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Abstract

Forensic entomologists frequently use a developmental method to estimate a post-mortem

interval (PMI). Such estimates are based usually on the blow fly larvae or puparia. Data on

their development is obtained by rearing them in colonies. In the case of beetles, which can

be also useful for PMI estimation, development data is frequently collected by rearing them

individually. However, some carrion beetles are gregarious, for instance, Necrodes littoralis

(Linnaeus, 1758) (Silphidae). We compared mortality, rate of development and body size of

emerged adult beetles reared individually and in aggregations. Mortality was much higher

for beetles reared individually, particularly at low temperatures. The rearing protocol

affected the time of immature development and the size of adult insects. Individually reared

specimens developed much longer at 16˚C, whereas at 20˚C and 26˚C development times

of individually reared beetles were slightly shorter. Significant differences in the body size

were observed only at 16˚C; beetles that developed in aggregations were larger at this tem-

perature. These findings demonstrate that aggregating is particularly beneficial for larvae of

N. littoralis at low temperatures, where it largely reduces mortality and facilitates growth.

Moreover, these results indicate that in forensic entomology the protocol of individual rear-

ing is unsuitable for gregarious beetles, as it produces reference developmental data of low

quality.

Introduction

The developmental method is one of the tools used in forensic entomology to determine post-

mortem interval (PMI), which is the time that elapsed from death to disclosure of the body.

The foundation for its use is reference data from developmental studies carried out on species

of carrion insects. The laboratory protocol for such studies is to monitor insect development

under several constant temperatures. Then, the data collected is used to derive developmental

models, for instance, the thermal summation model that uses accumulated degree days (ADD,
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the accumulation of heat above the threshold temperature over a certain number of days) [1].

ADD necessary for the development of insects found on a cadaver can be used to estimate the

development interval or the minimum post mortem interval (PMImin), which is the minimum

time that elapsed from death [1,2]. Insects in forensic entomology are bred under a variety of

conditions: individually or in aggregations consisting of various numbers of larvae. A rearing

protocol may affect the quality of the data and in effect the development models, especially

when insects are reared under different conditions than those occurring in nature. A literature

review, outlined below, shows that there are no standards in forensic entomology in regard to

the size of insect cultures that are used to collect development data.

Most frequently, blow flies are used for the estimation of PMImin [3]. Data on larval devel-

opment is obtained by rearing blow fly larvae in aggregations consisting of tens or hundreds of

individuals. In the development studies on Chrysomya megacephala (Fabricius, 1794) (Diptera:

Calliphoridae), for instance, larvae were reared in aggregations consisting of 10 insects [4].

Larger aggregations were used in the research on Phormia regina (Meigen, 1826) (Diptera: Cal-

liphoridae), in case of which there were 400 larvae per aggregation [5]. However, the most

common size of the aggregation was 100 larvae [6–8].

In the case of beetles, rearing protocols frequently consisted in monitoring individual

insects (both larvae and pupae) that developed in separate containers. For instance, Creophilus
maxillosus (Linnaeus, 1758) (Coleoptera: Staphylinidae) larvae were reared separately in 80-ml

(1st instar larvae) and 120-ml (3rd instar larvae) containers [9]. In the study of Dermestes undu-
latus Brahm, 1790 (Coleoptera: Dermestidae) and D. frischii Kugelann, 1792 (Coleoptera: Der-

mestidae), each larva was kept in a different jar [10]. In studies on the development of

Thanatophilus micans (Fabricius 1794) and T. capensis (Wiedemann, 1821) (Coleoptera: Sil-

phidae), individual larvae were kept in Petri dishes [11,12]. Similarly, in studies of D.macula-
tusDe Geer, 1774 (Coleoptera: Dermestidae) larvae were reared in separate containers [13].

There were also studies in which beetle larvae were reared in aggregations. Their size, how-

ever, never exceeded 30 larvae. Thanatophilus sinuatus (Fabricius, 1775) (Coleoptera: Silphi-

dae) were reared in Petri dishes in groups of up to 5 larvae [14]. In the case of Oxelytrum
discicolle (Brullé, 1836) (Coleoptera: Silphidae), the number of larvae per jar varied between 10

and 30 [15]. In studies of Omosita colon (Linnaeus, 1758) (Coleoptera: Nitidulidae), there were

about 22 larvae per Petri dish [16]. Dermestes species were bred in aggregations of 10 larvae

[17]. Similarly, in the case of Necrobia rufipes (De Geer, 1775) (Coleoptera: Cleridae), there

were 10 larvae per Petri dish [18].

Laboratory protocols, in which larvae are reared individually, are suitable for predators,

species prone to cannibalism or solitary insects, but may not be suitable for gregarious species

that in natural conditions feed in larval aggregations. Feeding in aggregations can be beneficial

for insects due to many reasons [19]. This behaviour can make foraging more efficient, lower-

ing mortality and decreasing the duration of development [20]. Moreover, it affects the tem-

perature experienced by the larvae. Blow fly and Necrodes larvae can raise the temperature

inside the feeding aggregation and thus minimize the negative effects of fluctuating ambient

air temperatures [21,22]. Estimating the age of a species that naturally feed in aggregations, by

using the data from a protocol in which larvae were reared individually, may lower the accu-

racy of estimation. Because the aggregation increases foraging efficiency and raises the temper-

ature in the feeding microenvironment [22], individual rearing conditions may lower survival

and extend the development. In consequence, by using such a biased data, insect age and even-

tually the minimum PMI may be overestimated. Depending on the density of larvae in an

aggregation, massing can also affect the size of adult insects [23,24]. It may be important, as

the size of adult N. littoralismay be used to improve the accuracy of PMI estimation [25].
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Necrodes littoralis (Linnaeus, 1758) (Coleoptera: Silphidae: Silphinae) is a forensically

important, necrophagous beetle [26–28], which is widely distributed in the Palearctic region.

Females of Necrodes lay eggs in large batches into the soil near the corpse [29]. After hatching

larvae go through three larval instars [30]. Postfeeding larvae bury into the soil to form a pupal

chamber, where they pupate and eventually reach the adult stage [29]. In natural conditions

these beetles feed on large cadavers, where they usually form large aggregations of larvae [31]

and under favourable conditions can independently drive active decay [26]. A recent study

showed that temperature plays an important role in the formation and maintenance of larval

aggregations, as larvae reacted to changes in the temperature by relocating themselves [31]. It

has been also demonstrated that N. littoralis form a feeding matrix on carrion that is the com-

plex microenvironment where the larvae feed and warm-up, as it also generates heat [22]. To

form the optimal matrix, activity of many larvae is necessary. Moreover, the earlier presence of

adult beetles on the meat improved the quality of the matrix, with a decrease in mortality and

development time of larvae that stayed in the matrix [22]. Therefore, we expect that under

individual rearing conditions the larvae will not form a typical feeding matrix, which will nega-

tively affect their survival and development.

Considering the ecology of N. littoralis and assuming that food intake and temperature are

crucial factors that affect growth of these insects, the question arises, whether separating larvae

of N. littoralis significantly affects results of developmental research? In this study, we tested

whether rearing of immature N. littoralis individually influences the quality of resultant devel-

opment data in comparison to the data obtained in the communal rearing conditions. We

hypothesized that: 1) separating larvae lowers their survival; 2) rearing them in aggregations

accelerates development and 3) collective rearing increases the size of the beetles at maturity.

Materials and methods

Adult beetles were taken from a laboratory colony established in 2017 using the beetles sam-

pled in alder forest of Biedrusko military range (52˚31’N, 16˚54’E; Western Poland). The col-

ony is maintained at Laboratory of Criminalistics at AMU (Poznań, Poland). Pairs of adult

beetles were placed in 0.5 litre containers to allow them to lay eggs. They had pork ad libitum
and constant access to cotton balls soaked with water. Containers were checked every 4 hours.

The batches of eggs were transferred into 0.5 l containers filled with soil and placed in temper-

ature chambers (ST 1/ 1 BASIC or ST 1+/ST 1+, POL-EKO, Poland) at five constant tempera-

tures: 14, 15, 16, 20, and 26˚C. Containers were inspected for the presence of fresh first instar

larvae (creamy white, not fully sclerotized) at time intervals of about 10% of the egg stage dura-

tion, which was calculated for each temperature based on the pilot study. The larvae were

reared in incubators at the same constant temperatures according to two different protocols:

individual rearing and rearing in aggregations.

Individual rearing

Thirty larvae per temperature were separated into 120 ml plastic containers with soil, cotton

balls soaked with water (replenished during each inspection), and pieces (about 10 grams) of

pork. New pieces of meat were added each time it had been found that the meat dried out or

that there was less than half of its initial amount. Larvae were monitored in terms of transition

to subsequent developmental stage (2nd instar larva, 3rd instar larva, post-feeding larva, pupa

and adult beetle) at predetermined intervals, representing no more than 10% of the duration

of the stage. Larval developmental stages were determined based on their colour, size and pro-

portions of the body. Freshly moulted larvae are creamy-white and non-sclerotized. They

darken with time, so the larvae that are shortly after ecdysis are easy to recognize. The size and
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proportions of the larvae also change very clearly during ecdysis, so we used them as supple-

mentary features to distinguish larval instars. When 3rd instar larvae ceased feeding (they start

to bury themselves at this moment), remains of meat were removed and the soil in the contain-

ers was added to allow formation of pupal chambers. Beetles remained in the containers until

the immature development was completed. Body length was measured for all of the emerged

adult beetles. Insects were put into a transparent vial, placed against a geometrical micrometer

[32] and their body length (from the clypeus to the end of the last abdominal segment) was

read when they were fully erect and immobile. Their body was weighed using an analytical bal-

ance (AS 82/220.R2, Radwag, Poland; readability = 0.01/0.1 mg, repeatability [5% Max] =

0.015 mg, linearity = ±0.06/±0.2mg).

Rearing in aggregation

Four egg batches at each temperature were incubated. After larvae hatched, they were distrib-

uted at random into four small terrariums (30 x 20 x 20 cm) to allow them to form an aggrega-

tion (50 larvae per terrarium). In each terrarium, there was soil, cotton balls soaked with

water, and pork ad libitum (pieces of about 80 grams, replenished if necessary). The larvae

were inspected for developmental landmarks at the same time intervals as in the individual

rearing protocol. The given landmark was reached when half of the larvae in the aggregation

passed to the next developmental stage. The post-feeding larvae were transferred to 0.5 litre

plastic containers (10 individuals per container) filled with soil to enable them to form pupal

chambers. They remained there until emergence. Adult beetles were measured and weighed as

in the individual protocol. Mortality of the post-feeding larvae and pupae was assessed at the

end of the experiment. Containers were emptied and checked for the presence of dead beetles.

Dead post-feeding larvae indicated that death occurred at the post-feeding stage, dead pupae

indicated that death occurred at the pupal stage.

Data analyses

We calculated the percentage mortality for both protocols at each of the analysed tempera-

tures. By counting beetles after each developmental landmark (e.g. first ecdysis or pupation),

we collected data on mortality at particular life stages. We compared mortality between beetles

bred individually and in aggregations using the Wilcoxon signed-rank test. To analyse the

influence of the protocol (individual or in aggregations) and the temperature on the duration

of development, body length and weight of adult beetles, we used the two-way ANOVA. The

Tukey’s HSD test was used for post hoc comparisons. All statistical analyses were made using

Statistica 13 (TIBCO Software Inc.).

Ethical approval

The study comprised laboratory experiments using insect species Necrodes littoralis (Coleop-

tera: Silphidae). The species is not under protection. No permission or approval from Ethic

Commission were needed.

Results

There were significant differences in mortality between the rearing protocols (the Wilcoxon

signed-rank test; Z = 2.02, p = 0.043, N = 5). At all temperatures mortality was much higher for

insects reared individually (Fig 1). There was 100% mortality of the beetles reared individually

at 14˚C and 15˚C. Differences were also observed between the protocols in the distribution of

deaths across developmental stages (Fig 1). Larvae reared individually died more often at the
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early stages of development (1st instar and 2nd instar larva), while mortality of the collectively

reared larvae was much lower during these stages. At the highest tested temperature (26˚C),

there was no influence of the laboratory protocol on the mortality (Fig 1).

Both the temperature and the protocol type affected the development time, length and

weight of adult beetles (two-way ANOVA, p<0.05, Table 1). There was also a statistically sig-

nificant interaction between the protocol type and the rearing temperature (Table 1).

Statistically significant differences between the protocols in the duration of development

were recorded at 16˚C (Tukey’s HSD: p<0.001) and 20˚C (Tukey’s HSD: p<0.001) (Fig 2A).

At 16˚C individually reared specimens developed 15.9% longer than those reared in aggrega-

tions (Fig 2A). At 20˚C, development of the beetles reared individually was shorter by 6.1%

than in aggregations (Fig 2A). Beetles that developed in aggregations at 16˚C (Tukey’s HSD:

p<0.001) and 20˚C (Tukey’s HSD: p = 0.003) were significantly longer than those reared indi-

vidually (Fig 2B). Significant differences in body weight between the protocols were recorded

only at 16˚C (Tukey’s HSD: p = 0.005), where the mass of adult beetles reared in aggregations

was much larger than under individual rearing conditions (Fig 2C).

Fig 1. Mortality of Necrodes littoralis at preimaginal stages reared individually (A) and in aggregations (B).

https://doi.org/10.1371/journal.pone.0260680.g001

Table 1. Results of ANOVA for effects of temperature and rearing method on the development duration, length and weight of adult Necrodes littoralis.

Dependent variable Factors df F p

Duration of development Temperature 2 4780.66 < 0.001

Protocol 1 41.41 < 0.001

Temperature × Protocol 2 119.55 < 0.001

Body length Temperature 2 45.96 < 0.001

Protocol 1 61.71 < 0.001

Temperature × Protocol 2 9.57 < 0.001

Body weight Temperature 2 44.38 < 0.001

Protocol 1 5.19 0.023

Temperature × Protocol 2 13.78 < 0.001

https://doi.org/10.1371/journal.pone.0260680.t001
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Fig 2. Mean duration of development (A), length (B) and weight (C) of adultNecrodes littoralis reared individually

and in aggregations. Duration of development is time in days from the oviposition to the emergence of an adult beetle.

Whiskers represent the 0.95 confidence intervals. Different letters denote significant differences in pairwise

comparisons at p = 0.05 using Tukey’s HSD test. We used all emerged individuals for the calculations. The total sample

size at 16˚C, 20˚C and 26˚C was respectively: 198, 192 and 167 in the protocol with aggregations and 10, 26 and 25 in

the protocol with individual rearing.

https://doi.org/10.1371/journal.pone.0260680.g002
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Discussion

The individual rearing protocol excluded collection of full data on the duration and size of

adultN. littoralis at low temperatures (14 and 15˚C). Rearing in aggregations at the lowest tem-

perature (14˚C) was also associated with high mortality. However, it allowed for the collection

of the complete data for a relatively large number of beetles. These results revealed a similar

temperature pattern as in the previous studies of necrophilous beetles, i.e. a very high mortality

at low temperatures [9,11,13]. This can be a problem when multiple temperatures need to be

studied to create a developmental model. Rearing larvae in aggregations provided low-temper-

ature data in case of N. littoralis and we believe that in other forensically-important gregarious

beetles, this protocol may be similarly effective. Study by Scanvion et al. [20] showed a decrease

in mortality with an increase in larval density of Lucilia sericata (Meigen, 1826) (Diptera: Calli-

phoridae). In C.megacephala and C. rufifacies (Macquart, 1842) (Diptera: Calliphoridae), an

increase in density similarly reduced the mortality, but only up to a point, where the further

increase in larval density had an adverse effect [24]. Current results indicate that this relation-

ship may be true not only for blow flies but also for gregarious carrion beetles.

Results for the time of development at 16˚C suggest that the relationship between density

and development of carrion beetles may be similar to the one found previously for carrion

blow flies. In Calliphora vicina Robineau-Desvoidy, 1830 (Diptera: Calliphoridae), the greater

the density of larvae in the aggregation, the faster the development [23]. Also in C.megace-
phala and C. rufifaces, density had a positive effect on the rate of development in the first and

the second instar larvae [24]. In P. regina, rearing the larvae in aggregations of 10 insects short-

ened the development time [33]. In L. sericata development time also depended on density,

but the decrease was observed only for densities from 50 to 250 larvae [20]. Sullivan and Sokal

[34] studied the effect of seven rearing densities on the body mass of four Musca domestica
Linnaeus, 1758 (Diptera: Muscidae) strains. Although the increase in density, in general, had a

negative effect on body mass, this was only significant at high densities. Depending on the

strain, at the lowest densities, the decrease in mass was insignificant or the body mass even

increased. Only in groups larger than 160 individuals, there was a visible decrease in body

mass. In P. regina, rearing the larvae in aggregations of 10 individuals had a significant, posi-

tive effect on the mass of the puparia [33].

The maximum body length in adult Necrodes littoralis collected from the field can reach

around 26 mm [35]. Beetles in our study were systematically smaller than those developing

under natural conditions. Probably the laboratory conditions used in this study were subopti-

mal for the species. The reason may be the absence of adult beetles on the meat in the pre-lar-

val phase. Other studies have shown that the earlier presence of adult Necrodes beetles on meat

can have a positive effect on the body mass of developing larvae [22]. It is also possible that

other factors, such as humidity or the quality and quantity of larval diet may affect the final

size of the beetles. Further studies are necessary on this topic. Moreover, at 20˚C, rearing of the

larvae in aggregations resulted in a significant decrease in their mass, but not length compared

to the other temperatures. This was probably due to the malnutrition of the third instar larvae

at the end of the stage, when the body length does not change but the larvae are gaining mass.

Due to unknown reasons these larvae might have ceased feeding too early.

Because at the highest temperature there were no significant differences in mortality, devel-

opment time and size of adult beetles between the rearing protocols, it seems that high temper-

atures somehow eliminate negative effects of individual rearing. Bacterial degradation of meat

may be of importance here. The activity of microbes causes meat to putrefy that partially disin-

tegrates its structure and makes it easier for the beetle larvae to consume. High temperatures

enhance the activity of microbes and putrefaction that makes it easier for the beetle larvae to
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consume meat. At low temperatures, putrefaction is very limited and therefore the ‘unpro-

cessed’ meat may be difficult for a single larva to consume. Collective feeding can facilitate

food intake by the larvae under such temperatures. Previous studies on necrophagous flies sup-

ported the hypothesis of digestion benefits from the collective feeding by the larvae [19].

Results for L. sericata indicated that collective exodigestion can be beneficial for the larvae, as

the experimental enrichment of the food with digestive enzymes reduced the time of develop-

ment under low larval densities [20]. A similar mechanism may occur in N. littoralis. It was

found that larvae of N. littoralis apply their exudates to the food substrate, forming a feeding

matrix on carrion [22] This microenvironment may be formed only by an aggregation of lar-

vae. As a result, meat does not dry and is more accessible for the larvae. Moreover, the feeding

matrix produces heat that brings extra benefits for the aggregated larvae [22]. A similar aggre-

gation of larvae and formation of the feeding matrix was observed in Diamesus osculans (Vig-

ors, 1825), a closely related species, distributed from India to Australia (J. Růžička, personal

communication). This is probably related to the similar ecology of the species and reproduc-

tion on large carrion. This indicates that results from this study may be important not only for

Necrodes beetles but also for other closely related carrion beetles (e.g. DiamesusHope, 1840;

Oxelytrum Gistel, 1848 or Ptomaphila Kirby & Spence, 1828). Studies on other feeding proto-

cols, e.g. with the presence of adult insects on the meat before providing it to the larvae, could

further improve the rearing protocols for gregarious carrion beetles.

More research is also needed on the size of an aggregation and its impact on the develop-

ment of N. littoralis. We examined the larval development in two densities only; therefore fur-

ther studies are necessary to identify benefits of the larger aggregations. Nevertheless, even in

small aggregations, as demonstrated in this study, the effect of aggregating on development of

larvae was clear, especially at low temperatures. These effects are important not only for the

development research in forensic entomology but also for the estimation of PMI in forensic

investigations. If larvae of N. littoralis from a death scene are reared in the laboratory under

individual conditions, the mortality may be high especially at low temperatures. Therefore, in

a forensic practice we recommend rearing the larvae of N. littoralis in the aggregations. If the

number of larvae collected on a death scene is low, they should be reared at high temperatures

(preferably over 20˚C), as it may prevent the loss of insect evidence due to an increased mortal-

ity. Another way to facilitate rearing of small number of larvae from a death scene would be to

use the previously prepared food substrate. Placing adult beetles or other Necrodes larvae on

the meat to be used as a food substrate will provide a feeding matrix [22], which may enhance

rearing success for the death scene insects. Unfortunately, the laboratory colony of Necrodes
beetles is necessary for this purpose. Also, deriving thermal summation models using data

from the individual rearing conditions can lead to errors in PMI estimation, as the physiologi-

cal age (K) of death scene insects would be overestimated using such models. Consequently,

the minimum PMI would be also overestimated, especially in spring and early summer cases,

when the temperatures are frequently much below 20˚C [36]. A similar problem may occur

when creating an isomegalen diagram (a graph modelling the size of the larvae in relation to

their age and temperature) [37]. Individually reared larvae will be smaller than those develop-

ing in aggregations under natural conditions. Therefore, if one uses data from individual rear-

ing protocol to create isomegalen diagram, and then on its basis to estimate the age of the

larvae from a death scene (which are larger due to the benefits of aggregation), the result will

be an overestimation of insect age. Similarly, the individual rearing protocol may limit the use

of linear regression models between physiological age of insects and their size at maturity.

Such models may improve the accuracy of PMI estimation as they allow for the calibration of

physiological age for insects sampled on a death scene [25,38].
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Conclusions

This study demonstrated that aggregation is beneficial for larvae of N. littoralis, resulting in

lower mortality, shorter development time, and larger size. These effects depend on the tem-

perature experienced by the larvae during development and occur primarily at low tempera-

tures. Therefore, in gregarious carrion beetles they need to be considered, both while

designing the developmental research for forensic applications and while rearing larvae sam-

pled on a death scene in criminal investigations. Moreover, further research is necessary to

fully understand the relation between the aggregation behaviour of carrion beetle larvae, its

developmental benefits and the temperature.
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