§-32.5°C.
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K andDy values were calculated fof* cdysis, 2 ecdysis, onset of wandering, onset of
pupariation and eclosion (Table 2.2). The majoatythe data were included in the
analysis of all developmental events, and no dateevexcluded for ¥ ecdysis or
eclosion (Fig. 2.3). All Rvalues lay between 0.91 and 0.99 (mean = 0.94:dstd =
0.03). The averagBo—value for 2% ecdysis, onset of wandering, onset of puparizaiush
eclosion is 10.44°C (std. err. = 0.12), and nonehefD, values for particular events

differed significantly from one another (Fig. 2.2).

The new data are significantly (t = -5.32; d.f. =p8< 0.001) different to those results
found by pooling published data. The values estohddrK andDo from the pooled data
differ significantly from the new data in almostegy comparison (Fig. 2.2). The later in
development an estimate is made, the more thetresal the pooled data become like
those of the experimental data. This is attributedthe smaller relative error of

measurements made towards the end of development.

Discussion

Meta-analysis of published data

Despite the numerous published sources used in ahaysis, only eclosion was
represented by more than six analytically usabl@atpowhile only two usable points
were obtained for®land 2% ecdysis (Table 2.2). The data for wandering anghpation
offer more to analyze but the resulting graphsearatic (Fig. 2.1). The loW values for
all of the developmental landmarks except hatcliifig. 2.2) and the large variation in
Do values (Fig. 2.2) reduce confidence in these figsli

The disparities in thé, values calculated from the pooled data, and tlflerdnces
between these models and those from the focusetieygnt, suggest that it is not viable
to combine more than one author’s work to obtatuesteK andD, values. Reasons for
this could be ascribed to three factors. First,gbpulations used in the pooled analysis
came from eight different countries. It is well datented that different populations of

many insect species differ genetically, physiolaliic developmentally and
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behaviourally (Bohart and Gressit 1951; Zumpt 196fnék 1996; Alstad 1998;
Boecklen and Mopper 1998; Hanks and Denno 199&)dRis et al. 2007). Wells and
Lamotte (2001) counter-argued that genetic vamatetween blowfly populations is
unlikely as blowflies are extremely mobile, makimgasier for populations to mix, and
evidence of such mixing has been found in genétidiss that include@€. megacephala
(Harvey et al. 2003). Even if population differeacare not genetic, they may show a
behavioural response to different environments (\aaid Lamotte 2001; Ayrinhac et al.

2004). This point is discussed in more detall irmgtlr 4.

Second, about half of the studies reported meanke wthers used either raw data or
minima and maxima, or did not indicate what theitadrepresented. Minima and maxima
can be used to estimate a midpoint, but if the tyitg distribution is skewed (which is
likely: see e.g. Nishida et al. 1986) this will fdif from the mean and the median
(discussed in Chapter 3). These problems are congeauby not knowing the precision
of many of the data. This would lead to a blurraidghe pattern and greater variation, but
one might still hope to get satisfactory estimateK and . However, this was not the

case (Fig. 2.2), which implies that further factars involved.

Third, no two studies use the same rearing medal€r2.1), and diet influences the rate
of blowfly development (Goodbrod and Goff 1990; iéahraja and Turner 2004; Clark et
al. 2006; Ireland and Turner 200@&)ucilia sericatadeveloped significantly slower when
reared on liver than on heart or lung (Clark et2106). Significant differences in
development and size also occurred between magget®d on liver of different
mammals (Clark et aR006). Although four of the twelve studies useiias a growth
medium, all were from different animals (Table 2@}her media (Table 2.1) might also

affect development rates at different life stagbscussed in Chapter 4).

These three factors help to explain why the majaitthe data points could not be used

in the analysis, and why the rest gave inconsistnilts.
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Recommendations for experimentally estimating Kiynd

Choosing useful temperatures for developmentalesutiust be considered an important
part of the experimental design, and one shouldasseide a range of temperatures as
possible. Of the published studies @f megacephalathat used more than one
temperature (Table 2.2), Nishida et al. (1986) traxl greatest range (11°C) but tested
only above 23°C. Even though maggots were cultiaenine constant temperatures,
some of them lay above the upper critical tempeeatand therefore made no
contribution to the regression model (Fig. 2.3)sh\ila (1984) reported pupariation
without eclosion at 35°C fdC. megacephalaAlthough eclosion was recorded at 37.5°C,
the low pupal survival rate (6.98%; n = 43) sugedsthe temperature was not ideal,
whereas the 87.85% (n = 41) pupal survival rat82a6% suggests a near-optimal
temperature. All developmental estimates except¥acdysis included 32.5°C (Fig. 2.2),
and this seems a reasonable estimate of the uppealdemperature fo€. megacephala
None of the temperatures were below the lowercalittemperature (Fig. 2.3), but the
incipient curvature at 17.5°C in the graphs for denng, pupariation and eclosion
indicated that this threshold was near that temperaThus, estimates of the lower and
upper critical development temperatures for thiglgs population ofC. megacephala
are 17°C and 33°C. These limits lie approximat€lg om Dy (about 10.5°C) and the
upper lethal temperature (about 40°C), respectivBly identifying upper and lower
critical limits to the linear response to temperatut is possible to fit a reasonably
accurate regression line and calculate subsedtiantDy values using a bare minimum

of points, although this will compromise the premmsof the estimates.

The consistenD, value for four of the five developmental landmaitkghis new data is
to be expected because the kinetics of metabolisnunlikely to vary between
developmental stages in insects (Sharpe and DeMict@77). TheDo value for f'
ecdysis was 2.5°C higher than for the other devetayal events, and although it does
not differ significantly for the other estimatess iaccuracy is questionable because
samples of first instar larvae were taken with kedative temporal precision (i.e. a larger
temporal relative error) than the other developmleenents due to the brevity of the first

instar, particularly at higher temperatures. Mosblshed studies sampled at fixed
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intervals that ranged from 4-12hr (e.g. O’Flynn 398lishida et al. 1986; Grassberger
and Reiter 2001; 2002; Grassberger e2@03; Lefebvre and Pasquerault 2004). Bearing
the current results in mind, future studies shaiid for a relative temporal precision of
about 10%, which translates into a sampling inteo¥@about 2 hr before hatching, about

3 hr before first ecdysis, and about 6 hr befooesd ecdysis.

Acknowledgements

| thank lain Patterson and Kierryn Gendall for thessistance in sampling; Koji Chiba

for translations of references published in Japanes

CS Richards — PhD Thesis 2007 21



Chapter 2 — Data Quality

References

Alstad D (1998) Population structure and the conumdof local adaptation. In: Mopper
C, Strauss SY (Ed) Genetic structure and local tatiap in natural insect
populations: effects of ecology, life history, ankdehaviour. Thomson
International, New York. 3-18pp

Ayrinhac A, Debat V, Gibert P, Kister A-G, Legout Moreteua B, Vergilino R, David
JR (2004) Cold adaptation in geographical poputatioof Drosophila
melanogaster phenotypic plasticity is more important than geneariability.
Funct Ecol 18: 700-706

Boecklen WJ, Mopper S (1998) Local adaptation ecsist herbivores: theory and
evidence. In: Mopper C, Strauss SY (Ed) Genetiecsiire and local adaptation in
natural insect populations: effects of ecologyg lihistory, and behaviour.
Thomson International, New York. 64-85pp

Bohart GE, Gressit JL (1951) Filth-inhabiting fliesGuam. Bernice P. Bishop Mus Bull
204:1-143

Byrd JH, Allen JC (2001) Computer modeling of insgoowth and its application to
forensic entomology. In: Byrd JH, Castner JL (Edydnsic Entomology: The
utility of arthropods in legal investigations. CREess, Boca Raton. 303-329pp

Catts EP (1992) Problems in estimating the posegnoihterval in death investigations. J
Agr Entomol9: 245-255

Clark K, Evans L, Wall R (2006) Growth rates of thwfly, Lucilia sericatg on
different body tissues. Forensic Sci Int 156: 145-1

dos Reis SF, von Zuben CJ and Godoy WA (1999) llaygregation and
competition for food in experimental populationsGfirysomya putorigWied.)
andCochliomia macellarigF.) (Diptera: Calliphoridae). J Appl Ent 123: 4889

Gabre RM, Adham FK, Chi H (2005) Life table @hrysomya megacephaf{&abricius)
(Diptera: Calliphoridae). Acta Oecologi2d: 179-183

Goodbrod JR, Goff ML (1990) Effects of larval pogtibn density on rates of
development and interactions between two speciehufysomya (Diptera:
Calliphoridae) in laboratory culture. J Med Entor@l 338-343

CS Richards — PhD Thesis 2007 22



Chapter 2 — Data Quality

Grassberger M, Reiter C (2001) Effect of temperatan Lucilia sericata (Diptera:
Calliphoridae) development with special reference the isomegalen- and
isomorphen-diagram. Forensic Sci Int 120: 32-36

Grassberger M, Reiter C (2002) Effect of temperatur development of the forensically
important Holarctic blow flyProtophormia terraenovagRobineau-Desvoidy)
(Diptera: Calliphoridae). Forensic Sci Int 128: 1782

Grassberger M, Friedrich E, Reiter C (2003) Thewfilp Chrysomya albiceps
(Wiedemann) (Diptera: Calliphoridae) as a new ferenndicator in Central
Europe. Int J Legal Metl17: 75-81

Greenberg B (1991) Flies as forensic indicatoMed Entomol. 28: 565-577

Greenberg B, Kunish JC (2002) Entomology and the:Lfies as forensic indicators.
Cambridge, University Press. 306pp

Hanks LM, Denno RF (1998) Dispersal and adaptiveel®rmation in sedentary
coccoid insects. In: Mopper C, Strauss SY (Ed) @engtructure and local
adaptation in natural insect populations: effectsecology, life history, and
behaviour. International Thomson Publishing, NewkY@39-254pp

Hanski | (1976) Assimilation by ucilia illustris (Diptera) in constant and changing
temperatures. Oikos 27: 288-299

Harvey ML, Mansell MW, Villet MH and Dadour IR (28D Molecular identification of
some forensically important blowflies of southerfriéa and Australia. Med Vet
Entomol 17: 363-369

Higley LG, Haskel NH (2001) Insect development &m@nsic entomology. In: Byrd JH,
Castner JL (Ed) Forensic Entomology: the utility afthropods in legal
investigations. CRC Press, Roca Baton. 287-302pp

Honék A (1996) Geograpical variation in thermaluiegments for insect development.
Eur J Entomol 93: 303-12

Ikemoto T, Takai K (2000) A new linearized formuiar the law of total effective
temperature and the evaluation of line-fitting noelkh with both variables subject
to error. Environ Entomol 29: 671-682

Ireland S, Turner B (2006) The effects of larvalvweding and food type on the size and
development of the blowflyCalliphora vomitoria Forensic Sci Int 159: 175-181

CS Richards — PhD Thesis 2007 23



Chapter 2 — Data Quality

Jenson LM, Miller RH (2001) Estimating filth fly (ptera: Calliphoridae) development
in carrion in Guam. Micronesica 34:11-25

Kaneshraja G, Turner B (2004alliphora vicina larvae grow at different rates on
different body tissue. Int J Legal M@&d8: 242-244

Lefebvre F, Pasquerault T (2004) Temperature-dep@ndievelopment ofOphyra
aenescens(Wiedemann, 1830) andphyra capensis(Wiedemann, 18180)
(Diptera, Muscidae). Forensic Sci Int 139: 75-79

Levot GW, Brown KR, Shipp E (1979) Larval growth gbme calliphorid and
sarcophagid Diptera. Bull Entomol R&8: 469-475

Lunt N (2002) Applied studies of some southern &dn blowflies (Diptera:
Calliphoridae) of forensic importance. UnpublishédSc thesis. Rhodes
University, Grahamstown. 224pp

Nishida K (1984) Experimental studies on the edfiomaof postmortem intervals by
means of fly larvae infesting human cadavers. Jpordnsic Med 38: 24-41

Nishida K, Shinonaga S, Kano R (1986) Growth tabliefty larvae for the estimation of
postmortem intervals. Ochanomizu Me84] 157-172

O’Flynn MA (1983) The succession and rate of deprlent of blowflies in carrion in
southern Queensland and the application of thetetddorensic entomology. J
Aust Entomol Soc 22: 137-147

Pont W (1985) Family Calliphoridadén: Catalogue of the Afrotropical Diptera. RW
Crosskey (Ed). British Museum (Natural History),ndon. 779-801pp

Prins AJ (1982) Morphological and biological not@s six South African blow-flies
(Diptera: Calliphoridae) and their immature stagem S Afr Mus 90: 201-217

Reiter C (1984) Zum wachstumsverhalten der maden ldauen schmeibfliege
Calliphora vicina Z Rechtsmed 91: 295:308

Richards CS, Paterson IH, Villet MH. (2007) Estimgtthe age of immatur€hrysomya
albiceps (Diptera: Calliphoridae), correcting for temperatuand geographic

latitude. Int J Legal Med. On-line Early daip:/dx.doi.org/10.1007/s00414-007-0201-7
Sharpe PJH, DeMichele DW (1977) Reaction kinetitpaikilotherm development. J
Theor Biol64: 649-670

CS Richards — PhD Thesis 2007 24



Chapter 2 — Data Quality

Smith KGV (1986) A manual of forensic entomologyitBh Museum (Natural History).
London and Cornell University Press, Ithaca, NY2B5pp

Sokal RR, Rohlf FJ (2005) Biometry"£&d. Freeman WH, New York. 896pp

Subramanian K, Mohan KR (1980) Biology of the blbed Chrysomyia megacephala
Chrysomia rufifaciesndLucilia cuprina Kerala J Vet Sci 11: 252-261

Turner B, Howard T (1992) Metabolic heat generatedipteran larval aggregations: a
consideration for forensic entomology. Med Vet Entb 6: 179-181

Villet MH (2007) An inexpensive geometrical gauge fneasuring small, live insects
quickly without harming them. Entomol Exp Appl 12229-280

von Zuben CJ, von Zuben FJ, Godoy WAC (2001) Lamampetition for patchy
resources irChrysomya megacepha(®ipt., Calliphoridae): implications of the
spatial distribution of immatures. J Appl Entod@5: 537-541

Wells JD (1991)Chrysomya megacephal@iptera: Calliphoridae) has reached the
continental United States: Review of its biologgspstatus, and spread around
the world. J Med Entomd8: 471-473

Wells JD, Kurahashi H (1994)Chrysomya megacephaldFabricius) (Diptera:
Calliphoridae) development: rate, variation and thwplications for forensic
entomology. Jpn J Sanitary Zool 45: 303-309

Wells JD, King J (2001) Incidence of precocious egyelopment in flies of forensic
importance (Calliphoridae). Pan-Pac Entomol 77:-239

Wells JD, Lamotte LR (2001) Estimating the postraortinterval, In: Byrd JH, Castner
JL (Ed) Forensic Entomology: The utility of arthoms in legal investigations.
CRC Press, Roca Baton. 263-285pp

Wijesundara DP (1957) The life history and bionasnaf Chrysomya megacephala
(Fab.). Ceylon J Sci 25: 169-185

Williams H, Richardson AMM (1984) Growth energeticsrelation to temperature for
larvae of four species of necrophagous flies (Dgt€alliphoridae). Aust J Ecol
9: 141-152

CS Richards — PhD Thesis 2007 25



Chapter 2 — Data Quality

Table 2.1Details of twelve studies of developmentdnmegacephaldd = hatching, E1 =%Lecdysis, E2 =" ecdysis, W = onset of
wandering, P = onset of pupariation, A = eclosion.

Source Diet Locality Analysis Temperatures (°C) Desiopmental Events
Bohart and Gressitt 1951 c-ration stew Guam Mimmu 29.4 H W, P, A
Gabre et al. 2005 raw beef Egypt Raw data 26 H W, P, A
Goodbrod and Goff 1990 cow liver Hawaii Mean 23.5 E1l,E2, W, P, A
Khole 1979 unknown India Raw data 27 P, A
Levot et al. 1979 ox liver Australia Mean 27.5 P
Lunt 2002 chicken liver South Africa Mean 20, 25 1,E2, W, P, A
Nishida 1984 horse meat Japan Mean 24, 25, 30, 35 1LLEEW,P A
O’Flynn, 1983 pet mince Australia Approximation,28 W, P, A
minimum and
maximum
Prins 1982 unknown South Africa Mean, minimur6 H,E1,E2, W, P, A
and maximum
Subramanian and Mohan"moistened meat" India Minimum and  25.6 H,E1, E2, W, P, A
1980 maximum
Wells and Kurahashi pig liver India Mean 27 H,E1, E2, W, P, A
1994
Wijesundara 1957 unknown Sri Lanka Unknown 26 A
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Table 2.2Development Zerol§p) and Thermal SummatiofK) constants for six developmental eventsGomegacephalasing the
method described by Ikemoto and Takai (2000). Hatrcis reported in hr°C. Pairs of constants in bend statistically significantly

different ata = 0.05.

Developmental Zero

Thermal Summation Constant R* N used by N rejected

°C Std. Err. d°C Std. Err. analysis by analysis

Hatching

Pooled data 12.26 1.23 195.83 (hr°C) 20.34 099 3 3
1% ecdysis

Pooled data 16.75 1.56 4.86 0.65 099 4 5

This study 12.49 0.98 14.70 1.96 099 4 3
2" ecdysis

Pooled data 16.49 1.46 11.67 0.97 097 4 5

This study 10.57 1.12 40.16 3.83 094 7 0
Wandering

Pooled data 19.32 1.07 27.66 4.16 099 4 9

This study 10.68 1.25 96.05 10.49 093 7 3
Pupariation

Pooled data 21.67 0.44 23.63 2.77 1.00 4 7

This study 10.12 1.67 113.45 16.59 092 6 2
Eclosion

Pooled data 14.68 2.22 104.75 24.05 089 8 0

This study 10.40 1.60 207.94 27.96 091 6 0
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Figure 2.1 Relationships between temperature and developrmeatdf C. megacephala
based on published data (Table 2.1), and majorragi®ssion lines used to determie
andDo-values for five developmental events. Developmidittge (days) for I ecdysis —
eclosion excludes developmental time (hours) factiag. Closed symbols mark points
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the developmental curve (Ikemoto and Takai 2000).
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Factor s affecting accuracy and precision of
thermal summation models of insect development

used to estimate postmortem intervals

Preface

This chapter critically analyses methods of collegtdevelopmental data to establish a single,
reliable approach that yields the most accurate predise thermal summation constants. It
attempts to resolve one of the areas that influelata quality and the compatibility of different
data sets that was described in Chapter 2. Thiptehdas been submitted toternational
Journal of Legal Medicine

Abstract

This chapter investigates the effects that diffesermmary statistics (minimum, median,
mean or maximum), temporal sampling resolutionsdtion between sampling events),
and sample sizes (number of individuals sampled gaenpling event) had on the
accuracy and precision of the regression coeffisiai a typical thermal summation
model used to calculate minimum post mortem intef@®1). No significant differences
were found in the values of the developmental @onst calculated from different
summary statistics of the duration of developm&atmple size was found to affect the
precision of measurement of the duration of develemt but had little overall influence
on thermal summation constamt)(and developmental thresholB4) calculations (and

therefore, subsequent PMI estimates), but tempsaaipling resolution had a direct
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influence on the accuracy &€ and Dy calculations. These data suggest that when
numbers of experimental maggots are limited, itmere important to sample more
frequently using smaller sample sizes than to sartgds frequently with large sample
sizes. Furthermore, | suggest that the mediareisrnist representative summary measure

of the duration of development and should be usetkpentially.

I ntroduction

The process of obtaining minimum PMI estimates ummmarized in Fig. 3.1. These
estimates are commonly made (Fig. 3.1: Analysissiiig a thermal summation model
like that described in Chapter 2. If larval lengtre available, the isomorphen diagram
estimate can be refined using an isomegalen diagieiter 1984). The thermal
summation method relies on the analysis of devetopindata from a minimum of six
constant temperatures in the near-linear sectidheofemperature-growth response curve
to make accurate estimates of the minimum PMI (kkenand Takai 2000). Few authors
have published development data for more thandorestant temperatures, and then only

for a handful of forensically important blowfly spes (Chapter 2).

Furthermore, the inter-sample interval of publiskadlies has ranged between 5 minutes
(Bourel et al. 2003) and 3 hours (Wall et al. 198%)egg development, and between 2
hours (Ames and Turner 2003) and 24 hours (Dawiek Ratcliffe 1994) for larval
development. This represents a range of precisiotemporal sampling resolution. A
related issue is the effect of changing relativerein temporal precision as the insects
age: a 1 hr error in measuring the duration of graent a day after hatching is far
more serious than a 1 hr error after two weekseoktbpment. The numbers of larvae or
pupae in each sample also varies between studitds,Byrd and Butler (1996, 1997)
sampling as few as 2 individuals per subsamplesaepling event, and Queiroz (1996)
sampling as many as 50 individuals per samplingnieviéhis represents another aspect of

precision and data quality that needs attention.
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Other problems may lie in the different analytiegiproaches taken to characterise and
summarize the duration of development, namely sspriing the durations of life stages
using minima (Dasgupta and Roy 1969; Greenberg ;1B@¥ies and Raitcliffe 1994),
medians (Ash and Greenberg 1975; Bourel et al. RaBddes (Kamal 1958), means
(Dallwitz 1984; Al-Misned 2001; Ames and Turner 2)@r maxima (Ullyett 1950; So
and Dudgeon 1989; Anderson 2000). These summargures differ in the accuracy
with which they represent the true trend in develept.

Amendt et al. (2007) provide a detailed accourdtahdard procedures for collecting and
processing entomological evidence. This follows atoas other publications detailing
the same objective (Catts and Haskell 1990; Gregnb@91; Bryd and Castner 2001;
Greenberg and Kunich 2002), but little attentiors Hacused on best methods for
experimental data collection. This paper invesdgdiow the collection and summary of
experimental data affects the accuracy and precisib developmental models for
Chrysomya chloropyg@Wiedemann) (Diptera: Calliphoridae), a blowfly falin most
parts of Africa (Zumpt 1965), where it feeds priclily on carrion, giving it forensic
importance (Ullyett 1950; Baumgartner and Greenli®&&y; Meskin 1986).

M aterials and M ethods

Data collection

Development data fa€. chloropygaWied.) were collected as described in Chapter 2, at
eight constant temperatures of 15°C, 17.5°C, 2@Z5°C, 25°C, 27.5°C, 30°C, and
32.5°C. Every four hours for the first 48 hoursdagvery eight hours from then to
pupariation, one maggot was removed from eachvefrfitndom cups at each temperature

and its instar was recorded.

Analytical methods

First, to compare the effects of using differentsary statistics (Fig. 3.1: Analysis 1),

all of the raw data were used to calculate the mmiimn, median, mean and maximum

CS Richards — PhD thesis 2007 33



Chapter 3 — Precision and Accuracy

durations between hatching and eith®etdysis, #' ecdysis, wandering, pupariation and
eclosion at each temperature. The mode was notlatdd because the samples were
capped at predetermined numbers of maggots anéfdnercould not represent the

distribution of development times.

Next, to gauge the effects of precision and reéagwor of temporal sampling, only the
first sample of maggots of each day was used tulkHE the same summary measures.
This maintained the sample size at 5 larvae pentebet decreased the temporal

precision from four or eight hours to 24 hours.

Finally, to examine the effect of sample size oéithe larvae sampled within a day were
pooled as though they were all collected at theddrttle day, and the summary statistics
were recalculated. This increased the sample ei8® tlarvae per sampling event in the
first two days and to 15 larvae per sampling evkeeteafter, but decreased the temporal

precision of sampling from four or eight hoursspectively, to 24 hours.

Using reduced major axis regression (lkemoto an#aif2000), the developmental
threshold Do) (slope) and thermal summation constaK) (y intercept) of each
developmental event (and the associated 95% cao@etervals) were estimated for

each summary statistic for each sampling design.

Results

The mean coefficient of variation (R?) for the reggions (Fig. 3.2) did not vary
significantly between the four summary statisti®kain effects ANOVA, k5 s0= 2.53, p

= 0.067), the two temporal precisions (o= 1.17, p = 0.285) or the two sample sizes
(F1,50=0.75, p = 0.390), but the mean R? for first exislyf0.926) was significantly lower
than those of the other developmental eveniss¢= 16.77, p = 0.000), which all lay
between 0.98 and 0.99. This last effect was dilegdarge relative error in measuring the
timing of the first ecdysis. Thus, the overall dtyalof the models was generally

excellent, with little to choose between most @fth
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Effects of different summary statistics

Estimates oD, of each developmental event did not differ siguaifitly between any of
the four measures of duration within each sampliegign, since all of their 95%
confidence intervals overlapped (i.e. within graphsFig. 3.2), but showed wider
variation between measures when the relative enraiuration was large, i.e. for early
developmental events. The minima always produceddWwest estimates af, and the

maxima the highest, but this pattern was not sed¢nea estimates d@, (Fig. 3.2).

K differed significantly at ¥ ecdysis between maximum data and minimum data (Fig
3.2c); at wandering phase between maximum dataranidnum, median and mean data
(Fig. 3.2i), and between mean data and minimum,iameghd maximum data (Fig. 3.2i);
and at pupariation between maximum data and minimata (Fig. 3.2j)K did not differ
significantly within any of the durations of devploent between any of the four
measures of duration for the 24-hour precision sesnwith the smaller sample size
(within the middle row in Fig. 3.2).

Effects of temporal precision

With a few minor exceptions that did not form a sigtent pattern, the estimateskoénd
Do also did not differ significantly between each géing design i.e. between the top and

middle graphs in the same column of Fig. 3.2.

However, K increased andD, decreased between developmental events (i.e. betwe
graphs within rows in Fig. 3.2), and the associa®@o confidence intervals were
consistently narrower, for botk and Dy, when the relative error of the sampling was
larger i.e. for earlier developmental events, ngm#l' ecdysis, ¥ ecdysis and
wandering. This is most easily seen by comparirey @btimates for *Lecdysis (with
relative errors of up to 24 hr in a day, i.e. 1008tth those for eclosion (with relative

errors never more than 24 hr in six days, i.e. 17%)
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Effects of sample size

Without focusing on the measures of duration, iaseel sample size failed to improve
the precision of th& and Dy calculations as both sample sizes produced eqlatie
95% confidence intervals.

Discussion

Effects of different summary statistics

No significant differences were found in the cagéints of determination or the values of
the Dy calculated from different summary measures of tn@atibn of development (Fig.

3.2). This could be attributed to a Type Il errarfailure to detect actual differences
through lack of statistical power because sampesswere too small. Overcoming this
would require using more temperatures in the regpasnodels. In the case of estimating
Do, a larger sample is unlikely to have much effeetduse there was no consistent
pattern of variation in the estimates made fromvilidous summary measures (Fig. 3.2),

and this source of inaccuracy in the estimatiomwiimum PMIs is of little concern.

On the other hand, minima and maxima always pratiut®e lowest and highest
estimates oK, respectively (Fig. 3.2), which is a logical redaship that might indicate a
Type Il error. For that reason, it also indicatkattsome discrimination needs to be
shown in choosing a summary measure of duratiodesklopment, especially if the
number of temperatures used in a particular regmessiodel does provide adequate

statistical power.

Any patrticular investigation will need to estimatevindow for minimum PMI (Amendt

et al. 2007), and perhaps for this reason, authasse published their results using
various summary measures of duration (listed inintr@duction). This means that there
is currently no single standard measure of tendeecgpted in the forensic entomology
literature. Accuracy is defined as “the closendsa measured or computed value to its
true value” (Sokal and Rohlf 2005) and, unfortuhathe measure of tendency chosen to

represent each sampling population can have disigmi effect on the accuracy of tKe
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value (e.g. Fig. 3.2c, f, g, i), to represent thestduration of development and thus the
accuracy of the minimum PMI estimate. For this oga$ is important to choose the most

representative measure of tendency of the trudidaraf development.

It is commonly recommended to estimate minimum PMising a large sample (i.e. at
least 30 individuals) of the oldest immature blogglfrom a case (Amendt et al. 2007),
as they are considered to be the most representatilicator of the first oviposition

event. These would include the largest feedingaenfirst larvae to enter wandering

phase, first puparia to form, etc.

Unfortunately these recommendations have been ipedctduring collection of
experimental data, and several studies have sarttpdddrgest feeding blowfly larvae as
the most representative sample for that populatidyrd and Butler 1996, 1997, 1998;
Grassberger and Reiter 2001; Greenberg and Kun@f®)2 Such samples would
represent maxima. Minimum and maximum data reptesetlying values (Sokal and
Rohlf 2005) of the lower and upper extremes ofdheation of development Because the
largest immature blowfly is an outlier, it is ndtet most representative measure of the
duration of development and should not be usedskbd to calculate minimum PMI from

thermal summation models.,

For these same reasons, PMI should not be estinigiad minimum and/or maximum
data, especially if any window of precision (e.gtandard error) is incorporated into the
estimate. An alternative measure of tendency (diseth below), from a large sample size
(i.e. at least 30 maggots where possible) of tldestlimmature blowflies from a case
should be used to estimate the minimum PMI (Ameeidial. 2007), and that the
appropriate lower and upper bounds (e.g. 95% cendéd intervals) of the regression
equatiorshould be used to calculate the relevant windowPidt (Fig. 3.1).

A mean developmental duration represents the agetiagge at which individuals are

observed to experience developmental change (Han36103), i.e. the average duration
of pupariation or the average duration of wanderBakal and Rohlf (2005) advocate the
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use of the mean in biological statistics as it asyeto calculate, and it has a smaller
standard error (i.e. higher precision) than otheasares of tendency. However, means
are sensitive to outlying minimum and maximum valbecause of the way means are
calculated. When the data are symmetrical, the ngéas an accurate summary of the
duration of development (Fig. 3.3a) but if the data skewed the mean is affected by the
outliers and becomes a particularly skewed estirohtee general trend of development
(Fig. 3.3b) (Sokal and Rohlf 2005). Nishida et(486) showed that such skewing is not
unusual in blowfly development. For this reasonamdevelopmental durations are not

ideal for calculatind andDo.

The mode is a measure of tendency that is stailstioobust to the effects of outlying
values (Sokal and Rohlf 2005, Flower et al. 1988%fers to the most common duration
of development within the experimental populatiddahpton 2003), i.e. the most
common duration to pupariation or the most commaraiibn to wandering. But, to
obtain a reliable mode fd€ and Dy, the sample size at each sampling event must be at
least 30 individuals if it is to represent the umglag frequency distribution (Sokal and
Rohlf 2005). This radically increases the total bemof individuals needed for an
experiment, which is often not feasible when conitigcdevelopment studies at more
than two temperatures. Another problem when ugiegnode is that it is not uncommon
to have more than one mode (bimodal or multimodagny experimental event, possibly
due to sexual dimorphism or circadian rhythms, Itegpin two different PMI estimates
with identical statistical support (Sokal and RoBM05). For these reason, modal
developmental data are not ideal for the routineutation ofK andDo.

The median is a measure of tendency that is alsastdo the effects of outlying values
(Hampton 2003). It refers to the time at which 5@¥ all individuals experience
developmental change (Hampton 2003), i.e. the taken for 50% of the population to
reach ¥ ecdysis or pupariation. Although medians havergelastandard error (i.e. less
precision) than means for purely mathematical nesisthis has only minor implications
for calculating thermal summation models. For tieigson it is proposed that the median
Is the most representative measure of the duratiatevelopment when analyzing both
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symmetrical and skewed data, and would providartbst reliable routine summary data
for estimatingk andDy.

Effects of temporal and sampling precision

Precision is defined as “the closeness of repeaiegsurements of the same quantity to
each other” (Sokal and Rohlf 2005), and can bessagrted by measures such as standard
errors. There are three sampling strategies foreldpmental studies that affect the
precision of the duration data and the precisiod ahdDg calculations, namely, sample
size (number of individuals sampled per samplingngy temporal sampling resolution
(duration between sampling events), and the nurobeonstant temperatures used to
calculateK andDg (Ikemoto and Takai 2000). If experimental samplmgthods rely on
killing maggots to measure them, and sample sizeteamporal sampling resolution are
constrained by the number of eggs laid by femdalesn scientists are faced with an
experimental trade-off between more sampling evantssmaller sample size, or larger

sample sizes and fewer sampling events.

TheK andD, values of the four summary measures were moredagifor smaller sample
sizes than those calculated from the greater sasigge(compare the middle and bottom
graphs in the same column of Fig. 3.2), particulavhen the relative error of the
sampling was larger i.e. for earlier developmeetadnts. Furthermore, 95% confidence
intervals ofK and Dy were generally narrowest when the temporal samp#solution
was high (in the top row of Fig. 3.2). Therefore,iacrease in the sample size affects the
precision of measurement of the duration of develmt, but because it is not itself a
direct measure of time, it will not influence thé and Dy values (and subsequent
estimates of PMI) as much as temporal samplinglugsn. Therefore, to increase the
precision of theK and Dy values, and subsequent PMI estimates, it is mop®iitant to
sample more frequently using fewer samples thasatople less frequently using more
samples. This is empirically evident from comparthg top and middle rows of each
column of Fig. 3.2.
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It has been shown elsewhere that the precisiom@Ktand Dy values can be further

increased by increasing the number of temperatal@sy the regression line used to
calculate them (lkemoto and Takai 2000). Both tipe@cision and their accuracy can be
improved by covering as much as possible of thgeanf temperatures on the linear

section of the temperature-growth response curue(ét al. 2006).

For the most accurate and Dy estimates, sampling frequencies should be subalignti

shorter than the duration of each developmentaiteigecounteract the effects of relative
error. Any remaining uncertainty K andDy is then inherent biological variation that is
outside the control of experimental design. A re&aerror of about 10% in the resolution
of temporal sampling of the total development tiimeeach event is an optimal trade-off
between effort and accuracy (Richards et al. 200fis translates to about 2-6 hours for
1% ecdysis, 4-8 hours for"2ecdysis, 8-12 hours for wandering and 12-24 hdaors

pupariation and eclosion, depending on temperature.

Suggestions made in this chapter may be viewethagiads for collecting development
data in forensic entomology and complement thosedsirds and guidelines put forth in
Amendt et al. (2007), but | recommend other authess the validity of these findings
with other blowfly species/populations
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Figure 3.1 Flow diagram summarizing the data sources and acallyrocess involved

in estimating postmortem intervals using a thermahmation model. Rectangles with
light outlines represent raw data, rectangles wihvy outlines represent processed data,
and ellipses represent analytical steps.
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CS Richards — PhD thesis 2007

Chapter 3 — Precision and Accuracy

B -099
900 4 g, X =009
800 A =099
700 A O =099
600 -
500 4
400 +
300 T T T T T )
8 9 10 11 12 13 14
m -noR
900 - e. X =noag
800 - - A =008
700 - i s
600 —1 = Sy ol
500 +
400 4 11
300 T T T T T )
8 9 10 11 12 13 14
m -noR
3000 X =na9
A -0099
2500 E O =0nos
2000
1500 —%—
1000 % trI |
500 T T T T T T 1
8 9 10 11 12 13 14
2" Ecdysis

Developmental Threshold (D o) (‘C)

45



Thermal Summation Constant (K) (hr°C)
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Figure 3.2 Scatterplots ofD, and K estimated for % ecdysis, 2 ecdysis, onset of
wandering, pupariation, and eclosion, from the munin (open square), median (closed
triangle), mean (cross) and maximum (closed squéireg taken to reach those
developmental events, using data of differing terapprecision and sampling density.
Error bars represent 95% confidence intervals. €Nibte y-axis for ‘c’, ‘f and ‘I’ are at
different scales to those of the graphs above & same column). Coefficients of
determination (B of the regressions used to calculBigandK values for each measure
of tendency are given in each figure.
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Estimating the age of immature Chrysomya
albiceps (Diptera: Calliphoridae), correcting for

temper ature and geographical latitude

Preface

Chapter 4 provides one explanation for why develapniata of a single species differ between
studies, and attempts to resolve the remaining aweas that influence the compatibility of
different data sets that is described in Chaptdihis chapter was presented at theMeeting of
the European Association for Forensic Entomologg poblished ininternational Journal of
Legal Medicingdoi http://dx.doi.org/10.1007/s00414-007-020)L-7

Abstract

Developmental curves fo€Chrysomya albicepgWiedemann) (Diptera: Calliphoridae)
were established at 13 different constant tempersitusing developmental landmarks
and length as measures of age. The thermal summmaiitstantsK) and developmental
zeros Do) were calculated for five developmental landmarkisg the method described
by Ikemoto & Takai (2000). Comparison with tKeand Dy values of these findings to
those of three previously published studiesCofalbicepssuggests thaK is directly
proportional to geographic latitude, amy is inversely proportional to botK and
geographic latitude. Body size and developmentaliizarks have a complex relationship
because of trade-offs between mortality risk anddie fecundity (as measured by body
size) at non-optimal temperatures. This relatignsitan be summarised using
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superimposed isomorphen and isomegalen diagramshwian then be used to make
forensic estimates of postmortem intervals fronvdarbody lengths. Finally, future
studies providing data for precise forensic estavatf postmortem intervals should use a
relative temporal precision of about 10% of theltaluration being measured. For many
blowflies this translates into a sampling intenadl approximately every 2h before
hatching, 3h before*lecdysis, and 6h beford®2cdysis.

I ntroduction

Chrysomya albicep@/Neid.) is widely distributed throughout Africa, @b America and
parts of Europe and Asia (Zumpt 1965; Laurence 188Yolny 2002; Grassberger et al.
2003; Verves 2004). It causes myiasis in humans liaedtock, feeds on carrion and
human faeces and breeds prolifically in carrionnfpti 1965; Grassberger et al. 2003),
making it a medically, veterinarily, sanitationgriind forensically important fly. It is
also ecologically significant, being a predatorotther dipteran larvae, and its maggots
are frequently found around the periphery of cosp@dilyett 1950; Braack and Retief
1986).

Despite the importance of an understanding of dte of development in relation to
temperature, few authors have published on thigctaping C. albiceps(Table 4.1).
Queiroz (1996) timed development at four differeomstant temperatures, Grassberger et
al. (2003) timed it at five constant temperatures aratdidienko (1988, 2001) presented
calculations for 18 different temperatures fromuapublished data set. Ullyett (1950)
and Prins (1982) published anecdotal data at sitegteperatures. No author recorded
developmental rates for more than three developahevents, and the results of the

studies are apparently not in agreement.

This chapter presents development rates Gor albiceps at 13 different constant
temperatures for 5 developmental events, and thaceged thermal summation constant
(measure of thermal time taken to reach each deredatal event) and developmental

zero (temperature below which development ceddgsyalues. In addition to this, thé
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and Dy of this study are compared to those of published tia explore the disparities

between the studies.

M aterials and methods

Data collection

The methods for collecting development data arerde=d in Chapter 2.

Length versus developmental event as a measuraiage
Isomorphen and isomegalen diagrams (GrassbergeRaitdr 2001) were constructed
using the computer programs “Microsoft Excel 20884 “Statistica 7” and then overlaid

(Fig. 4.1) to compare length and developmental esvas estimates of age.

Thermal summation constant (K) and development (@&)o

By plotting the cumulative proportion of each phaselevelopment represented in each
sample, the median durations of all phases wereuleaéd to a precision of hours.
Reduced major axis regression was used to calddlatelDy from the median durations
(Ikemoto & Takai 2000) using the computer progradtatistica 7”. In additionk andDg
values were calculated in the same way for thredighed studies (Marchenko 1988,
2001; Queiroz 1996; Grassberger et al. 2003).

Results

Development rates for both larval and puparial esaigcreased steadily with increasing
temperatures (Fig. 4.1). Larvae reached secondriastlate as 7.5 days after hatching at
15°C and as early as half a day at 40°C and 42%& Ibngest minimum larval
development period (duration to the onset of p@bi@mn) and minimum pre-imaginal
development periods (duration from hatching todhset of eclosion) were 22.5 days and
28 days at 17.5°C and 20°C, respectively, and tiogtast were 5.5 days and 9 days at
30°C and 35°C, respectively (Fig. 4.1).
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The largest maggot measured was 16.2mm long at 23i@ae reached smaller average
sizes at other temperatures (Fig. 4.1) and pujeariit significantly shorter lengths below
20°C (F = 79.47; p = 0.00). No larvae survived tpariation at 15°C or 45°C, no pupae
eclosed at 17.5°C, 40°C or 42.5°C, and eclosiossratere poor above 35°C (Fig. 4.1).
The highest pupariation survival rate was at 20i@ 22.5°C, although both the greatest
numbers of puparia (49) and adults (48) were betonded at 32.5°C.

Length versus developmental event as a measur@hage

The contour of each developmental event in the @spiren diagram frequently intersects
numerous body length contours of the isomegalegraim, several of which cross more

than one developmental contour (Fig. 4.1).

Thermal summation constant (K) and development (&y)o

Development data from extreme temperatures aresest in thermal summation models
based on linear regression because these pointetde on the straight section of the
developmental curve, and should therefore be erduflom the regression analysis
(Ikemoto and Takai 2000; Higley and Haskell 20Q19ing criteria described by lkemoto
& Takai (2000), this analyses was limited to ceelin data points for each developmental
event (Fig. 4.2), and calculat& andK for five developmental events. The fit of the
models was excellent, with high coefficients ofetetination (Table 4.1) and narrow
confidence intervals (Fig. 4.2Dg andK were, respectively, 11.14°C and 655.63h°C for
1st ecdysis, 13.00°C and 984.71h°C for 2nd ecd$8i€2°C and 2238.98h°C for onset of
wandering, 13.65°C and 2354.34h°C for onset of papan, and 13.64°C and
4138.74h°C for eclosion. The averdggfor all developmental events was 12.99°C (n=5
events; std. err. = 0.51°C).

The same analysis was applied to published studidsvelopment irC. albicepsusing
as many points from each study as met the selectiteria (Ikemoto and Takai 2000).
All models showed high Rvalues (Table 4.1) and narrow confidence inter¢ig. 4.3)

except for that of eclosion in the Brazilian fly padation. For flies from Moscow
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(Marchenko 1988; 2001), the averdgewas 10.21°C (n = 2 events; std. err. = 0.00°C);
from Vienna (Grassberger et &003), 10.49°C (n = 3 events; std. err. = 0.59@\)
from Rio de Janiero (Queiroz 1996), 15.39°C (n ev@nts; std. err. = 0.58°C). None of
the 95% confidence intervals overlapped, excepivden Moscow and Vienna, and the
values are in the same rank order as the absdltitedes of the locations (Fig. 4.4a).
Values for K were generally inversely proportional @, (Fig. 4.4b), and therefore

proportional to absolute latitude (Fig. 4.4a).

Discussion

Developmental optima

Larvae of the Grahamstown population developed Ipanrtside a temperature range of
20-40°C. While growth rates were maximal at thehbi} temperature (Fig. 4.1),

survivorship and condition were better at lowerpenatures. Similarly, pupae developed
best between 20.0-32.5°C, which is an even narroteemperature window. The

sigmoidal shape of plots of temperature againseldgvnental rate indicates that there is
an optimum temperature for development, which woligdat the inflection of the

sigmoid. Moving away from this optimum, growth bewes increasingly compromised,
so that while larvae grow faster at higher tempeest, they incur increasing levels of
physiological stress that are expressed as sligitigller mature sizes and distinctly
lower survivorship. Similarly, at lower temperatsigevelopment is increasingly retarded
to the point where larvae will pupate at unchamdstieally small sizes rather than spend
more time attempting to reach their usual matuze gFig. 4.1). The decrease in
survivorship at lower temperatures is more pregystthan it is at higher temperatures
(Fig. 4.2), indicating that the physiological sges that impede growth are different on

either side of the optimum.

Length versus landmarks as a measurement of age

As Dadour et al. (2001) pointed out, the lengthaaihaggot is a poor estimator of its
physiological or chronological age. This is truemény animals, but some additional
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factors are evident i€. albiceps Maggots ofC. albicepsregularly diminish in length,
not only when they cease wandering and begin t@afe, but also briefly after each
ecdysis. Comparable patterns of fluctuation in nzass length were noted by Wells and
LaMotte (1995) and Grassberger and Reiter (20@&bpectively. The results from this
study (Fig. 4.1) suggest that in conducive envirental conditions, maggots will
maximize growth in size to maximize fecundity asulés] since larger females are
generally more fecund (Romoser and Stoffolano 19@8)en environmental conditions
are less favourable, maggots adjust their developmhperiod in a trade-off between risk
of mortality and compromised body size (Fig. 4Qhly when environmental conditions
are extremely cold do maggots completely prioritdevelopment time over size,
resulting in dwarfed adults. I@. albicepsthis occurred at temperatures below 20°C (Fig.
4.1).

Additionally, maggots decrease in length as thejerethe wandering phase (see
Grassberger et al. 2003: Fig. 4.2). This can uguad detected and corrected for by
examining the crop contents, which are eliminatédha onset of wandering. The
practical implication of these physiological pherra is that there is no simple
relationship between size and chronological agenaggots (Dadour et al. 2001). An
isomegalen diagram (Grassberger and Reiter 2001)cepture a great deal of the
complexity of the relationship, especially if supggosed on an isomorphen diagram
(Fig. 4.1), and provides a means of estimatingrpogem intervals from maggot length.
Unfortunately, few of these diagrams are availabla. these reasons maggot age may
not be best estimated from their length given auremt knowledge (Dadour et al. 2001,
Gaudry et al. 2001).

Thermal summation constant (K) and development (@&y)o

The developmental zeros for the 2nd ecdysis, anflsetandering, onset of pupariation,
and eclosion averaged 13.55°C (std. dev. = 0.38)dioh not differ significantly, with a
maximum difference of 0.9°C between the 2nd ecdgsi$ the onset of wandering. This

consistenDy valuebetween developmental events is to be expectedibedhe kinetics
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of metabolism is unlikely to vary between developtaé stages in insects (Sharpe and
DeMichele 1977). The estimated developmental zerotlie 1st ecdysis was 2.41°C
lower than those of the other events, but its aauis compromised as samples of 1st
instar larvae were taken with a lower relative temap resolution than of the other
developmental events due to the rapid growth ofidstar larvae, particularly at high
temperatures. Most published studies sampled ad fixtervals that ranged from 4-12 h
(e.g. O’Flynn 1983; Nishida et al. 1986; Grassbeegal Reiter 2001, 2002; Grassberger
et al.2003; Lefebvre and Pasquerault 2004). Bearing tieent results in mind, future
studies should aim for a relative temporal precssd about 10% of the total duration
being measured, which translates into a samplibgrval of about every 2 h before
hatching, about every 3 h before the 1st ecdysid, about every 6 h before the 2nd

ecdysis.

The averag®, andK for C. albicepsvaried between studies. Reasons for this variation
can be attributed to two possibilities, namely eliéinces in rearing conditions, with
particular reference to diet of immature stagedawause the populations in each study
differed in geographic latitude. Although rearingdra are know to affect duration of
development (and therefokg (Kaneshrajah and Turner 2004; Clarke et al. 20@€and
and Turner 2006), it is still possible to compBgevalues from different studies that have
used different rearing conditions. This is becdDges a measure of temperature only and
is not affected be variables influencing time, sachrearing media. Becaukeis a
measure of time, the different rearing media usedifferent studies must be taken into

account when comparirigvalues.

Kaneshrajah and Turner (2004) tested developme@abiphora vicinaon liver, lung,
heart, brain and kidney tissue of pigs at 20°C.yTleaind that development rates were
significantly slower on liver with an error of up 2 days (33%) of development when
compared to other tissues for the first 6 dayss Thipresumably because these were the
days when the larvae where feeding. However, oheeldrvae were post feeding the
error in development reduced to as little as 10%lbkrvaereached pupariation on all
rearing media between 9-10 days. Presumably tloe etll decrease further on eclosion.
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Therefore, it is unlikely that rearing media wowlidnificantly affect total development
time and because the comparison between studidssipaper, are restricted to the post
feeding stages only (pupariation and eclosion)s itinlikely that the diet used by the

different studies will significantly affect the cgawrisons betweeK values.

If rearing media had a significant effect idrvalues, one would expect tKevalues from
this study to be most similar to Grassberger e{2803) as both used liver, and tKe
values from Marchenko (1988) to be most similaQueeiroz (1996) as both used meat.
However this is not the case. TKevalue, for pupariation and eclosion, for this staadg
closer to Queiroz (1996) value than to Grassbeegeal. (2003) (Table 4.1; Fig. 4.1).
Therefore, reasons for the varyikg values for pupariation and eclosion cannot be

attributed primarily to rearing media. An alternatis different geographic populations.

The data also suggest thag andK are inversely proportional and thKtis directly
proportional to geographic latitude (Fig. 4.4). Tineersely proportional relationship
betweenK and Dy has been shown in a number of different plant amca species
(Trudgill 1994, Trudgill and Perry 1994; Trudgill9d5; Honék 1996a, b, 1999;
Bonhomme 2000; Charnov and Gillooly 2003; Trudgillal.2005), including some flies
(Honék and Kocourek 1988; Honék 1996a), but nevemahstrated in species of
blowflies. Initially Trudgill and Perry (1994) andrudgill (1995) explained this
relationship by proposing that cold-adapted speofebigh geographic latitude would
possess a lowddyand would take a longer time to develop than a wadapted species
of lower geographic latitude and highs. Honék (1996a) tested this hypothesis with
recalculatedK and Dy values from literature 0835 insect species. He found weak but
significant correlations indicating thdd, was inversely proportional to geographic
latitude in all developmental events, includingdméng (¢ = 0.150), larval growth {r=
0.142), pupation fr= 0.040) and eclosion?= 0.121). A less obvious relationship
existed betweeK and geographic latitude, although a positive cati@h was found for
hatching (f = 0.034). Honék (1996a) concluded that a hizhand lowK are typical
thermal characteristics of warm-adapted (tropispgcies.
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Although these data support these findings, tiiRsexceeded Honék’s (1996a) data by
1.70-2.82°C for tropical (0-23°N or S) populatiofhy, 0.74-2.82°C for subtropical (24-
39°N or S) populations, and by 1.92-2.35°C for temape £ 40°N or S) populations.
Reasons for these differences could be that Hoh886@) did not separate species on
eco-physiological criteria, such as seasonalitydefelopment in temperate species
(Honék and Kocourek 1988) and size categorieghfmanalysis.

The positive correlation betwedf and geographic latitude has often been reported in
plants, particularly legumes (Angus et al. 1981au@urd et al. 1996; Qi et al. 1999), but
rarely in insects (Honék 1996a). These data (F@®) @resent evidence thitis directly
proportional to geographic latitude but they arsdabon only one or two points for each
climatic zone. Additional studies are requiredheitat alternative latitudes or replicates
of these latitudes (Fig. 4.3) to confirm the patte8hould these data be obtained, it may
be possible to derive a model for the accurateutation ofK andD, for C. albicepsat

any latitude. It is likely that Marchenko’s (1988001) K value for eclosion is an
underestimate, on the basis that his estimat®gpfor pupariation is more or less

consistent with monotonic relationships based erother published studies (Fig. 4.4).

Acknowledgements

| thank Sue Abraham for assistance with graphicgrritn Gendall for laboratory

assistance.

CS Richards — PhD Thesis 2007 57



Chapter 4 — Latitude related variation

Reference

Angus JF, Cunningham RB, Moncur MW, MacKenzie DI9§1) Phasic development in
field crops I. Thermal response in the seeding @haield Crops Re3: 365-387

Bonhomme R (2000) Bases and limits to using ‘dedese units. Eur J Agronomy 13: 1-
10

Braack LEO, Retief PF (1986) Dispersal, density habitat preference of the blow-flies
Chrysomyia albiceps(WD.) and Chrysomyia marginalis(WD.) (Diptera:
Calliphoridae). Onderstepoort J Vet Res 53: 13-18

Charnov EL, Gillooly JF (2003) Thermal time: bodges food quality and the 10 rule.
Evol Ecol Res 5: 43-51

Clark K, Evans L, Wall R (2006) Growth rates of thewfly, Lucilia sericata on
different body tissues. Forensic Sci Int 156: 148-1

Craufurd PQ, Roberts EH Summerfield RJ (1996) Tikience of temperature on seed
germination rate in grain legumes. |. A comparisbrthickpea, lentil, soyabean
and cowpea at constant temperatures. J Ex3Bo105-715

Dadour IR, Cook DF, Fissioli JN, Bailey WJ (2001grénsic entomology: application,
education and research in Western Australia. Far&w Int 120: 48-52

Gaudry E, Myskowiak JB, Chauvet B, Pasquerault &ehvre F, Malgorn Y (2001)
Activities of the forensic entomology departmenttbé French Gendarmerie.
Forensic Sci Int 120: 68-71

Grassberger M, Reiter C (2001) Effect of temperatan Lucilia sericata (Diptera:
Calliphoridae) development with special reference the isomegalen- and
isomorphen-diagram. Forensic Sci Int 120: 32-36

Grassberger M, Reiter C (2002) Effect of tempertur development of the forensically
important holarctic blow flyProtophormia terraenova€Robineau-Desvoidy)
(Diptera: Calliphoridae). Forensic Sci Int 128: 11732

Grassberger M, Friedrich E, Reiter C (2003) Thewfip Chrysomya albiceps
(Wiedemann) (Diptera: Calliphoridae) as a new ferenndicator in central
Europe. Int J Legal Meti17: 75-81

CS Richards — PhD Thesis 2007 58



Chapter 4 — Latitude related variation

Higley LG, Haskel NH (2001) Insect development &m@nsic entomology. In: Byrd JH,
Castner JL (Ed) Forensic entomology: the utility afthropods in legal
investigations. CRC Press, Roca Baton. 287-302pp

Honék A (1996a) Geograpical variation in thermajuieements for insect development.
Eur J Entomol 93: 303-12

Honék A (1996b) The relationship between thermalstants for insect development: a
verification. Acta Soc Zool Bohem 60: 115-152

Honék A (1999) Constraints on thermal requiremdatsinsect development. Entomol
Sci 2: 615-621

Honék A, Kocourek F (1988) Thermal requirementsdevelopment of aphidophagous
Coccinellidae (Coleoptera), Chrysopidae, Hemeralgiid(Neuroptera), and
Syrphidae (Diptera): some general trends. Oecologfia55-460

Ikemoto T, Takai K (2000) A new linearized formuiar the law of total effective
temperature and the evaluation of line-fitting noeth with both variables subject
to error. Environ Entomol 29: 671-682

Ireland S, Turner B (2006) The effects of larvalweding and food type on the size and
development of the blowflyCalliphora vomitoria Forensic Sci Int 159: 175-181

Kaneshrajah G, Turner B (200Qalliphora vicinalarvae grow at different rates on
different body tissue. Int J Legal M&d8: 242-244

Laurence BR (1981) Geographical expansion of thgeafChrysomyablowflies. Trans
R Soc Trop Med Hyg 75:130-131

Lefebvre F, Pasquerault T (2004) Temperature-dep@ndevelopment ofOphyra
aenescenfVNiedemann, 1830) andphyra capensi$Wiedemann, 1818) (Diptera,
Muscidae). Forensic Sci Int 139: 75-79

Marchenko M (1988) Medico-legal relevance of cadawntomofauna for the
determination of the time since death. Acta Meddl&pc 38 257-302

Marchenko M (2001) Medicolegal relevance of cadawstomofauna for the
determination of the time of death. Forensic Stilk0: 89-109

Nishida K, Shinonaga S, Kano R (1986) Growth tabley larvae for the estimation of
postmortem intervals. Ochanomizu Me84] 157-172

CS Richards — PhD Thesis 2007 59



Chapter 4 — Latitude related variation

O’Flynn MA (1983) The succession and rate of depelent of blowflies in carrion in
southern Queensland and the application of thetetddorensic entomology. J
Aust Entomol Soc 22: 137-147

Povolny D (2002)Chrysomya albicepgWiedemann, 1819): the first case in central
Europe involving this blowfly (Diptera: Calliphol@). Acta U Agr Silvi
Mendelianae Brunensis 50: 105-112

Prins AJ (1982) Morphological and biological notas six South African blow-flies
(Diptera: Calliphoridae) and their immature stagem S Afr Mus 90: 201-217

Qi A, Wheeler TR, Keating DH, Ellis RH, Summerfie®J, Craufurd PQ (1999)
Modelling the effects of temperature on the rateseedling emergence and leaf
appearance in legume cover crops. Exp 2gr327-344

Queiroz MMC (1996) Temperature requirementsChirysomya albicepg§Wiedemann,
1819) (Diptera, Calliphoridae) under laboratory ditions. Mem Inst Oswaldo
Cruz 91: 785-788

Romoser WS, Stoffolano JG (1998) The science adrealogy. 4th edn. McGraw Hill,
Singapore

Sharpe PJH, DeMichele DW (1977) Reaction kinetitpakilotherm development. J
Theor Biol64: 649-670

Trudgill DL (1994) An assessment of the relevanéehermal time relationships to
nematology. Fund Appl Nematol 18: 407-417

Trudgill DL (1995) Why do tropical poikilothermicrganisms tend to have higher
threshold temperature for development than tempeyaes? Funct Ecol 9: 136-
137

Trudgill DL, Perry JN (1994) Thermal time and eaptal strategies — a unifying
hypothesis. Ann Appl Biol 125: 521-532

Trudgill DL, Honék A, Van Straalen NM (2005) Theriritane — concepts and utility.
Ann Appl Biol 146: 1-14

Ullyett GC (1950) Competition for food and alliedgnomena in sheep-blowfly
populations. Philos Trans R Soc B 234:77-174

Verves YuG (2004) Records @thrysomya albiceps the Ukraine. Med Vet Entomol
18: 308-310

CS Richards — PhD Thesis 2007 60



Chapter 4 — Latitude related variation

Wells JF, LaMotte LR (1995Estimating maggot age from weight using inverse
prediction. J Forensic S4D: 585-590

Zumpt F (1965) Myiasis in man and animals in thebworld: a textbook for physicians

veterinarians and zoologists. Butterworth, London

CS Richards — PhD Thesis 2007 61



Chapter 4 — Latitude related variation

Table 4.1 Development zero and thermal summation constamtévie developmental events f@. albicepscalculated using the
analytical method described by lkemoto & Takai (20Gtudies are placed in order of absolute lagitwithin events.

Developmental zero Thermal summation constanR® N used for N rejected
°C Std. err. h°C Std. err. analysis from analysis

Hatching

Grassberger et al. (2003) 9.72 0.67 258.30 17.39 0.97 5 0
1% ecdysis

This study 11.14 0.27 655.63 23.03 0.99 7 5
2" ecdysis

This study 13.00 0.74 984.71 84.40 0.98 7 4
Onset of wandering

Queiroz (1996) 15.01 0.54 1593.72 160.75 1.00 4 0

This study 13.92 0.99 2238.98 210.56 0.98 7 4
Onset of pupariation

Queiroz (1996) 14.63 0.64 1997.09 212.58 1.00 4 0

This study 13.65 0.68 2354.34 207.55 0.99 7 4

Grassberger et al. (2003) 11.65 0.08 2819.00 815.4 1.00 4 0

Marchenko (1988) 10.21 - 2948.11 - - 18 0
Eclosion

Queiroz (1996) 16.52 0.49 2845.89 286.54 1.00 3 0

This study 13.64 1.14 4138.79 429.27 0.97 7 1

Grassberger et al. (2003) 10.10 0.53 7861.04 2969. 0.99 4 0

Marchenko (1988) 10.21 - 4442.40 - - 18 0
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Figure 4.1 Superimposed isomorphen and isomegalen diagranescdiitours of the isomegalen diagram are interpolasing the
“distance weighted” method. Error bars on the isgrhen diagram represent 95% confidence intervaidge the poor correspondence

between length and developmental stage at low teahpes.
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Figure 4.2 S-shaped curves and reduced major axis regressesudsed to determirée
and ) values ofC. albicepsat 13 different temperatures for the 1st ecdysig, &dysis,
onset of wandering, onset of pupariation, and emo®lack squares indicate points used
in the regression calculations, white squares atdipoints not used in the calculations
because they are not on the linear part of theioakhip (lkemoto and Takai 2000) and
dotted lines represent 95% confidence intervals.
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Figure 4.3 S-shaped curves and reduced major axis regressesused to determirée
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M odels of development for the blowflies
Chrysomya chloropyga and C. putoria (Dipter a:
Calliphoridae)

Preface

This chapter uses the knowledge gained in the tlaste chapters to derive high quality
development data and reliable thermal summatiorsteots for two blowfly sister species. This
chapter was present at thé®38-annual conference of the Zoological Societysofithern Africa
and has been submittedhtedical and Veterinary Entomology

Abstract

Developmental curves fahrysomya chloropygéWiedemann) (Diptera: Calliphoridae)
and C. putoria(Wiedemann) (Diptera: Calliphoridae) were estalddslat eight and ten
different constant temperatures, respectively,gisi@velopmental landmarks and length
as measures of age. The thermal summation congt@nend developmental threshold
(Do) were calculated for five developmental landmaakd isomorphen and isomegalen
diagrams were also constructed for the purposestimating minimum post mortem
intervals (PMI).Chrysomya chloropyghad an average developmental threshold value
(Do) of 10.91°C (std. err. = 0.94°C, n = 5), signifilg lower than that ofC. putoria
13.42°C (std. err. = 0.45°C, n = 5) (paired t-tést: -4.63, d.f. = 8, p < 0.00). TH&
values forC. chloropygawere larger than those @. putoria for all developmental
events except the onset of the wandering phaseseTée the first data that can be used
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to calculate PMI and predict population growthOofchloropygaandC. putoriain Africa
and show that data cannot be transferred betwesesp

I ntroduction

Chrysomya chloropygdWeid.) andC. putoria (Weid.) are sister species of carrion-
breeding blowflies (Wells et al. 2004; Rognes aateson 2005) that are widespread in
Africa, andC. putoria has also become widespread in South America (baerd988;
Greenberg and Kunish 2008hrysomya putorias commonly found breeding in latrines
and cesspits (Conway 1972; Hulley 1983), and bpéties have medical, veterinary and
forensic significance (Ullyett 1950; Zumpt and Begbn 1952; Zumpt 1965; Prins 1982;
Hulley 1983; Louw and van der Linde 1993). Thesscigiines all require information
about the life cycle of these insects, but foressience requires particular focus on the
effects of environmental temperatures on their tigureent (Chapter 1 and 2), which is
necessary to calculate an accurate minimum postemomterval (PMI) (Greenberg
1991, Catts 1992). Despite their medical, publicltme veterinary and forensic
importance, few data have been published on eipecies. Prins (1982) recorded 1
ecdysis, 2 ecdysis, pupariation and eclosion fr chloropygaat 23.5°C and Ullyett
(1950) recorded pupariation fa&€. chloropygaat 26.7°C. Laurence (1988) recorded
pupariation at 26°Gor C. putorig while Baumgartner and Greenberg (1984) recorded
hatching, ¥ ecdysis,  ecdysis, wandering, pupariation and eclosion at’Zl(std. dev.
=1.9°C) and 26.0°C (std. dev. = 3.1°C). No stuabitides development of both species

at more than one temperature.

PMI estimates are calculated using one or moreoaf fnodels, namely, curvilinear
regression (Ullyett 1950; Higley and Haskell 2008pmegalen diagrams (Reiter 1984),
isomorphen diagrams (Grassberger and Reiter 200d)tleermal summation models
(Réaumur 1735; Higley and Haskell 2001). Higley andskell (2001) dismiss the
curvilinear approach as impractical and advocageuse of thermal summation models,
which are constrained linear regression modelslewBiassberger and Reiter (2001) state

that “the use of the isomegalen- and isomorphegrdias could provide a quick and
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precise estimate of the PMI”. Isomorphen diagrames ghase plots of time against
temperature, with contours representing developahéransitions or boundaries between
the stages of the life cycle (Reiter 1984). Sinhylaisomegalen diagrams are phase plots
of the same variables, but contoured with the ledthe larvae (Grassberger and Reiter
2001). This chapter presents isomorphen and isdemregdiagrams, and thermal
summation models from eight and ten different camistemperatures f&€. chloropyga
and C. putorig respectively, and compare the thermal summatiorstaoh K) and
developmental zerd)) of these sister species, to investigate whetbeeldpment data

can be transferred between species for the pugdasstimating minimum PMI.

Materials and M ethods

Data collection

Development data were collected as described irp€h&, at eight and ten different
constant temperature f&. chloropygaand C. putoriarespectively,starting at 15.0°C

and increasing by 2.5°C intervals.

Every four hours for the first 48 hours, and everght hours from then to pupariation,
one maggot was removed from each of five randons @ipeach temperature for both
species. These sampling resolutions are in accoedavith those recommended in

chapters 2, 3 and 4.

Data analysis

Isomegalen diagrams (Grassberger and Reiter 2001jree-dimensional contour plots
of larval length, temperature and development timere constructed for each species
from these data using a spline function in the catepsoftware programme ‘Statistica
7'. Similarly, isomorphen diagrams (Reiter 1984)raveonstructed from the median
times to reach i ecdysis, ? ecdysis, onset of wandering, onset of pupariatiod

eclosion. These median values were also used tolatd the developmental threshold
(Do) and thermal summation constan) (of a standard thermal summation model
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(Chapter 3) using the reduced major axis regressiethod described by Ikemoto and
Takai (2000).

Results

Isomorphen and isomegalen diagrams

Because the isomegalen diagram lies within thegbpace representing the larval stages
in the isomorphen diagram, the two plots were comi(Fig. 5.1). Development rates
for both species increased steadily with increasemgperature. Larvae &. chloropyga
grew consistently well at all temperatures tested).(5.1), but those o€. putoria
developed poorly at temperatures below 20°C an@daio reach pupariation at 15°C
(Fig. 5.1). Larvae o€. chloropygareached a maximum size of 17.0mm at 20°C, 22.5°C
and 25°C, and 16.8mm at 27.5°C and 32.5°C (TaMl§, Svhile those ofC. putoria
reached a maximum length of 18.7mm at 37.5°C (T&d These maximum sizes are
not represented in the isomegalen diagram, whipbrte median data and corresponding
95% confidence intervals.

Pupariation and eclosion was recorded at all teaipers tested fd€. chloropygawhile

C. putorialarvae reached pupariation at all temperaturesxt5°C, and eclosion was
recorded at all temperatures except 15°C, 17.5dC33n5°C The pupation survival rate
for C. chloropygawas high for all temperatures with a mean of 84%i)enthe rate focC.
putoria decreased dramatically from a mean of 91% betw@@ and 27.5°C to a mean
of 55% between 30°C and 35°C, with an average @b 76r all temperatures, but no
significant difference was found between the twecsps (paired t-test: t = 2.08, d.f. = 16,
p > 0.05).

Thermal summation constants

A minimum of six temperatures were used in thegsgions analyses to calculate e

and K values for both species, which satisfied the mummsample size required for
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regression analysis (Chapter 2). The coefficieritsleiermination (B values for all

regression models were above 0.95 (Table 5.2).

Chrysomya chloropyghad an average developmental threshold vaheg ¢f 10.92°C
(std. err. = 0.94°C, n = 5), lower tha@n putoria’s13.42°C (std. err. = 0.45°C, n = 5). The
Do valuesfor all life stages ofC. chloropygawere significantly lower than those Gf
putoria (paired t-test: t = -4.63, d.f. = 8, p < 0.00).

All thermal summation constant&)(for C. chloropygawere higher than those @.
putoria except for the onset of the wandering phase (T&bl9g. The largest 95%
confidence intervals fob, for C. chloropygaoccurred at wandering, while the largest
95% confidence intervals fdf for C. chloropygaoccurred at eclosion. Both the largest

95% confidence intervals f@, andK for C. putoriaoccurred at eclosion (Fig. 5.2).

Discussion

These are the first data that can be used to eaécuhinimum PMI and predict
population growth ofC. chloropygaand C. putoria in South Africa. The use of
isomorphen and isomegalen diagrams to estimateagleeof larvae was explained by
Grassberger and Reiter (2001), and the applicatidmear thermal summation models
was explained by Higley and Haskell (2001). BecabsehloropygaandC. putoriaare
sister species (Wells et al. 2004), a comparisotheir developmental dynamics has

special interest.

Isomorphen and isomegalen diagrams

Severe curving of the contours in the isomegalagrdim forC. putoriaat temperatures
below 20°C suggests that larvae struggle to mainéaiconsistently healthy (normal)
growth rate in cool environments and are forced imtemature wandering behaviour.
This poorer development at cool temperatures i®&eol becausé. putoriahas a more
tropical distribution throughout the central andtean African countries (Zumpt 1965,
Laurence 1988; Rognes and Paterson 2005) andrefdhe inherently adapted to warmer
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climates (Chapter 4). Contrary to this, an abseotexaggerated curvature in the
contours inC. chloropygadata suggest thaE. chloropygalarvae are better able to
develop in cooler climates, and the species aceglglhas a distribution that includes the
more temperate regions of South Africa wh€reutoriais absent (Zumpt 1965, Rognes
and Paterson 2005).

Thermal summation models

Amendt et al. (2007) support the exclusivity of @pe specific development data to
estimate minimum PMI, but simultaneously advochteuse of congeneric development
data when the former data set is not available.r€halts of this study contend the latter
argument and suggest that development data areamstferable betwee@. chloropyga
and C. putoria (discussed below), two closely related speciesl, #erefore authors

should assume differences in development data leatether closely related species.

K and Dg values differed significantly between the two spscin three of the five
developmental events tested (Fig. 5.2), and theaged), value for C. putoria was
2.51°C higher than that df. chloropyga These data also suggest ti@t putoria is
adapted to warmer environments tf@nchloropyga(Chapter 4). Similarly, the cultures
used in this study were caught in the same locabiotiC. putoriawas most active at the
site in late summer (February/March) (34°10’28"S(213"E) and absent in early
spring (September), whil€. chloropygawas caught abundantly in September and only
in smaller numbers in February and March. Thespptrg times also support the

contention that these species are adapted toatitféemperature conditions.

The developmental thresholitem 1% ecdysis to wandering fa. chloropygaand from

1% ecdysis to eclosiofor C. putorig remained consistent throughout all developmental
events (Table 5.2; Fig. 5.2). This was expectedabbse the kinetics of metabolism is

unlikely to vary between developmental stages sedts (Sharpe and DeMichele 1977).
However,Dy for C. chloropygadid decrease by 1.98°C between the onset of warngleri

and eclosion. This might suggest that Erefor C. chloropygais closer to 10°C than the
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average of 10.92°C as the developmental thresbadatpected to drift to its true value as
the relative error in measuring duration of devetept decreases for later developmental

events (Chapter 3).

The K-values for C. chloropyga were larger than those of. putoria for all
developmental events except the onset of the wargdphase. This is to be expected
because, IfC. chloropygacan tolerate cooler climates, they would inheremied a
longer time to grow to reach each developmentatifaark (Chapter 4; Trudgill and
Perry 1994; Trudgill 1995) because the kineticeetabolism is affected by temperature
and thus would slow down in cooler climates, reiggir more time to reach a

developmental landmark (Fig. 5.1).
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Table 5.1 Mean and maximum larval length, and pupation salvivate for C.
chloropygaandC. putoriaat eight and ten different constant temperatuspeaetively.

Temperature  Species Larval length (mm) Pupation survival rate (%)
(°C) Mean  Maximum
15 C. chloropyga 12.1 16.0 79.4
C. putoria 6.8 7.4 0
17.5 C. chloropyga 13.3 16.4 93.1
C. putoria 10.7 13.2 0
20 C. chloropyga 12.9 17.0 62.5
C. putoria 12.1 16.1 100.0
22.5 C. chloropyga 13.6 17.0 93.1
C. putoria 12.3 15 80.0
25 C. chloropyga 13.5 17.0 100.0
C. putoria 12.2 15.8 100.0
27.5 C. chloropyga 13.5 16.8 92.9
C. putoria 12.5 16.4 85.7
30 C. chloropyga 13.5 16.2 71.1
C. putoria 12.9 15.5 57.1
32.5 C. chloropyga 13.4 16.8 80.5
C. putoria 134 15.2 50.0
35 C. chloropyga N/A N/A N/A
C. putoria 12.3 15.6 57.1
37.5 C. chloropyga N/A N/A N/A
C. putoria 12.8 18.7 0
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Table 5.2 Development thresholdDg) and thermal summation constank§ for five
developmental events faC. chloropygaand C. putorig calculatedusing the method
described by Ikemoto and Takai (2000).

Developmental Thermal summation R® N used N rejected
threshold Do) constantK) for from
°’C Std. Err. h°C Std. Err. analysis analysis
1% ecdysis
C. chloropyga 11.16 0.53 273.70 18.02 095 7 1
C. putoria 13.11 0.35 227.50 15.11 0.99 10 0
2" ecdysis
C. chloropyga 11.30 0.22 599.71 17.15 099 8 0
C. putoria 13.29 0.12 508.71 15.18 099 7 3
Onset of Wandering
C. chloropyga 11.86 0.60 1075.51 89.05 098 8 0
C. putoria 12.52 0.71 1251.64 10294 098 6 3
Onset of Pupariation
C. chloropyga 10.38 0.37 1999.44 79.94 099 8 0
C. putoria 13.76 0.39 1314.30 74.17 099 6 3
Eclosion
C. chloropyga 9.88 0.35 3972.71 14057 099 8 0
C. putoria 13.27 1.42 3093.13 406.51 094 6 1
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Figure 5.2 Developmental curves and reduced major axis reigresises (dotted lines)
used to determink- (the regression intercept) abg-values (the regression slope) fér 1
ecdysis, ¥ ecdysis, onset of wandering, onset of pupariat@mg eclosion ofC.
chloropyga(left column)and C. putoria (right column). Black squares indicate points
used in the regression calculations; white squamdgate points excluded from the
calculations because they are not on the linedrgbane relationship (Ikemoto and Takai
2000; Higley and Haskell 2001); dash lines repre8éfo confidence intervals.
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Chapter 6 — Thermal Physiology

Thermal ecophysiology of seven carrion-feeding

blowflies (Diptera: Calliphoridae) in South Africa

Preface

This chapter quantifies numerous larval, pupal ahat temperature thresholds for seven
forensically important blowfly species and compaitesse to developmental thresholds
calculated in previous chapters. It aims to idgntfommon trends between the
temperature thresholds of larvae, pupae and adtiltifferent speciesThis chapter has
been submitted tBntomologia Experimentalis et Appicata

Abstract

A variety of temperature thresholds for larvae,gipnd adults of seven African species
of carrion-feeding blowflies (Diptera: Calliphorielawere measured and compared to
understand their basic thermal biology and theuartice of temperature on their
behaviour.Calliphora croceipalpis(Jaennicke) had a consistently significantly lower
temperature threshold than all other species teftedall larval, pupal and adult
temperature threshold€hrysomya marginaligRobineau-Desvoidy) had significantly
higher larval and adult upper lethal temperaturegholds than all other species and
weighed significantly more than all other specfésrysomya albicep@Viedemann) and
Lucilia sericata(Meigen) had similar pupal and adult temperaturesholds, whileC.
putoria (Wiedemann) C. chloropygaWiedemann) an&€. megacephaléFabricius) had
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inconsistent rank temperature thresholds betweeihatival, pupal and adult stages. With
a few minor exceptions, female adult flies respahde higher temperature thresholds
and weighed consistently more than conspecific fiee for all species tested. These
data suggest that there is a phylogenetic compdoehie thermal biology of blowflies.
Comparisons were made between these temperat@shtids and the distributions of
blowfly species present on two rhinoceros carcaskgese comparisons suggest that
blowfly larvae with high upper lethal temperatureesholds dominate in interspecific
competition in favorable thermal environments bysirey maggot mass temperature

above the thresholds of other carrion-feeding blieaf through maggot-generated heat.

I ntroduction

Flies, in general, are seen as pests that carrngamead diseases, although only a few fit
this profile. Several of these are blowflies of laenily Calliphoridae, well known by
livestock and game farmers for their myiasis-cagissapabilities (Zumpt 1965). Two
species that have legendary reputations in thigrdegrelLucilia sericata(M.), known to
cause sheep strike (Ullyett 1950; Wall et al. 1982pChrysomya bezzian&illeneuve)

or screw-worm, which is an obligate myiasis bregd@ampt 1965). Other species, e.g.
C. putoria(Wied.) andC. megacephaldF.), are closely associated with latrines and are
know to be vectors of several enteric diseases ffamd Patterson 1952; Sulaiman et al.
1988). Not all calliphorid species are pests andesof them can be useful to man. For
example, African members of this family that breedcarrion, e.g.L. sericata C.
albiceps (Wied.), C. chloropyga(Wied.), C. marginalis(R-D.), C. megacephalaC.
putoria (Wied.) or Calliphora croceipalpis(J.), are used by forensic entomologist to
estimate time since death (Williams & Villet 200&nown as post mortem interval
(PMI) (Greenberg 1991, Catts 1992). Because blewflire ectotherms, temperature
influences much of their physiology and behaviaw enay therefore be a major limiting
factor in their ecology. Thus, the CalliphoridaeSwuth Africa have veterinary, medical
and forensic importance and it is of practical #mebretical significance to study their

biology.
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Temperature is one of the most significant envirental influences on the biology of
ectotherms like blowflies (Sharpe and de Michel&7)9It affects when and where they
are active, and the nature of that activity. Fasthreasons, this study focuses on the
thermophysiology of the larval, pupal and aduk ktages of the seven African carrion-
breeding blowfly species mentioned above. Commends may be expected between
thermal thresholds of larvae, pupae and adultsiféérent species and they may be
related to phylogeny.

M aterials and methods

Chrysomya marginalisand C. albiceps adults were obtained from a dead kudu
(Tragelaphus strepsicero$allas) and a white rhinoceroeratotherium simum
Burchell) in Kwandwe Game Reserve (33°3'S:26°26'€alliphora croceipalpisadults
were caught periodically at various indoor locasiam Grahamstown (33°17°'S:26°31'E),
and C. chloropyga C. megacephalaC. putoriaandL. sericataadults were caught on
multiple occasions, in Red top® fly traps set ughet Grahamstown municipal dump.
Flies were maintained on a diet of granulated sugék powder and watead libitum
After approximately 1 week, the flies were suppleith fresh chicken liver and within

two days the females had laid eggs.

A Physitemp MT-29/1 thermocouple (0.33mm diametanyl a Physitemp BAT 12
electronic digital thermometer were used to meaallfemperatures for all experiments.

All data were analysed in the computer programnt&tiS€ica 7'.

Rate of warming in maggots

Maggots experience a wide range of temperaturascercass due to fluctuating ambient
temperatures and maggot generated heat (Greenl®&Q Ames and Turner 2003).
Knowing the rate of warming of maggots will refledabw quickly maggots thermo-
conform to these constantly changing environmetegatperatures. This will aid in
determining accurate development temperatures ajgota in the environment, e.g.

carcass or incubator.
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Ten maggots ofc. megacephaland five each ofC. albiceps C. marginalisand C.
croceipalpiswere placed in separate Petri dishes, one maggdegie dish. Each Petri
dish was placed on ice for 5 min, after which itswaansferred to a 30°C control
environment room where the cuticle temperaturdefrhaggot was recorded every 5 sec
until it reached room temperature. A regressioa as fitted to a scatterplot of thermal
gradient versus rate of warming, to find the rdtevarming for each specimen of each
species. Significant differences of rate of warmingre tested between species using
ANOVA and Tukey’s post hoc test.

Upper lethal temperature thresholds &f Bistar maggots

Six groups of ten 3instar larvae of.. sericatawere placed in separate Petri dishes and
incubated at each of eight constant temperatuaegimg from 38°C to 59°C at intervals
of 3°C, in Labcon 3104U incubators. One Petri dists removed from each incubator
every 10 minutes for a total duration of 1 hour.rMbty was recorded at each time
interval by assessing maggots’ responses to prgddin no response was seen
immediately and after 30 minutes of recovery time@°C, death was recorded. This
procedure was replicated twice to total three oapdis and 1440 maggots, and the whole
experiment was repeated fd€a. croceipalpis, C. albiceps C. chloropyga C.

megacephalaC. putoriaandC. marginalis

Data were analysed by Analysis of Covariance, irgjatemperature treatment to

percentage mortality, treating time as a covariate.

Preferred pupariation temperatures

A Labcon WBM601 water bath was heated to within 55IC75°C and another was
cooled to within 1°C of 8°C using a Lauda ETK 30dcfinger. Eight 50 cm-long copper
troughs (3cm diameter) were placed between theaater baths, each end with a copper
leg in one of the water baths to conduct heat2fbours, which allowed a temperature

gradient (10°C - 60°C) to form along the troughkeThot water bath was covered to
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minimize evaporation. The bottoms of the coppendit were covered 1-2mm deep with
river sand (deep enough for maggots to pupate vimich was allowed to heat to

equilibrium with the temperature gradient.

In a separate experiment for each spedizs €roceipalpis, L. sericateC. albiceps C.
chloropyga C. megacephalaC. putoria and C. marginalig, 10 maggots were first
incubated at 35°C for 10 minutes and then placeddnh trough where the sand
temperature was 35°C (middle of the trough). Thedhs were then covered with tinfoll
to darken them to encourage pupariation. After thags all maggots had pupariated and
the temperature of the sand under each pupariunrecasded. The data were analysed

with a Kruskal-Wallis ANOVA and a multiple compauis test.

Thermophysiological thresholds of adult blowflies

Ten male and ten femalga. croceipalpis, L. sericateC. albiceps C. chloropygaC.
megacephalaC. putoriaandC. marginalisflies were anaesthetized on ice, after which
each immobile fly was stabbed off-centre through $ide of the mesothorax with the
thermocouple. The flies were then allowed to wapr30cm from, and directly in front
of, a Maxamatic CT 250 WATT infrared lamp. This m&d is similar to the method for
measuring body temperature of ants, cicadas, hksviind cicadas by Christian and
Morton (1992), Sanborn and Phillips (1996), Willsuf2002) and Sanborn et al. (2003),
respectively. Temperature at onset of the followsetpaviours was recorded for each fly:
twitching of mouthparts (initial movement, indigagi the onset of nervous activity),
standing (presumed onset of coordinated musclevigdti and death (cessation of
neuromuscular activity, assumed on no response pftelding). After death, the flies
were weighed to the nearest 0.1mg on an Ohaus Auhez micro-balance. The data
were analyzed in an ANCOVA with body mass as theadate, and Tukey’s HSD post-

hoc test.
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Developmental zero

Developmental zerd)) is the theoretical temperature below which depelent ceases
and can be considered as a lower temperature thde@hapter 2). Th®, of all seven
species where obtained from various studies (Fif) &d compared to the larval and
pupal temperature thresholds of this study. In taldi the D, of Ca. vicina(Robineau-
Desvoidy) andCa. vomitoria(Linnaeus) were calculated from Williams & Richards
(1984) and Davies and Ratcliffe (1994), respecyiv@l spearman’s correlation matrix
was performed on all temperature thresholds@sndf all species to identify any trends

in the thresholds of each life stage.

Field observations

Two dead white rhinoceros bulls were autopsiedavim different game reserves (Site 1 in
summer and Site 2 in autumn) and left in the f(elde bull per site). The vegetation and
climatic zones of the two sites were typical of Kmvie River Thicket vegetation of the
Eastern Cape (Mucina and Rutherford 2006). Apprakéhy one week later five ambient
shade air temperatures and five maggot mass tetnpesavere recorded from each of
the forequarters, middle and hindquarters of thieass. Temperatures were recorded at a
depth of 1cm in the maggot layer and the deptthefmbaggot layer was measured to the
nearest 5mm. Three large masses, approximatelyl® Hitres, of Z-instar maggots
(between 15,000 and 20,000 maggots), were takem éach measuring site and raised to
adulthood for identificationChrysomya albicep$arvae were collected from separate

masses on the periphery of the carcass (Fig. 6.2).

Results

Rate of warming in maggots

Ambient temperature remained fairly constant fer doration of the experiment (mean =
31.49C; s.d. = 1.07C; n = 20).Chrysomya megacephaknd C. marginalis andC.

albicepsandCa. croceipalpishad very similar mean rates of passive warming.(€i3).

A significant difference was established (F = 3.d0s 3, 16; p < 0.032) between species
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using ANOVA, but Tukey’'s and Scheffe’s post hoctdeshowed no significant

difference between any of the species.

Upper lethal temperature thresholds &f Bistar maggots

As expected, longer exposure to heat had a signifieffect on mortality for all species
(F = 82,94, df. = 1, p < 0.00Chrysomya marginaligLTso = 50.1°C) andCa.
croceipalpis (LTso = 42.9°C) had the highest and lowest upper leteahperature
thresholds respectively (Fig. 6.1) and were sigaiiily different from each other and all
other species testeducilia sericatahad the second lowest lethal temperature threshold
and differed significantly from all other speci€hrysomya putorigiffered significantly
from all other species exceft albiceps while C. megacephala, C. chloropygeadC.
albicepsdid not different significantly from one anotheidF6.1).

Preferred pupariation temperatures

There was a significant difference between thegprefl temperature of some of the
species tested ¢+ 315.46, n = 527, p < 0.00¢hrysomya putoriaand C. chloropyga
had the greatest and smallest range of preferrpdr@iion temperatures respectively,
while C. megacephalandCa. croceipalpihad the highest and lowest mean temperature
preference (Fig. 6.4). Pupariation temperature€af croceipalpisand C. chloropyga
differed significantly from one another and frorh@her species tested (p < 0.00), while
C. megacephaldiffered from all species (p < 0.00) exceépt putoria (p = 0.06). No
significant differences occurred betwe€n albicepsand C. marginalis(p = 1.00),C.
albicepsandL. sericata(p = 1.00), and.. sericataand C. marginalis(p = 0.19). The
greatest non-outlier range was 9.6a( croceipalpiy and no species pupariated higher
than 29.7°CC. megacephala

Thermophysiological thresholds of adult blowflies

With a few minor exceptions, females respondedoasistently higher temperatures for

“twitching”, “standing”, and “death” thresholds all species (Fig. 6.5). Female blowflies
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weighed consistently more than male blowflies flirspecies excep€a. croceipalpis
but were only significantly larger fa€. marginalis(Fs 126 = 8.31, p < 0.00). Hence, the

covariate (mean = 0.0604g) had no significant e¢ffeec “twitching”, “standing”, or
“death” thresholds (Fig. 6.5).

Chrysomya marginalishad the second lowest twitching and standing teatpes
thresholds but the highest lethal threshold. SiiyilaC. megacephalénad the third
lowest temperature threshold for standing but #@sd highest temperature threshold
for death.Chrysomya putorisand C. chloropygahad similar and significantly higher
temperature thresholds than all other specieshbdtn twitching and standing (Fig. 6.5)
but the & and 4" highest temperature thresholds respectively foattdewith C.
chloropyganot differing significantly from those low threskigl of L. sericataand C.
albiceps The temperature thresholds for sericataand C. albicepsdid not differ
significantly from one another for all three respes, whileCalliphora croceipalpishad
significantly lower temperature threshold for twiteg, standing and death when

compared to all other species (Fig. 6.5).

Developmental zero

Ca. croceipalpisvas the only species’ to have the same ranlOfaand all temperature
thresholds (Table 6.1), otherwise the pattern betwspeciesDos differed considerably
from the pattern of species’ larval, pupal and adeimperature thresholds (Fig. 6.1).
Similarly, only one significant correlation was falibetween ranks for ‘twitching’ and
‘standing’ thresholds (Table 6.2). Although thevidrand pupal thresholds had a strong

correlation to the adult lethal thresholds, theyengot significant (Table 6.2).

Field observations

At the site of rhinoceros 1, maggot mass tempesatuvere as high as 46.9°C and
averaged 43.0°C (std. dev. = 2.11°C) when ambmmperature averaged 30.4°C (std.
dev. = 0.13°C).Chrysomya albicepsnasses on the periphery of the carcass had a

considerably lower average temperature of 38°C (&d. = 1.59°C). The large majority
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of the maggots inside the carcass were identifee@%nstar C. marginalis while only
about 50 where identified &. megacephalaAt the site of rhinoceros 2, maggot mass
temperatures reached as high as 40.9°C and aveaa@dd2°C (std. dev. = 4.1°C) when
ambient temperature averaged 18.3°C (std. dev22C). Chrysomya albicepmasses
were again noted on the periphery of the carcad®arihe intestines and stomach which
lay approximately 1m away, and their temperaturerayed 22.3°C (std. dev. = 2.41°C).
Thousands ofC. albiceps, C. marginalis, C. megacephala, C. apgga and C.
inclinata were reared from rhinoceros 2, along with a cogblundredC. putoriaand
Lucilia species. Temperature records @f albicepsmasses on the periphery of both
carcasses had considerably lower temperaturesriaggot masses on the interiors.

Maggots were observed feeding in a saturated emwient in both carcasses, probably
comprising of blood and larval excrement. The agerdepth of the maggot layers,
which completely covered the interior of the casessand exclude@. albiceps was
2.0cm (std. dev. = 0.3; n = 15). Most commonly iik@ggot layer was only one maggot
deep, comprising of a mat of maggots protrudingp@edicularly from the carcass with
their posterior ends exposed (Fig. 6.6). In othstances, a second layer of maggots were
present crawling on top of this feeding layer (FBd).

Discussion

Rate of warming in maggots

The rate of warming of maggots was shown to beelgrqvariant within and between
the species tested (Fig. 6.3). Thermal equilibratiwith the environment was
exceptionally quick within all four species, suggesg that maggots rapidly thermo-
conform (in roughly 3 minutes from 3°C - 30°C) toveonmental temperatures. It is
likely that this result would remain true for afleies of blowfly. Their small size limits
their thermal inertia below a threshold where tloay retain any heat they generate
(Sharpe and de Michele 1977). This thermo-confgrmiteans that they cannot use
thermal inertia to thermoregulate and proves thatdnvironmental temperatures they

experience accurately reflect the temperatureshathithey are developing.
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Thermophysiological trends

Calliphora croceipalpishad a significantly lower larval temperature thidh mean
pupariation temperature, and adult temperaturestiolds than all six other species tested
(Table 6.1). SimilarlyCa. vicina(R-D.) (6.62°C (std. err. = 5.12°C)) a@h. vomitoria
(L.) (5.44°C (std. err. = 0.64°C)also had significantly loweD, values than all
temperature thresholds for athrysomyaand Lucilia species tested. This is not
surprising as the genu3alliphora is characteristically from the north temperate zmne
and is not typically (sub)tropical. They are theref adapted to cooler environments,
which is reflected in their behaviour and the dsttion of Ca. croceipalpisin South
Africa. This species reputedly breeds in small asses (Meskin 1980, 1986), e.g. bird
and rat carcasses (Prins 1982), although it has temorted from human bodies (M.W.
Mansell, pers. comm.). Small carcasses can supgustantially fewer maggots than
larger carcasses, implying a reduced capacity fagguot-generated heat production
(Goodbrod and Goff 1990). This might mean t@at croceipalpismaggots experience
lower temperatures more regularly than some otlevfly species, which is apparently
more suited to its physiological temperature thoédh (Fig. 6.1-6.3). The low
temperature thresholds f@a. croceipalpigietailed in Figs. 6.1-6.3 and Williams (2002),
are reflected in the distribution @fa. croceipalpisn South Africa, as it is one of the few
species to reside at higher altitudes (Zumpt 19%6%],is most active in the winter months
(Prins 1982; Williams 2002).

Lucilia sericatawas introduced to southern Africa from the tempee@imates of the
Palaearctic and also belongs to a predominanthatdtit genus (Harvey et al. 2003).
They too have adapted to cooler environments hsitishnot as obvious in the results of
this study as it was faCa. croceipalpigTable 6.1). There may be a strong phylogenic
component to the thermal biology of these fliesicttould explain why the temperature
thresholds ofCalliphora were vastly different to those bticilia andChrysomyal.ucilia
andChrysomyaare in the same subfamily (Chrysomyinae) and aestbre more closely
related to one another than talliphora, which is placed in another subfamily
(Calliphorinae) (Zumpt 1965; Scholtz and Holm 198&rvey et al. 2003). The genus
Chrysomyais a phylogenetically compact and recently evolgeaup (Stevens & Wall
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2001). The results show th&thrysomyaexpressed the highest thresholds for all life
stages tested, which suggests that this genusttisr [seiited for warmer climates than

Lucilia andCalliphora.

The results from the preferred pupariation tempeest and upper lethal temperature
thresholds for larvae and adults show no clearntbphysiological trend across all
species (Table 6.1 and 6.2), presumably because tthermal environments differ
considerable between life stages. These resultsiaméar to those of Sanborn et al.
(2003), who found no trend between minimum fligainperatures and shade-seeking
temperatures in 22 species of Eastern Cape Cicanlass five different biomes. Despite
this, numerous thermophysiological trends were dobetween the three life stages of
certain species: with. sericataand C. megacephalaonsistently had the lowest and
highest recorded mean temperature thresholds rtasggcbetweenl. sericata, C.
putoria andC. megacephalaC. albicepsconsistently had a lower temperature threshold
than C. megacephalaandC. chloropygaconsistently had lower temperature thresholds
than C. marginalis betweenL. sericata C. albicepsand C. marginalis for larval and
pupariation threshold only,. sericataandC. marginalisconsistently had the lowest and

highest recorded mean temperatures respectively.

Larval upper lethal temperature thresholds andrispecific competition

Surprisingly, the trends in the different spedis were dissimilar to those of the upper
lethal thresholds. These results show that somaespeparticularlyC. megacephaland

C. chloropygahave a wide temperature range between uppego land lower Do)
thermal thresholds for larvae. This is advantagdoushem as it allows both species to
develop at higher and lower temperatures relabvether blowfly species. But, perhaps
the importance in understanding thermal limitationshe microhabitats of larvae is not
with Do (which affects their distribution in the environmtg but with the upper lethal
thresholds. This is because blowfly larvae freqyefieied in large masses (Figs. 6.2 and
6.6) that produce heat as a result of metaboliovipct(Deonier 1940; Payne 1965;
Sharpe and de Michele 1977; Ames and Turner 2008refore, maggots, particularly
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those in 3 and & instar in larger carcasses, are more likely toegepce temperatures
closer to their upper lethal thresholds than tar the.

Of all the species teste@a. croceipalpisL. sericata, C. putoriandC. albicepshad the
four lowest larval upper lethal temperature thrédhoespectively. Similarly, these four
species have all adopted unique breeding stratdusitilize alternative food resources.
Calliphora croceipalpisis commonly associated with small carcasses (Me&ki80,
1986; Prins 1982)L. sericatais a facultative ectoparasite on mammals, pa#ityl
sheep (MacLoud 1943; Bauch et al. 1984; Stevend\aidti1997; Anderson and Huitson
2004) but are frequently recorded on small carcagbteskin 1980; Prins 1982Y.
putoria is most commonly associated with latrines but ralyrbreeds in faeces and
small carcasses (Hulley 1983; Laurence 1988),@ndlbicepsis a facultative predator
on other maggots (Del Bianco Faria et al. 1999;s&varger et al. 2003) and is
commonly found on the periphery of carcasses @R&). As a result, the immature stages
of these species may not experience significantymiagenerated heat on a regular basis
and thus has a reduced larval upper lethal temperétreshold when compared to other

species feeding on carrion

Chrysomya megacephala, C. chloropygad C. marginalis have adopted the more
‘conventional’ breeding strategy of carrion-breegilies and are all attracted to medium-
sized to large carcasses (Prins 1982; Braack 188dack and Retief 1986) and
experience intense interspecific and intraspeciimpetition (Ullyett 1950). Their larvae
commonly experience high temperatures from maggoerated heat and it is no surprise
that these three species have the three highesl l#pper lethal temperature thresholds.
However,C. marginalishas a significantly higher larval upper threshdidrt the other
two species. This would be advantageous when magges temperatures reach above
the thresholds off. megacephalaand C. chloropyga as illustrated in the following

example

A classical example in which the upper thermopHgsgical threshold is the determining
factor for one species prevailing over another idedense mechanism called “heat-
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balling”, employed by Asian honeybee&p{s ceranaHymenoptera: Apidaeggainst the
false waspyVespa velutingHymenoptera: Vespidaey.espa velutinas a predator oA.
ceranaand is known to kill 20-30% of bee colonies onkehant (Sakagami 1960As a
defense mechanism, numerous individual®\oteranaoverpower individual wasps by
covering them in a ball of honeybees (Matsuura®akiagami 1973). Through metabolic
heat generated by their wing muscles, the honeytiegsactively raise the temperature
within the ball (Esch 1960) above the wasp’s upledhnal threshold, resulting in the
wasp’s death (Matsuura and Sakagami 1973). Thenthfgtysiological threshold of the
honeybees is 50°C while the thermophysiology of wasps is only 46°C (Ken et al.
2005). | suggest that maggots of one species msighitarly use maggot-generated heat

to out-compete species on a limited food resource.

Ullyett (1950) suggested that albicepsC. chloropygaandLucilia sp. maggots have a
distinct advantage ove€C. marginalis when competing for food source, as total
developmental time of the latter species exceeaisadhthe above-mentioned species at
any particular temperature. HoweveE,. marginalis larvae can withstand higher
temperatures than all other species tested. If ptaggss temperatures were to exceed
the thermophysiological thresholds of all othercsgg C. marginaliswould have a
distinct advantage over those species and achiewvendnce at the food resource. It is
unlikely that this method of overcoming interspecifompetition is a species-specific
collective behavioural strategy. Instead its hapugrcould be credited to the basic

biology of each species.

The two rhinoceros carcasses provide evidenceisontbdel. At rhinoceros 1, maggot
mass temperatures reached as high as 47°C wheer#rsbade temperature was 30°C (x
0.3°C). This carcass temperature is unfavourabiel fosericata(LTso = 47.8°C) but
tolerable forC. marginalis(LTso = 50.1°C) The results show that by far the majority of
maggots collected from the carcass we€remarginalis. This clear dominance cof.
marginalis was despite the abundant diversity of adult caffeeding flies of at least
five species around the carcass. At rhinoceros &got mass temperatures reached
40°C, sufficient for all immature blowfly species thrive. The results show that vast
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numbers of maggots from at least six blowfly specwere present, including.
marginalisandL. sericata.These results are preliminary evidence that maggoerated
heat may indeed shape carcass commun(@ies/somya marginalismost commonly lays
eggs on large carcasses (Braak & Retief 1986), whight be because a large carcass
can support a large number of maggots, leadinghmlatemperature environment that
allows it to out-compete other species. Small c&ea may not assist the species to

generate such beneficially high temperatures.

Blowfly maggots may manipulate microhabitat tempam through maggot-generated
heat for two reasons. First, it promotes more rapuvth rate during a vulnerable life
stage (larval stage) (Catts 1992), which minimizgls by passing through it as quickly as
possible, and second, it can help to dominate ctimpespecies in interspecific
competition in favorable environmental conditio®oth promote the survival of the

species.

Thermophysiology of pupae

The thermal environment of pupae is very differienthat of larvae or adults. All seven
species of blowfly tested in this study leave thedf source at post-feeding and pupariate
in the soil either surrounding the food source imeally under the food source (in the
case of C. albiceps (Grassberger et al. 2003) at a depth between &r1(oil
temperatures at these depths remain fairly congi@otigh time (Charman and Murphy
2007. Because of thi®y may not be as important for understanding the therm
environment of pupae as preferred pupariation teatpees, but it is interesting to note
that the pattern i, for pupae was similar to that of larvae with theeption that pupal
Dgs had larger inherent variation. The patterns @igsred pupariation temperatures were
dissimilar to those Dy, which suggests that no clear relationship exigtsveen the
developmental temperature thresholds and prefedmdlopment temperatures of a

single life stage.
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The mean preferred pupariation temperatures rabgegeen 16.6°C(a. croceipalpi¥
and 26.1°C . megacepha)awith five of the seven species being within T5§f 25°C.
This close association of preferred pupariationp@ratures to a moderate temperature

may reflect the relatively constant temperaturethefpupal environmental in soil.

Thermophysiology of adult blowflies

Thermophysiological trends were found between fhiitg” and “walking” thresholds
for all species tested (Fig. 6.5). These data sigpatC. putoriaandC. chloropygaare
intolerant of cool conditions (below 14°C) and &kely to favor warmer areas, that
sericata, C. albicepsand C. megacephalacan tolerate a wider range of climatic
temperatures thaf. putoria and C. chloropyga(between 11°C and 50°C), th&a.
croceipalpisare able to tolerate cold areas (as low as 7.58€}hey have supposedly
adapted to cool temperate climates (as discussedepband the combination of low
“twitching”, low “walking” and significantly higherlethal thresholds than foC.

marginalismight suggest a cosmopolitan fundamental niche.

Conclusion

The thermal biology of blowfly larvae is apparentlgry important in understanding the
community structure in the micro-environment ofaacass. If environmental conditions
are favorable, species with a high thermal tolezam@ay use maggot-generated heat to

overcome interspecific competition.

Thermal biology may not only be important in undansling distribution in a micro-
environment but may also be useful in understandewgraphic distribution on a meso-
or global scale. This is evident in the low andhigant low temperature thresholds of
Lucilia andCalliphora species respectively, which are originally disitdal throughout
the cool temperate zones of the Northern Hemisphere
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Table 6.1 Rank order of temperature threshold for three dtages and, for seven
blowfly species.

Rank order

Larval Pupal Adult thresholds Mean
Species Do LTso preference  Twitching Walking Death rank
Ca. croceipalpis 7 7 7 7 7 7 7.0
L. sericata 4 6 3 3 3 4 3.8
C. chloropyga 4 2 6 1 1,2 4 3.1
C. albiceps 1 2,5 4 3 2,3 4 3.0
C. megacephala 4 2 1 3 3 1,4 2.6
C. marginalis 1 1 3,4 6 3 1 2.6
C. putoria 1 5 2 1 1 1,4 2.1
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Table 6.2 Spearman’s rank order correlation matrix. Bold elations are significant at

p <0.05.
Developmental Larval Pupal Twitching Standing
zero Threshold Threshold

Larval Threshold 0.3143

Pupal Threshold 0.0286 0.3929

Twitching -0.2943 0.1819 0.2910

Standing -0.0286 0.2143 0.0714 0.8729

Death 0.2571 0.7500 0.7500 0.2910 0.0357
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Figure 6.1 Temperature at which 50% of individuals died £)Tand corresponding
developmental zeros (temperature below which deweémt ceases) of seven blowfly
species. Vertical error bars denote 95% confidemegvals. Developmental zeros for the
following species were taken fronCa. croceipalpis(Forsyth et al. unpublished),.
sericata(Richards and Villet unpublished},. putoria(Chapter 5)C. albiceps(Chapter
4), C. megacephalé§Chapter 2)C. chloropyga(Chapter 5), an€. marginalis(Weyl et
al. unpublished).
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5

: C. albiceps ;":'

Figure 6.2 Distinct segregation betwedd. albicepsand C. marginals on a warthog
(Phacochoerus africanydPallas) carcass in the Andries Vosloo Kudu Resenvthe
Eastern Cape. Photograph by Cameron Richards.
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Figure 6.3 Mean rates of warming between four species of biowfertical bars denote
the 95% confidence intervals.
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Figure 6.4 Box and whisker plot of recorded pupariation terapge of seven blowfly
speciegepresented by the median and 25-75 percentilesnan-outlier range. Outlying
and extreme values are represented by open cicl@sstars, respectively. The y-axis
represents the temperature range that was avaitabteggots in the thermal gradients.
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Figure 6.5 Temperature of adult of seven blowfly specghree different behavioural
thresholds; twitching, standing, death. Open squegpresent females’ data and closed
squares represent males’ data. Vertical bars dén@feconfidence intervals.
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Figure 6.6 Photographs detailing structure of a typical #star maggot mass.
Photographs taken by Phillip Weyl.
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VI

The significance of temperature for the
geographic distribution of seven blowfly species
(Diptera: Calliphoridae) in South Africa

Preface

This chapter aims to determine the significanceteshperature on the geographic
distribution of seven forensically important bloigl in South Africa. The results include
maps of the predicted geographic distribution @sthflies in South Africa, based on a
suite of 11 climatic variables. This chapter hasrbgubmitted té\frican Entomology

Abstract

The hypothesis that temperature is a primary determ of the geographic distributions
of seven ectothermic blowfly species in South Adria country with very large climatic
and environmental gradients, was tested using maxirantropy models incorporating
eleven climatic variables. It is shown that moistiand particularly humidity, was in fact
usually paramountChrysomya albicepgWiedemann) andC. marginalis (Robineau-
Desvoidy) had the most widespread geographic amdatit distribution, while the
forest-associate@. inclinata(Walker) was the least widespre&alliphora croceipalpis
(Jaennicke) an€. chloropyga(Wiedemann) were the only species predicted toroatu
high altitudes.Chrysomya putorigdWiedemann) andC. megacephalgFabricius) had

very similar predicted distributions that were ries¢d mainly to Limpopo, KwaZulu-
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Natal and the coastline of the Eastern Cape. Lomdldistributions were predicted better
than widespread ones, presumably because specids exiremely widespread
distributions in the study area occupy nearly tt@l range of most predictor variables,

leaving little for the maximum entropy modeling mmed to discriminate with.

I ntroduction

Numerous members of the family Calliphoridae (Digjeare carrion-breeding flies that
have veterinary, forensic and medical importancanf{gt 1965). Some species are
myiasis breeders (Baker et al. 1968, Hall et abl120while others are known vectors of
several enteric diseases (Sulaiman et al. 198&8sdspecies are considered harmful or
detrimental to humans and human society. Otherorabreeding species may be used by
forensic entomologist to detect the postmortemsiation of corpses (Smith 1986;
Catts 1992). It is therefore essential to knowdhegraphic distribution of these flies to
focus control measures and to improve our basicenstanding of their forensic

significance.

Because blowflies are ectotherms, temperature lyeaviuences their development,

behaviour and physiology, but the influence of temagfure on their geographic

distribution is unknown. To test the hypothesist tteanperature would have a role in
shaping where species occur, | predicted the kndigtnibution of seven species using a
suite of climatic variables and a maximum entrggghhique implemented in the Maxent
3.0.2BETA (July 2007) software (Phillips et al. B)OMaxent is the only predictive

biogeography program that provides an analysishef degree of influence of each
environmental layer on the predicted distributitins also one of a few programs which
does not need absence data to build a predictivdelrand it has been advocated by
several recent publications, (Elith et al. 2006rtd@dez et al. 2006; Pearson et al 2007).

South Africa was chosen as the study area for akkeasons. First, the country has large

environmental gradients, from tropical forest tsah, from coastal forest to montane

grassland, and from summer to winter rainfall. $ecaligital maps with a 1’ resolution

CS Richards — PhD Thesis 2007 109



Chapter 7 — Geographic distribution

(about 1.6 x 1.6 km) are available for a wide am&ylimatic variables (Schulze et al.
1997). Third, despite its climatic variability, tlwuntry is sufficiently small that any
areas not represented by museum specimens cannbeyeu relatively easily. This
chapter presents maps of the predicted distribsititor seven species of carrion-
associated Calliphoridae in South Africa using ¢benputer modeling program Maxent
and comment on the climatic variables most influggcthe distribution of adult

blowflies.

M aterials and M ethods

Locality data
Locality records for seven different species oflighbrids were initially collected from

three different sources: personal contacts (listetle Acknowledgements) (presence and
absence data); literature searches (Baker et &@; 1RP&terson 1968; Braack and Retief
1986; Braack 1991; Louw and van der Linde 1993;lisils and Villet 2006) (presence
data only); and museum records compiled from thiéecitons of the South African
Museum (Cape Town); Rhodes University (GrahamstpwAlbany Museum
(Grahamstown); Durban Natural Sciences Museum (@ycb Natal Museum
(Pietermaritzburg); Kruger National Park Museum ul8kza); and Onderstepoort

Veterinary Institute (Pretoria).

After collecting and combining these data, fivédigips were designed to collect data in
areas with few or no locality records. Red-top® fitgps (Miller Methods, Ltd.) were
used to catch blowflies on all field trips. Theyresenodified by making a horizontal cut
in the base of the trap. Half-litre jars containiitpg of fresh chicken liver were attached
to the trap at the horizontal cut with a 10x10crazgamesh placed between the trap and
the opening of the bottle. This allowed the fliedetect the odour of the liver and enter
the trap but prevented them from becoming fouledhm liver, making them easier to
handle and identify. One modified fly trap was eetry 50km along the survey route and
left for no fewer than 4 days. Blowflies were atsilected from any dead animals found
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between traps. Field trips were conducted in adlseas excepting winter to optimize
trapping and to account for any possible seasomadls (Braack and De Vos 1987).

The area between Ixopo (KwaZulu-Natal) and Sani bBopder post (Lesotho) was

chosen for a survey of altitudinal distribution fiovo reasons; 1) it is one of the few
places in South Africa with access to high altijdend 2) all species of interest occur in
this region. Four modified traps, placed approxehatlOOm apart, were set at each of
eight sites, separated by 300m altitude, startingaopo (900m a.s.l.) and ending at Sani
Top border post (3000m a.s.l.), during January620@aps were collected after five days
and the contents was identified and counted.

Climatic variables
Eleven climatic predictor variables were selectd@b{e 7.1). Digital maps of the

variables for South Africa, developed by Schulze aét (1997), were created by
interpolating from point data obtained from a netwof weather stations distributed
throughout South Africa and averaged over 10 ydarproduce continuous digital maps
(or ‘layers’) at a resolution of 60 pixels per degr(Schulze et al. 1997). Each climatic
variable was originally represented by a map farhemonth, a total of 72 layers. To
reduce the dimensionality of the climatic data &etrationalize computing effort,
principal component analyses (PCA) were perfornfaietwelve monthly maps of each
variable, and the factor scores for the first twimgiple components were kept, resulting
in two summary layers for each variable (Table .7The first variable (PCA axis 1)
represented the magnitude of the climatic variaklbile the second (PCA axis 2)
represented seasonal variation in the same variabéeresulting layers were the same as
those employed by Robertson et al. (2001, 20034200

Statistical analysis
Maps of distributions in South Africa were constaet using “Maxent” version 3.0.2-

BETA (July 2007) (downloadable froimttp://www.cs.princeton.edu/~schapire/maxgnt/

eleven climate variables (Table 7.1 ) and the localata for Chrysomya albiceps
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(Wied.), C. marginalis(R-D.), C. megacephala, C. putori@Vied.), C. chloropyga
(Wied.), C. inclinata(Wa.), andCalliphora croceipalpigJaen.).

Maxent uses only presence data and a maximum entnogthod for predicting
geographic distribution. It estimates the probapfiistribution that is closest to uniform,
or most spread out (maximum entropy), subject éodbnstraint that the expected value
of each environmental variable matches the avervalyees for the set of locality records
taken from the target distribution (Phillips et 2006).

Phillips et al (2006) list three implicit ecologia@ssumptions in the set of environmental
variables used for modeling which the user shoukktnfor the most representative
predictions. First, “temporal correspondence shaxi$t between occurrence localities
and environmental variables”. Locality records usethe analyses were no older than 50
years, which is within the temporal precision of @tlimate variables used in this study
(Hijmans and Graham 2006). Second, “the variablesulsl affect the species’
distribution at the relevant scales”. The variahleed in this study include fundamental
climatic descriptors that are appropriate to eewotis at global and meso-scale (Mackey
and Lindenmayer 2001, Robertson et al. 2003), winsclkelative to the region under
study. Since the species are generalist feedarsloh@ot occur throughout the study area,
it is likely that climate will shape their distribans more than food or breeding resources
at this scale. Third, “the choice of variables $e fior modeling also affects the degree to
which the model generalizes to regions outside dtugly area”. Because the entire
modeling area had been surveyed, this study wasecoed with interpolation within the

study area rather than extrapolation outside ithsorequirement is not violated.

Default parameters of Maxent were employed for ‘tegularization multiplier’ (1),
‘maximum iterations” (500), ‘convergence thresho(@:00001) and ‘maximum number
of background points’ (10000), with accumulativepaui type to construct the predictive
distribution maps. Additionally, random seed analy@nd a random test proportion of
20%, instead of the default 0%, were used. Thisninteat 20% of all data points were
reserved from building the predictive models arsteaad were used to measure predictive
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success. These data are termed ‘test’ data, wihdledata used to build the model are
termed “training” data (Pearson et al. 2007). Jaifkkanalyses and response curves (area
under curve (AUC)) for each species were also coosd using Maxent. Detailed
descriptions of these two analyses are describ@ganson et al (2007). Jackknife is used
to identify the most influential predictive varial$) and to assess the predictive success
of the model. This is achieved by removing one atimvariable and making a prediction
from the remaining data set, until each variable lbeen tested. The change in fit of the
prediction is a measure of the influence of thettadivariable. Default Maxent jackknife
procedures are performed on training data, test datt AUC values. Results in this
paper focus on jackknife validations of AUC valwedy. The AUC is commonly used as

a measure of models’ overall performance with v@lagemmonly ranging from 0.50
(random) to 1.00 (perfect discrimination) (Hernanéé¢ al. 2006). Values below 0.50 are
considered to be worse than random and the preelictisult is ignored. Other measures
of predictive success are available (Fielding aetd B997), but | have used AUC simply

because it is built in to the Maxent software paeka

Results and Discussion

Locality records
The final data set included 66 species records #éntocalities from the literature, 60

species records from 24 localities from personatacts, 427 species records from 214
localities for the five field trips, and 615 speciecords from 336 localities for the seven
museum and university collections, a total of 15p&cies records from 512 different
localities in South Africa (Fig. 7.1, Table 7.2)hi$ was sufficient to cover all climatic

zones in the country although sampling effort watsegual in each zone.

Climatic variables
Before computer-based predictive biogeography @amognes were available, numerous

authors (Smit and du Plessis 1926; Ullyett 1950mgu1956, 1965; Pont 1980; Prins
1982) made anecdotal statements about blowfly ibligion without mention of any

specific environmental variable. Because blowfles ectotherms, temperature strongly
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influences their physiology and development (Higleyd Haskell 2001; Ames and
Turner 2003). It was therefore assumed that tenymeravould be the environmental
variable most influencing geographic distributiohbbowflies. However, the jackknife
validations indicate that the variables of leastrail influence on blowfly distribution
were maximum temperature, minimum temperature,smasgonal variation in humidity,
with respective mean ranks of 8.1, 7.6 and 8.2bat (Table 7.3).

The jackknife validations also indicated that firspecies, the climate variables relating
to moisture e.g. humidity and evaporation, had mielleence on distribution than other
variables (Table 7.3). More specifically, the amoirelative humidity had a mean rank
of 2.3 out of 11, and for four of the seven spebieidity (Humd1l) had the largest AUC
value, while the remaining three species had huynids their 2, 4" and ' most
influential variable, respectively (Table 7.3). Ti@enaining climatic variables had means
ranks of about 5-6 out of 11, and larger standadations in rank than amount of
humidity, indicating less consistency in their raflhese patterns became even more
polarized if the analysis omitte@l. albicepsandC. marginalis these species had slightly

atypical, relatively poorly fitted models for reasadiscussed at the end of this paper.

Basic feeding behaviour of blowfly larvae in a @amr environment often results in
maggots occupying a saturated microhabitat, andhiier reason studies involving the
immature stages of development mostly ignore mmstontent, but authors often report
ambient humidity for studies involving adult fli¢al-Misned 2001;Grassberger et al.
2003; Anderson 2004; Clark et al. 2006). Adult blee® more readily die from even a
brief absence of water than from extended cold tatpres (6-9°C) (personal
observations). Clearly, water loss is more inflisdrthan temperature. Humidity is also
probably more of a limiting factor to egg developrthan temperature, as blowfly eggs
desiccate easily and blowflies generally lay eggsaceas of a carcass that are very
sheltered, especially crevices, body orifices amttions between the ground and body
(personal observations). These observations therefapport the primacy of humidity
over temperature and offer two physiological medran in different life stages to

explain it.
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Individual species’ predictions
There is very little literature available on theogeaphic distribution of these flies in

South Africa and what is available is either an¢alddragmentary or outdated (Smit and
du Plessis 1926; Ullyett 1950; Zumpt 1956, 1965ntPO80; Prins 1982). The most
recent publication on this topic is by Williams avidlet (2006), who provide a detailed
account of locality records for two invasive cdilgids, C. megacephalgF.) and

Calliphora vicina(Meigen). Although this is a comprehensive pagesccounts for only

two species and provides limited insight into thaeptial geographic distribution of
these two species, which are apparently still spngathrough the country. The
predictions in this chapter provide both detailedps and insight into the biology of

seven blowfly species.

C. albiceps and C. marginalis. These two speciesad the widest predicted geographic
and climatic distributions of all seven blowfly sjes tested and it is likely that they can
be found in almost all parts of South Africa expeacareas of high altitude (Fig. 7.2). The
results from the altitude survey support theseirfigsl and imply that both species may
occur only as high as 2400m but are most commoomb&B00m (Fig. 7.3). Jackknife

validations for both species show that no singimaiic variable to be identified as most
influential on the geographic distribution of bditowfly species as jackknife validation

values for all climate variables were between @A8 0.62 for both species (Table 7.3).
Together with this, 8 and 10 of the 11 variabledded an AUC value within 0.04 of one

another forC. marginalisandC. albicepsrespectively.

C. putoria. This speciess commonly referred to as the “tropical latrinewfly” for its
originally tropical distribution throughout the deal, eastern and southern African
countries (Table 7.4) and Neotropical countriesiftuaes et al. 1978, Baumgartner and
Greenberg 1984, Laurence 1988, Rognes and Pate@@®), and for its renowned
feeding and breeding behaviours around faeces amiohds (Laurence 1981, 1988;
Braack 1991, Wells et al 2004). It was introduaeit iISouthern Brazil during the 1970s
(Guimaraes et al. 1978) and has since spread tiodhgh the tropical regions of South
and Central America (Wells et al 2004, Rognes aai@rBon 2005). The data from the
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jackknife validations suggest that the climate afales of most influence on the
distribution ofC. putoriaare degree of humidity, variation in maximum tenapere, and

amount of rainfall (Table 7.3). These three vameabbescribe a warm, moist, wet
environment that is characteristic of tropical eomments and therefore validates its

common name of “tropical latrine blowfly”.

The predicted distribution o€. putoriain South Africa is mainly along the eastern
coastline of South Africa, Mpumalanga and the @miarts of Limpopo province (Fig.
7.2). The Drakensberg mountain range appears tasaet natural barrier to the inland
spread ofC. putorig probably because it plays a major role in creaéirgin shadow in
the interior of South Africa. The fact that few sy@s were recorded in the altitude survey
(Fig. 7.3) suggests that this species prefers avbémv altitudes (below 1200m). This
predicted distribution is supported by a high AU&ue for both training (0.92) and test
(0.91) data, indicating a good fit.

C. megacephala. This is another latrine fly that has a wide disttibn in the Oriental and
Australasian regions (Bohart and Gressitt 1951 e®dndara 1957; Zumpt 1965; Khole
1979; Levot et al. 1979; O’'Flynn 1983; Nishida 1984shida et al. 1986; Wells and
Kurahashi 1994). Its distribution in Africa is neell documented and only two studies
on the African variety has been published, from fEgiGabre et al. 2005) and South
Africa (Williams and Villet 2006), while Zumpt (19§ mentions records on islands off
the east coast of Africa, including Madagascar,riR#uand Mauritius. There are only
four other African locality records, from four dgffent countries, in the data for this study
(Table 7.5), which illustrates the lack of undemsliag of the distribution ofC.
megacephalan Africa. Furthermore, the 285 collecting events €. megacephala
revealed only 38 specimens at 35 different loeaith the whole of South Africa (Table
7.2). This might suggest th&. megacephalaloes not occur in abundance in South
Africa and that its distribution might be more exd&ve than predicted simply due to the
lack of locality records, which are unevenly distiied throughout the country (i.e.
weighted in the north eastern and eastern provin&milarly, it is possible thaC.
megacephalahas not spread to the limits of its tolerance amak their geographic
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distribution may continue to expand (Williams andlléf 2006). The evident low
abundance of this species calls into question theerece ofC. megacephalan the
altitude survey. Absences can be explained by faremeasons than presences (Fielding
& Bell 1997; Robertson et al. 2003), and is therefdifficult to draw any conclusions
about the limits of their distribution in this redgFig. 7.3).

Chrysomya megacephaltes a very similar geographic distributionGo putorig with a
predominant occurrence along the eastern coastMpmalanga and Limpopo but
extends into the Northern Free State, and alongitiee coastline of the Western Cape
(Fig. 7.2). Zumpt (1965) noted that the distribatiof C. megacephalan Australia
extended along much of the east coast, as far smtBateman’s Bay, but was not
recorded at any distance from the coast. A sintiland of geographic distribution is
evident in the results of this study with a largegmrtion of its geographic distribution
occurring along the coastlines of South Africa. Hudity (magnitude) was the most
influential environmental variable on the geograpdistribution of C. megacephala
(Table 7.3). Humidity is essentially the amounta@iter vapor present in the atmosphere
and is measured as a proportion relative to thamax quantity of water vapor that the
atmosphere can support (Fellows 1985). This is ddrrirelative humidity’ and is
expressed as a percentage. Relative humidity ectaff in one of two ways: (1) a
decrease in ambient temperature causes an indreedative humidity, even though the
amount of water vapor in the atmosphere remainstaaty and (2) the presence of a
large water surface increases relative humiditypugh evaporation (Strahler 1975).
Therefore, relative humidity is often highest alarwastlines due evaporation from the
ocean. This explains wh@. megacephalé found along the coastlines of Australia and

now South Africa and not at any distance from thast.

C. inclinata. This fly inhabits dense, forest-like vegetation, as trappimg species is
always most successful in these habitats. Thistrengly reflected in its predicted
distribution and its absence in the altitude survElge geographic distribution .
inclinata was most influenced by degree of humidity (Tabl®) And is therefore highly
unlikely to occur in Gauteng, Northwest, Free Statd Northern Cape provinces (Fig.
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7.2). Furthermore, it is mostly absent from the Wes Cape where it is entirely
restricted to the eastern coastline, north of MoBsg (34°10'28"S:22°05'13"E). The
distribution expands into the Eastern Cape limitedreas within approximately 80km of
the east coast. The distribution further expantts kiwaZulu-Natal, resisted to areas east
of Pietermaritzburg in the south and Vryheid in tl@th, and may continue along the
east coast well into Mozambique, as far north &sofgta (Zumpt 1965).

Ca. croceipalpis. Zumpt (1965) states th&a. croceipalpis‘is a common fly in South
Africa, but in tropical parts is probably restridteo higher altitudes”. Maxent predicted
that Ca. croceipalpisdoes not have as wide a distributionGasalbiceps, C. marginalis,
or C. chloropygaFig. 7.2) and is certainly more common at aredsigtier altitude. This
is strengthened by the fact that the oBl. croceipalpisspecimen caught in the altitude
survey was at the highest altitude (3000m). ItriBkely thatCa. croceipalpisoccurs on
the coastline of KwaZulu-Natal and it appears to Ibeited to areas west of
Pietermaritzburg (788'S:3026'E) (> 640m altitude). Unfortunately the altitudervey
could not confirm this as | did not trap at altésdiower than 900m. The most northern
point thatCa. croceipalpisis likely to occur on the eastern coastline is FRirtJohns
(31'37'S:2932’E) in the Eastern Cape. Furthermore, and itigéliz unlikely thatCa.
croceipalpis will occur north or east of Umfuli (KwaZulu-Nata(2850'S:3G28'E)
except in the northern Drakensberg mountai@alliphora croceipalpisis prevalent
throughout Gauteng, Eastern Cape, and Western @Gegheding the rainforests of
Nature’s Valley (3369'S:2333’E) and Tsitsikamma National Park {84'S:2352E). It

is largely absent from the Northern Cape (limitedtlhe Cederberg mountains only),
Northwest Province (limited to the border of Gagfer.impopo (limited to the northern
Drakensberg), Mpumalanga (limited to the northemakensberg), and the Free State
(limited to the Lesotho border) (Fig. 7.2).

Of the 169Ca. croceipalpigecords used in this analysis, 118 (70%) of thoseewaught

from July to October, which supports Prins’s (1988)ling that this species is “more

active during the winter months and early spring”.
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Calliphora croceipalpisandC. chloropygaare the only species in which *humidity’ was
not listed as one of the top three most influendi@natic variables.Similarly, both
species are the only species to be most affectedvhporation and least affected by
seasonal variation in minimum temperature (Tal®3. Calliphora croceipalpishas been
referred to as a cold-adapted species (Zumpt 1B6Bs 1982) and the results from this
study show that it resides at higher altitudesaaotB Africa (Fig. 7.2 and 3).

C. chloropyga. It is evident thatC. chloropygahas a much wider distribution th&a.
croceipalpisin South Africa (Fig. 7.2). This species does ratolur hot and very dry
climates e.g. the Kalahari. It is found throughdtauteng, Mpumalanga, Kwa-Zulu
Natal, Eastern Cape and Western Cape, and throughmat of the Northwest Province
and the Free State. It is limited to the eastethsamuthern areas of the Northern Cape and

the southern area of Limpopo.

The predicted distribution map fd€. chloropygasuggests a distribution at higher
altitudes. The results from the altitude surveypsupthese findings a€. chloropyga
was the only species to reside at all altitudesveaislthe most common species trapped at
altitudes higher than 2400m (Fig. 7.3). This mighply that C. chloropygais able to
tolerate cooler climates than otl@nrysomyaspecies

Predictive success of Maxent
Computer modeling programs such as Bioclim (Nix @)9&@omain (Carpenter et al.

1993), FloraMap (Jones and Gladkov 1999), GARP ci&tell and Peters 1999) and
Maxent, have been used extensively to map predictistributions of many animal and
plant species, but no author has used these pregammodel blowfly distribution in
South Africa. | did not compare Maxent with otheftaare, but did notice that Maxent
performs better for some species than for oti@hsysomya albicepandC. marginalis
were shown to have extremely widespread distrilbgtiomn the study area, and therefore
occupy nearly the whole range of most predictoraldes. This seems to have challenged
the predictive power of the maximum entropy modellmethod as both species had the

two lowest AUC values for training and test datal{lE 7.3). But, species with a
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localized geographic distribution had the highektCAvalue for both training and test
data, implying nearly perfect models. It seems Makent is most capable in predicting
geographic distribution for species with limitedh@htic distributions and that prediction
for species with widespread climatic distributiare less successful. These conclusions
support the findings of other studies (Stockwell &®terson 2002; Segurado and Araujo
2004; Hernandez et al. 2006; Pearson et al. 2007).

Stockwell and Peterson (2002) and Hernandez €2@D6) explain that different habitat
preferences of sub-populations within a speciewidespread geographic and climatic
distribution exist as a distinct climatic range ahdt when the species is modeled as a
whole, the resulting distribution is an overestienat the species’ realized niche. This
results in the prediction appearing more random that. Therefore, adaptation by local
populations to surrounding environments may deerdhse accuracy of the predictive
model. Evidence of such local adaptation has beend in the developmental ecology of

C. albicepqChapter 4), lending support to this explanation.
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Table 7.1 Climate variables used for building predicted gapgic distribution maps.

Variables Abbreviations Predictor variable

Minimum Mintl Component axis 1 (magnitude of temperatufe) o
Temperature 1 PCA on 12-monthly minimum temperature surfaces
Minimum Mint2 Component axis 2 (amplitude of temperature

Temperature 2

Maximum Maxtl
Temperature 1
Maximum Maxt2

Temperature 2

Rainfall 1 Rain1l
Rainfall 2 Rain2
Relative Humd1
Humidity 1

Relative Humd2
Humidity 2

Frost Frost

Evaporation 1 Evapl

Evaporation 2 Evap2

fluctuations) of a PCA on 12-monthly minimum
temperature surfaces

Component axis 1 (magnitude of temperatufr@) o
PCA on 12-monthly maximum temperature surfaces
Component axis 2 (amplitude of temperature
fluctuations) of a PCA on 12-monthly maximum
temperature surfaces

Component axis 1 (magnitude afifil) of a PCA on
12-monthly rainfall surfaces

Component axis 2 (season of rd)ndha PCA on 12-
monthly rainfall surfaces

Component axis 1 (magnitude of humidity) &fGA
on 12-monthly humidity surfaces

Component axis 2 (seasonal variation in hity)idf
a PCA on 12-monthly humidity surfaces

Number of days with frost

Component axis 1 (magnitudevaporation) of a
PCA on 12-monthly evaporation surfaces

Component axis 2 (seasonati@miin evaporation)
of a PCA on 12-monthly evaporation surfaces
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Table 7.2 Number of specimens and locality records colleaed used to construct
distribution maps for seven species of Calliphaida

Species # of Specimens # of locality records
C. albiceps 292 261

C. chloropyga 275 256

C. putoria 111 101

C. inclinata 40 39

C. marginalis 254 227

C. megacephala 38 35

Ca. croceipalpis 165 141

CS Richards — PhD Thesis 2007 127



Chapter 7 — Geographic distribution

Table 7.3 AUC values for whole models and Jackknife validagidor individual climate variables used to predie distributions of
seven species of Calliphoridae. AUC values indighte quality of the predicted distribution map, lehihe Jackknifed models
identify the environmental variable(s) most infltiehon the predicted distribution of each speciésues nearest to 1.00 represent a
perfect validation; those near 0.5 represent aaanét. The predictor variables are arranged by mek across all species.
Numbers in bold correspond to variables of moduerice in a particular species while numbers ilicgacorrespond to variables of
least influence.

Rank AUC
Mean S.D. C. albiceps C.chloropyga C.inclinata C. marginalis C. megacephala C. putoria Ca. croceipalpis

Whole model

Training data 0.77 0.85 0.98 0.79 0.90 0.92 0.92
Test data 0.55 0.81 0.97 0.71 0.75 0.91 0.89
Variables

Humd1l 2.3 1.6 0.51 0.67 0.96 0.62 0.83 0.86 0.77
Evapl 4.7 35 0.49 0.72 0.91 0.48 0.82 0.78 0.83
Rain2 5.2 3.3 0.50 0.71 0.92 0.58 0.59 0.81 0.75
Maxt2 54 2.2 0.43 0.62 0.96 0.60 0.72 0.85 0.74
Frost 5.6 3.2 0.49 0.59 0.95 0.61 0.80 0.77 0.71
Evap2 5.8 2.8 0.49 0.73 0.86 0.62 0.52 0.66 0.76
Rainl 5.9 3.1 0.52 0.60 0.93 0.54 0.70 0.81 0.68
Mint2 6.6 35 0.47 0.68 0.88 0.50 0.74 0.75 0.80
Mintl 7.6 3.0 0.49 0.50 0.89 0.60 0.68 0.76 0.55
Maxtl 8.1 25 0.48 0.66 0.62 0.59 0.46 0.61 0.79
Humd2 8.9 1.9 0.49 0.60 0.80 0.59 0.39 0.64 0.65
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Table 7.4 Locality records ofC. putoriain Africa, excluding South Africa.

Country Collection/ Reference

Botswana Albany Museum, Rhodes University, Patel€8, Rognes and Paterson 2005
Cameroon Natal Museum, Paterson 1968, Rognes dacs&a 2005
Democratic Republic of the Congo  Paterson 1968nRegnd Paterson 2005

Eritrea Paterson 1968

Ethiopia Zumpt 1965

Gambia Natal Museum, Rognes and Paterson 2005

Ghana Natal Museum, Paterson 1968, Rognes and&a2005
Kenya Natal Museum, Rhodes University, Rognes atdrBon 2005
Liberia Paterson 1968, Laurence 1988

Madagascar Natal Museum, Rognes and Paterson 2005

Malawi Natal Museum

Mauritius Natal Museum, Rognes and Paterson 2005

Mozambique South African Museum, Paterson 1968

Namibia South African Museum, Kurahashi and Kirki§gs 2006
Nigeria Paterson 1968

Senegal Paterson 1968, Rognes and Paterson 2005

Sierra Leone Paterson 1968, Rognes and Patersén 200

Sudan Paterson 1968

Swaziland Rognes and Paterson 2005

Tanzania Laurence 1988, Paterson 1968, Rognesaasén 2005
Uganda Natal Museum, Rognes and Paterson 2005

Zambia Albany Museum, Rhodes University, RognesReterson 2005
Zimbabwe Albany Museum, Natal Museum, Rhodes Usiter
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Table 7.5 Locality records ofC. megacephala Africa, excluding South Africa.

Country Locality Date Collector Collection

Cote d'lvoire  Abidjan 21 April 1989  J.G.H. Londt fdbMuseum
Kenya Sigor 31 Jan 1973 I. Bampton Natal Museum
Zimbabwe Harare 12 Dec 2000 N. Lunt Rhodes Unitxersi
Zambia Kitwe 18 July 2001 N. Mkize Rhodes Universit
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Degrees East

16 21 26 31

Degrees South

Figure 7.1 Distribution of all locality records used in ttggidy for all species tested.
Closed squares represents data collected on fipkl(fis described in the text) and open
squares represents data obtained from museurnmatdite or personal contacts.
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C. albiceps A C. chloropyga

C. inclinata

Figure 7.2 continued
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C. megacephala C. putoria

Figure 7.2 Maximum entropy modelling results of predictivetdizution maps for seven
blowfly species. Open (white) squares represenhitrg data and closed (lavender)
squares represent test data. The colour schemaobnneap represents the probability of
blowfly distribution ranging from dark blue (mostlikely to occur) to red (most likely to
occur).
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C. putoria

C. marginalis
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Figure 7.3 Altitudinal distribution profiles of four species blowfly.
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VI

General Discussion

Preface

The aims of this thesis (listed in chapter 1) dsewksed in corresponding order in each
subsequent chapter. The aim of this chapter i®tolense these conclusions and discuss
some applications in future research.

Because minimum PMI estimates are based on theulaatn of growth rate or

development of immature insects, much of the facetigerature focuses on factors
influencing development (Grassberger and Reiterl2@D02; Greenberg and Kunish
2002; Kaneshrajah and Turner 2004; Clarke et #6208 abity et al. 2006, 2007). These
include effects of drugs and toxins (reviewed bympabasso et al. 2004), maggot-
generated heat (Turner and Howard 1992; Slone ande®2007), nocturnal oviposition

(Greenberg 1990a), diet (Clarke et al. 2006; Irtland Turner 2006), and ambient site
temperature and weather station data correlatiooh@ 2004), etc. Furthermore, recent
work has focused on the analysis of developmera dath as the regression model
described by Ikemoto and Takai (2000) to try toitlithe error derived in development
models. Limited attention has been given to mettioddevelopment data collection and

for this reason the bulk of this thesis has focurdtat direction.

To improve the accuracy and precision of an esemétis imperative to quantify
biological variation (which can be conceptualizedearor in the organism), and the error

in basic data collection and summary, to resolsagle, reliable approach that yields the
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least error. With such an approach, it will alsokmaomparing data sets more reliable.
The following conclusions drawn from this thesi€ude on error in basic development
data collection and summary and will aid in desogbsuch an approach for forensic

entomology.

Because the most common development model usediltwlate minimum PMI is
thermal summation (Higley and Haskell 2001), thppraach will be described in that

forensic context.

Refining thermal summation constants

It is important to rear immature stages at as widemperature range as possible, within
the developmental temperature extremes (Chaptexd24g to increase accuracy of the
thermal summation constanK)( and developmental zerd{§) (Chapter 2). This is
particularly important when deriving andDo from fewer than six temperatures, which is
not recommended (Chapter 2). However, the reldtipnisetween development rate and
temperature is generally sigmoidal, and temperatubove the upper and lower
developmental threshold are left out of the lineagression, resulting in a loss of
development temperatures in the regression. Todawesing such data, authors should
identify the upper and lower developmental thredhail the species they are working
with. The calculated, for Chrysomyaspecies in South Africa is between 10°C and
14°C (Chapter 2, 4, 5, and 6). Becalgés a lower developmental threshold, | suggest a
slightly higher temperature, such as 15°C, be ased minimum temperature threshold.
This threshold would presumably be lower foicilia andCalliphora species (Chapter 6)
as well aChrysomyagpopulations residing at higher latitudes (> 45%h&@ter 4).

The upper developmental threshold féinrysomyaspecies in South Africa is between
27.5°C and 32.5°C (Chapter 2, 4 and 5), limitingpeximental temperature range to
between 15°C and 32.5°C for thermal summation nsod8ut, because carcass
temperatures have been recorded above 40°C (Chapteeonier 1940; Payne 1965;
Greenberg 1990b, 1991), which is not on the lirpsat of the summation graph, rearing
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maggots at higher temperatures is encouraged (€h&ptRearing larvae at these high
temperatures is particularly important when corgding isomorphen and isomegalen
diagrams as development become significantly alteat these temperatures, which
prevents accurate interpolation of results in tl@rsummation models. Similarly, this

threshold would be lower fdrucilia andCalliphora species (Chapter 6) and presumably
for Chrysomygopulations residing at higher latitudes (> 45°Chdpter 4).

The precision of the estimate of age accountindefomperature is affected by the number
of constant temperatures used in the regressidgsasma@and minimal regression models
use no fewer than six points along the linear eactf the relationship (lkemoto and
Takai 2000; Sokal and Rohlf 2005). Therefore, otiee upper and lower temperature
extremes have been identified (as described abdves),important to rear developing
stages at at least four additional temperaturesjaal intervals between those extremes,
bringing the minimum total number of temperaturasgdito six (lkemoto and Takai
2000). It is not important that absolute tempeegure standardized between studies to
allow for reliable comparisons, because differeppuylation of the same species possess
different developmental temperature optimums anttemes (Chapter 4), but it is
important that each study uses a minimum of sixpemaures. This minimum will

provide an acceptable error to allow for relialdenparisons (Chapter 3).

It is important to use identical experimental melhéor development data collected from
all temperatures to standardize precision betweemperatures (Chapter 3). Rearing
media, sample size, temporal sampling resolutiod,summary statistics, some of which
influence the precision and accuracy of the truatilon of development (Chapter 3) and
all of them compromise comparisons between diffestidies (Chapter 2). Perhaps the
most important point is that all of them can beexpentally or statistically controlled

(discussed below).
Rearing media are of particular importance wheautating minimum PMI from feeding

stages of development, as different rearing media ltave a significant effect on the

duration of development at these stages (Kaneshiaja Turner 2004; Clarke et al.
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2006; Ireland and Turner 2006). Although this topias not dealt with directly in this
thesis, we can make some recommendations for mmirRMI estimates and future
studies. Liver is the most frequently used mediandevelopment studies (Nabity et al.
2007), which offers a potential standard betweenliss and gives reason for future
studies to use liver. But immature stages develgpifgcantly slower on liver in the
feeding stages than on heart, lungs, kidney ombgdaneshrajah and Turner 2004),
presumably because the liver is a detoxifying orgad therefore may house toxins or
enzymes that alter larval development. Generall§i €timates are made from maggots
taken from more than one source on the body asdikely that each source will provide
a different dietary medium. It is also unlikely tharvae will feed on a single tissue on a
cadaver to reach post-feeding stages due to thd cammsumption rate of gregarious
larval masses (personal observation). The dietagianused to obtain development data
in the laboratory should preferably match the dietmedia of the larvae (i.e. off the
cadaver) used to make the estimate during the rigesiages of development (Byrd
2001). Then, perhaps the most comparable mediadwmila mixture of organs. Future
work could determine the diet of particular larvahsses on cadavers, including the
migratory behaviour of larvae, and assess therdifiee between development rate of
organs and a mixture of organs. It is importanteéamember that estimates made from

post-feeding larvae can use development data @atdiom any diet media (Chapter 4).

Once a diet medium had been decided, the sam@getsimporal sampling resolution and
summary statistics should be chosen. Whether ttitmauses the temperature/rate graph
or the improved method described by Ikemoto andailré000) (discussed in Chapter 2),
“time” is a common variable in both models. Forstineason, time and the number of
sampling points are the only variables that wifluance the precision and accuracy of
the regression (Chapter 3; lkemoto and Takai 2088ajnple size will not influence the
regression model as much as temporal samplingutssolbecause sample size is not a
direct estimator of time (Chapter 3), but rathevasiable within each sampling event.
Therefore, to increase the precision of thend Dy values, and subsequent minimum
PMI estimates, it is more important to sample fesgly using fewer samples than to
sample less frequently using more samples. A weagdrror of about 10% in the
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resolution of temporal sampling of the total depat@nt time for each event is an
optimal trade-off between effort and accuracy (Rrds et al. 2007) because it represents
an improvement in precision of an order of magretutb improve a further order of

magnitude would generally be logistically intradeab

Data acquired for each developmental event at tawperature will then be summarized
into a single point and plotted. As long as the geral sampling resolution is high

enough € 10% relative error), the different summary stats{minimum, mean, etc) will

not differ enough to compromise comparisons betweata sets. Having said that,
median data are the most representative measute afuration of development when
analyzing both symmetrical and skewed data, as &neythe most statistically robust to
the effects of outlying values, and would provitle most reliable routine summary data

for estimatingk andDy.

Amendt et al. (2007) recommended that when devedopah constants for a particular
species were not available, they could be appraeiday the constants of congeneric
species. It is clear from Chapter 5 that even i&tes species this is not necessarily wise,
while the results in Chapter 4 show that even cecifips from different areas may show
phenotypic plasticity that will confound forensicadyses. Phenotypic plasticity in
blowfly thermobiology is an important adaptive tran all developmental stages that
promotes survival in the changing environment. Haave the limits of phenotypic
plasticity appear to be governed by genetics, whidp to define a species’ fundamental
niche. Inevitably, plasticity will have implicatisnon the accuracy of minimum PMI
estimates. Because blowflies are highly mobile (8vahd Lamotte 2001; Harvey et al.
2003), groups of individuals of one population ecbakperience different climates to one
another, and potentially express different therthedsholds (Ayrinhac et al. 2004). This
would certainly have an effect on a minimum PMlireate, for example, a single
population may have differerdos for summer and winter. Similarly, the results of
Chapter 4 suggest that an increase of 5° in laitedults in a decrease of 1°CDg.
Future work could focus on the degree of error aadu by phenotypic plasticity on

minimum PMI estimates.
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Thermaobiology and distribution

Although K and Dy are acquired primarily for minimum PMI estimatese Dy can be
used to as a physiological index to better undedsthe basic thermobiology (Chapter 6)
and possibly the geographic distribution of thelsesf(Chapter 7; Klok and Chown
2003). In this thesiBos of South Africa blowflies were shown to be spsapecific and
the thermobiology of these flies seems to be camsd by phylogeny (Chapter 6).
Indeed species from cold-adapted lineages,Qi&liphora croceipalpigCalliphorinae),
had significantly lower larval, pupal and adult fmmature thresholds than species from
warm-adapted lineages, likehrysomya(Chrysomyinae). BuDgs also seem to vary
significantly between populations of the same gmeseparated by significant latitudinal
variation (Chapter 4). It is unlikely that thesepptations were significantly genetically
different (Harvey et al. in press), and that thasiation in thermal thresholds is rather a
result of phenotypic plasticity. Ayrinhac et al.0(®) suggest that iDrosophila
melanogaster (Meigen), a cosmopolitan fly, phenotypic plasticiipfluences its
thermobiology more than does genetic variationsTdagree of plasticity may hold true
for blowfly species, because the difference betwgsof two C. albicepspopulations
(4.9°C) (Chapter 4) was similar to the differencetween theDos of C. albiceps
(Chrysomyinae) an€a. croceipalpigCalliphorinae) (5.75°C), two blowfly species that
are genetically dissimilar. Additionally, phenotgpplasticity may be constrained by
genetics as cold-adapted speciea.(croceipalpiyresiding in a subtropical climate had a
significantly lowerD, (7.91°C) (Chapter 6) than a warm-adapted spe€ieslpicep$
residing in a temperature climate (10.46°C) (Chap)e

Because temperature is widely cited as the primlnyatic variable limiting geographic
distribution of numerous insect species (Leatheal e1993; James and Partridge 1998;
Klok and Chown 2003), it is possible that the thebmlogy of blowflies is reflected in
their geographic distribution in South Africa. Bath albicepsand C. marginaliswere
shown to have similar, widespread distributions South Africa (Chapter 7) but
possessed very different larval, pupal and adeltntial thresholds (Chapter 6). Similarly,
C. putoria and C. megacephalashared nearly identical geographic distributions bu
possessed significantly different larval and adodirmal thresholds. These comparisons
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suggest that it is difficult to predict the geodrapdistribution of a blowfly species based
exclusively on their thermobiology at differenteliStages. Furthermore, no correlation
was found between the thermal thresholds of thereint life stages (Chapter 6). This is
probably because geographic distribution is infaezh by more than one climatic
variable (Chapter 7), effects of predation, paismsit interspecific competition, terrain,
etc (Phillips et al. 2006), and because climatioaldes relating to moisture content,
specifically relative humidity, were shown to be madnfluential on the geographic

distribution of blowflies than temperature (Chapter

Although blowfly thermal biology is not reflectech dhe macro-scale, i.e. geographic
distribution, it may help to understand the behawnd distribution within the micro-
environment. Larval temperature thresholds werevshto be a limiting factor in the
carrion feeding environment. Therefore, by knowibgth the larval temperature
thresholds and the temperature of a maggot massyitbe possible to predict the species

present in the larval mass (Chapter 6).

Conclusion

Forensic entomologists can improve the usefulnégtedsr minimum PMiIs by careful
data collection from the species which they areallt basing their estimates, preferably
using specimens from the same population. The thletoherances of different species
may affect the community ecology and successiotepe of corpses, which needs to be
taken into account in using succession data fer@ahimum PMI. Although temperature
has a crucial influence on blowflies at the physyital and ecophysiological level, this
does not extend to the biogeographical level asnsetimes asserted. Thermobiology is a
useful tool in helping forensic entomologists taarstand the meaning of the behaviour
and distribution of blowfly larvae and pupae, andamands a level of sophistication that
is still becoming nuanced in this nascent discelin
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