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Introduction
The main goal of medico-criminal entomology is to provide evidence 

of the length of time that a body has been exposed to colonisation 
by arthropods, which helps to estimate the minimum post-mortem 
interval (PMI min) [1]. The PMI min is often determined by calculating 
the age of the oldest of the insect life stages collected from a corpse 
and/or crime scene, which are usually immature stages of blow flies 
(Diptera: Calliphoridae) [2]. However, errors in these estimates may 
occur if the larvae are desiccated, frozen [3], evaluated with inaccurate 
temperature models [4], or have absorbed chemical substances [5,6]. 
Other factors such as intra- or interspecific interactions and trophic 
interactions should also be considered, since they may also affect the 
development time, weight, size, and co-occurrence of related species 
[7-9]. 

The deaths related to drug use, or to accidental or deliberate use 
of poisons or toxic substances, explain the interest in the field of 
entomotoxicology. This branch of forensic science, which is especially 
useful when a corpse is in an advanced state of decomposition or 
skeletonised and its tissues and fluids are no longer suitable for 
toxicological analyses [5,10], deals with the investigation of the 
effects of drugs and toxins present in human tissues on the biology of 
necrophagous insects. Seminal studies have indicated that the presence 
of toxic substances can affect the development of necrophagous insects, 
for instance altering the development time in larvae of blow flies 
[11,12], muscid flies [13] and flesh flies [14-16]. 

According to the Brazilian Toxico-Pharmacological Information 
System (Sinitox), in 2014, medications headed the list of toxic agents 
that caused poisoning in humans in Brazil (30.37%). Amphetamine 
acts mainly on the central nervous and cardiovascular systems [17]. 
This drug is used as an appetite moderator, but when mixed with other 
substances, it is transformed into methamphetamine-like stimulants, 
which are commonly used by commercial truckers to inhibit sleep, 
especially in Brazil. Fatal overdoses are rare [17]. Phenobarbital, a 
barbiturate, depresses the central nervous system and is used to treat 
seizure disorders [18]. Because of the narrow safety margin between 
therapeutic and toxic doses, barbiturates are often lethal in overdoses 
[19]. Alcohol or other agents that depress the central nervous system 
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Abstract
Knowledge of the factors influencing the ecology of blow flies, especially the dynamic population equilibrium, is 

essential in forensic entomology. However, lack of knowledge of the action of psychoactive drugs on the population 
dynamics of these flies may affect the inferences that experts must make in medico-legal reports. This study 
evaluated the effects of amphetamine and phenobarbital on the population dynamics of Chrysomya albiceps 
(Wiedemann), by combining laboratory experimentation and mathematical modelling. Only amphetamine and 
its control, methanol, influenced the qualitative dynamic behaviour of Chrysomya albiceps, stabilising chaotic 
populations. The results are discussed in an ecological and forensic context. 

may, when combined with phenobarbital, enhance its action [18]. 
Barbiturates ranked in second place among the drugs used in suicide 
attempts in the state of Goiás, Central-West Brazil, in 2003-2004 [20].  

Blow flies (Diptera: Calliphoridae) are among the first insects to 
perceive and colonise vertebrate remains [2,21]. Chrysomya albiceps 
(Wiedemann) originated in the Old World tropics, and over time 
spread around the world, reaching Brazil in 1975 or 1976 [22,23]. The 
species is of major forensic importance, allowing the estimation of 
the PMI min [21] and also the detection of ante-mortem use of drugs 
and toxins [24]. The establishment of Chrysomya species in Brazil 
affected the dynamic behaviour of native blow flies, causing the decline 
of populations of Cochliomyia macellaria (Fabricius) and, to a lesser 
extent, Lucilia eximia (Wiedemann) [25].

Calliphorid flies breed in discrete generations, displaying high 
sensitivity in demographic parameters influenced by larval density, 
which are usually closely associated with population equilibrium [25]. 
Mathematical models involving the analysis of fly population growth 
are powerful analytical tools for describing the long-term effects of 
ecological and behavioural patterns that are important for population 
dynamics, which are especially relevant for the demographic 
interpretation of species of medical-veterinary and forensic 
importance [25]. 

The theory of population dynamics of single species has been 
applied extensively over the last 20 years to study both introduced and 
native blow fly species, in order to better understand aspects of the 
population biology of each species [25,26]. These studies have revealed 
important differences in the dynamics of population equilibrium 
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the development of the flies [35]. Treatments consisted of addition 
of psychoactive drugs to the artificial medium, contrasting with the 
regular artificial medium (control) as follows. A dose of 150 mg/kg 
of phenobarbital was used in the artificial diet as the first treatment. 
Amphetamine was the second treatment, taking into account the 
therapeutic dose of 0.07 mg/kg. The amphetamine used in this study, 
which was the standard brand produced by Radian Corp., was purchased 
pre-diluted by the manufacturer, in methanol in a proportion of 1:1. 
To control for the amphetamine results, the experiments were also 
performed with methanol for subsequent comparison.

Experimental design

Exploratory intraspecific larval competition was established in 
the laboratory by setting six larval densities, 100, 200, 400, 600, 800 
and 1000, with two replicates each, developed on a 50 g diet for the 
control, a 50 g diet with phenobarbital (150 mg/kg), a 50 g diet with 
amphetamine (0.07 mg/kg), and a 50 g diet with methanol (0.07 mg/
kg). This set of larval densities is suitable for simulating the process 
of larval competition in species of the genus Chrysomya, producing 
a decrease in demographic parameters as a function of density [28]. 
Larvae surviving to the adult stage produced both males and females. 
The fecundity was estimated by counting the number of eggs per 
female, expressed as the daily mean number of eggs, which is based 
on the length of the gonotrophic cycle of species of Chrysomya [36]. In 
order to estimate the fecundity, emerging adults received fresh bovine 
liver for a week to stimulate ovarian development, because they require 
additional protein to complete their gonotrophic cycle [36]. During 
this period, males and females also mated. A minimum of 20 females 
in each density were taken randomly from the cages. The insects were 
killed and dissected to record the number of eggs per female. Survival 
was estimated from the number of adults emerging from larvae reared 
at each density.

Population dynamics

Exponential regressions for fecundity and survival as a function 
of larval density were fitted to the data, since previous studies have 
confirmed their analytical suitability, producing a better fit than linear 
or hyperbolic regressions [28]. The decline in fecundity as a function of 
larval density can be visualised biologically as a Poisson process, which 
is usually described by the exponential function [37].

Mathematical model 

The population dynamics was investigated by using bifurcation 
diagrams in the Prout and McChesney mathematical model [38] to 
describe the variation in population sizes due to the parametric space 
of fecundity and survival of Chrysomya albiceps. 

The Prout and McChesney model has been extensively employed 
to describe the population dynamics of blowflies, emphasizing several 
demographic aspects and dispersal of native and exotic species 
[23,25,26,39]. The Prout and McChesney model [38] considers the 
effect of the delay due to larval competition in generation t on the 
parameters of fecundity (Fec) and survival (Surv) in the subsequent 
generation (t+1), which is therefore a first-order finite-difference 
equation, written as:

( ) ( ) [ ]1 0.5 1t t t tn Fec n Surv n n+ =

where 0.5 indicates that half of the population comprises females. 

The variation in fecundity and survival rates as a function of the 
larval density was estimated by exponential regression, which can be 

between introduced and native species [27]. Mathematical models that 
incorporate fecundity and survival as density-dependent processes and 
the spatial structure have been used to investigate the spatio-temporal 
dynamics of Chrysomya (introduced) and Cochliomyia (native) species 
[28]. The results indicate that Chrysomya species exhibit a stable 
2-point limit cycle characterised by an oscillation between two values-a 
maximum and a minimum-which are representative of the population 
size as a function of time. Cochliomyia macellaria and Lucilia eximia 
exhibit a steady monotonic equilibrium, which stabilises the population 
size towards a single value [27]. 

The demographic parameters involved in these mathematical 
models are influenced by many factors, among which is the possible 
influence of psychoactive drugs. Modelling biological populations of 
blow flies is not a simple task [29], even when the action of drugs on 
biological and demographic parameters is not taken into account. Thus, 
the inclusion of this parameter in the system increases the complexity 
of the analysis, requiring the use of highly sensitive techniques in order 
to incorporate all the important processes into the system. 

Little is known about the dynamic behavior of blow flies when 
they come into contact with food sources containing chemical 
substances that can in some way become incorporated into the insect’s 
physiological system. This lack of information encompasses both 
laboratory experimentation and mathematical modelling applied to 
population dynamics. Studies performed to date have dealt exclusively 
with the influence of chemical substances on larval development time 
[11,12,16] and, more rarely, on insect successional patterns [30]. 

Because environmental conditions (e.g., the presence of drugs, 
hormones or heavy metals) experienced in preceding generations can, 
theoretically, influence life-history characteristics of their offspring 
[31-33], the action of drugs may affect the dynamic behaviour of 
necrophagous flies, altering their patterns of population fluctuation 
as well as the dynamics of interspecific interactions, with possible 
implications for the composition of necrophagous fauna. Therefore, 
lack of knowledge of the effect of drugs on population dynamics of 
blow flies may potentially impair the quality of the inferences made by 
crime-scene professionals.

The objective of this study was to investigate the population 
dynamics of Chrysomya albiceps under the influence of two psychoactive 
drugs, amphetamine and phenobarbital.  

Material and Methods
Collection and maintenance of specimens

Experimental populations of Chrysomya albiceps were obtained 
from specimens collected with hand nets on the campus of São Paulo 
State University, located at Botucatu, State of São Paulo, Brazil (22° 
53' 09" S; 048° 26' 42" W). Rodent carcasses were used as an attractive 
substrate during the collections. The collected specimens were 
anaesthetised at low temperature, identified to species, and placed in 
wood-framed cages with nylon mesh (30 × 30 × 30 cm) to form the 
laboratory populations. The experimental populations were fed sugar 
and water ad libitum and were maintained in 25 ± 1°C, a 12 hour 
photoperiod, and 70% R.H. Adult females were fed beef liver as a 
supplemental protein source.

Food substrate and insertion of drugs

The food substrate used for the larval development of the blow 
flies was an artificial medium of milk powder, agar, brewer's yeast, 
Nipagin and casein [34], supplemented with chicken heart to enhance 
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written as Fec=F* e–fn for fecundity and as Surv=S* e–sn for survival. F* 
and S* are the intercepts of the regression, which represent maximum 
(theoretical) values of fecundity and survival, and f and s are the 
coefficients of regression that estimate the rate of variation in fecundity 
and survival as a function of the density of immatures. Thus, by 
applying the exponential functions to equation [1] one has:

( ) [ ]* *
1 0.5 2tf s n

t tn Fec Surv e n− +
+ =

The general expression for the eigenvalue [λ] associated with 
equation [1] is obtained by the derivative of Nt+1 in relation to Nt, 
evaluated at k, which describes the number of immatures in equilibrium. 
Thus, the eigenvalue (λ) determines the type of population equilibrium, 
using equation [3]:

( ) ( ) ( ) ( ) [ ]1 1 0.5 1 0.5 3
t t

t t
t

t tn k n k

dF n dS n
N kS k kF k

dN dN+

= =

= + + +

The dynamic behavior of Chrysomya albiceps can then be deduced 
from equation [3]. If (λ) is less than 1, in the module, then the 
equilibrium is stable and monotonic. Values more than 1 denote cyclic 
behaviours and even deterministic chaos.

Results and Discussion
The numerical simulations performed with the Prout and 

McChesney [38] mathematical model, including all the treatments, 
revealed that changes in the qualitative dynamic behaviour of 
Chrysomya albiceps in response to different values of fecundity 
(Figure 1A-1D) and survival (Figure 2A-2D) were observed only with 
the addition of amphetamine and methanol to the rearing medium. 
Phenobarbital produced no qualitative change in the Chrysomya 
albiceps populations. A bifurcation diagram containing a sequence of 
dynamic behaviors, starting with a stable equilibrium, followed by limit 
cycles and unpredictable oscillations as a function of fecundity can be 
observed for the control (Figure 1A). The addition of methanol or 
amphetamine to the rearing medium stabilized the Chrysomya albiceps 
dynamic behavior (Figure 1C and 1D). 

On the other hand, this effect was not observed for survival, 
suggesting no qualitative change in this parameter, since the four-point 
limit cycle observed in the control was the same as that found after the 
addition of methanol and amphetamine to the rearing medium (Figure 
2C and 2D).

The exponential regression analysis evaluating the variation of 
fecundity and survival in response to larval density performed in this 
study indicated that the intraspecific larval density exerts a significant 
negative effect on the demographic parameters obtained from the 
control and drug-treatment experiments (Table 1). The lowest 
fecundity intercept value was obtained for the control, and the highest 
value was observed in the amphetamine treatment (Table 1).

Figure 1: A-D: Bifurcation analysis showing the spectrum of dynamic behaviors produced by the variation in fecundity (F) on the dynamics of Chrysomya albiceps 
influenced by control (no psychoactive drug), phenobarbital, amphetamine and methanol.
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Bifurcation diagrams were used to describe the variation in 
population size due to the parametric space of Chrysomya albiceps 
fecundity and survival. This analytical tool has been frequently used to 
investigate the sensitivity of demographic parameters in studies with 
blow flies [26,39] and with beetles [40]. A bifurcation diagram shows the 
entire variation of the values of the parameters for a single description 
[41]. The results obtained for the control experiment indicated that 
the fecundity bifurcation diagram displayed the entire range of 
possible behaviours that can be obtained, from stable equilibrium 
to cycles and up to chaos. The diagram that describes survival as an 
independent variable shows the same cascading behaviour, but results 
in, at most, an eight-point limit cycle. Earlier studies with blow flies 
have found similar results, consistently indicating that fecundity is 
the demographic parameter with the highest sensitivity for displaying 
complex behaviours, such as cycles and chaos [28]. Amphetamine 
and its positive control (methanol) added to the culture medium had 

a stabilising effect on fecundity compared to the control treatment, 
since the system was limited to a single bifurcation. Few studies have 
employed this approach. However, the few existing results indicate 
changes in population stability. Mullany et al. [42] concluded that 
methamphetamine accelerates larval growth, increases the size of all 
life stages, and influences survival and/or fecundity of the blow fly 
Calliphora stygia (Fabricius).

Amphetamine has also been studied with respect to its capacity 
to inhibit female insemination, with results providing some evidence 
of this for the blow fly Phormia regina (Meigen) [43]. Moe et al. [44] 
demonstrated that sublethal doses of cadmium enhance the stability 
of population dynamics, which could lead to greater population 
persistence. However, since the mean densities were reduced in 
populations treated with cadmium, individuals are more susceptible 
to extinction through stochastic demographic processes [44]. In the 
sensitivity analysis of survival in the present study, the treatment with 

Figure 2: A-D: Bifurcation analysis showing the spectrum of dynamic behaviours produced by the variation in survival (S) on the dynamics of Chrysomya albiceps 
influenced by control (no psychoactive drug), phenobarbital, amphetamine and methanol.

 Variables 
Control Phenobarbital Methanol Amphetamine

F S F S F S F S
Y intercepts 26.74 0.81 22.87 0.90 27.12 0.54 27.45 0.60

RC 0.0009 0.00163 0.0006 0.002 0.0009 0.001 0.0009 0.001
r2 0.66 0.80 0.54 0.90 0.65 0.90 0.61 0.89

ANOVA 445* 40.60* 264* 94.64* 414* 80.59* 345* 81.53*
*P<0.001 F: Fecundity; S: Survival; RC: Regression Coefficient

Table 1: Exponential regression analysis of fecundity and survival for control, phenobarbital, methanol and amphetamine treatments.
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amphetamine and its positive control (methanol) gave results similar 
to that of the control, with up to a four-point limit cycle at the higher 
values for survival. 

The demographic parameters of fecundity and survival are highly 
dependent on density, and psychoactive or toxic substances may impair 
the sensitivity of the parameters that govern species dynamics. Forbes et 
al. [45] reviewed several experiments and found that the experimental 
design is extremely important for this type of study, and may influence 
its results. The effects of exposure to toxic substances are too complex 
to evaluate in the field, because they usually induce various types of 
interactions between the toxicant and density dependence, mitigating 
or enhancing the effect on the population. This aspect was decisive in 
enabling the design and development of this study in the laboratory. 

Little is known about the effects of toxicants on density dependence 
in insects, but some studies, such as that of Gui and Grant [46], have 
demonstrated the effect of toxicants on density dependence and vice 
versa. These authors also examined possible compensation mechanisms 
between the factors as well as the synergistic effects when evaluated 
jointly. The purpose of the present study was not to evaluate the effect 
of psychopharmaceuticals on density dependence, but the effect was 
assessed indirectly through the demographic parameters of fecundity 
and survival, which are density-dependent functions. As in the study 
by Gui and Grant [46], we observed the susceptibility of the population 
to the stress of density dependence, when populations were subjected 
to the action of the chemical substances. Moe et al. [44] exposed 
populations of the blow fly Lucilia sericata (Meigen) to cadmium and 
evaluated survival, among other factors, as was done in the present 
study. At low densities, the demographic rates declined in response to 
exposure to cadmium. Even with the high toxicity to Lucilia sericata, 
when populations were exposed to high densities, the result was 
positive, contributing to increase the values of the parameters. Thus, 
it can be stated that there was a density-dependent compensatory 
reaction. The results of the present study showed that the population 
dynamics of Chrysomya albiceps larvae is sensitive to the action of 
psychoactive drugs, with behavioural inversions that can disrupt the 
configuration of species in a system characterised by necrophagous 
insects. 

Chrysomya tends to breed only on fresh carcasses, and females from 
a given generation usually breed only once on the same carcass. For this 
reason, it is commonly assumed that the drugs in carcasses would affect 
only one generation of blow flies. However, this assumption does not 
consider that alterations in life-history traits of calliphorid flies caused 
by psychoactive drugs may be transmitted from parents to offspring 
through epigenetic transgenerational inheritance. A chemical such as 
amphetamine in the larval environment may affect the individuals that 
feed on it, and also their offspring. The F2 and subsequent generations 
may also be affected, depending on the proximate mechanism that 
mediates transmission across generations [32]. These mechanisms are 
still poorly understood, but there is evidence in flies of transmission via 
changes in chromatin structure [47]. If such an effect does persist for 
one or more generations, then demographic consequences may result. 
The long-lasting effects of the possible epigenetic transgenerational 
inheritance of psychoactive drugs on behaviour and life-history traits 
in blow flies are poorly known and should be further studied.

Self-Critique
Number of replications: Because our main interest was to estimate 

the parameters of the exponential regression, we felt it was more 
prudent to achieve a better resolution on the x-axis, i.e., to work with 

more densities than repetitions. This explains the relatively low number 
of replications used for each experimental condition.

Possible limitation of our results: We only carried out a sensitivity 
analysis of the parameters as a function of the action of the psychoactive 
drugs on Chrysomya albiceps. The parameters are sensitive to changes 
of values, regardless of the cause. One possible cause of variation in the 
demographic parameters is the action of the drugs.
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