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Abstract

:

Forensically important blow flies, Diptera: Calliphoridae, are among the first organisms to colonize carrion. After eggs hatch, the larvae of most blow fly species feed in an aggregation or “mass”. While in this mass larvae may experience periods of hypoxia/anoxia, but the tolerance of blow fly larvae to anoxic conditions is poorly studied. We tested the anoxia tolerance of four species of calliphorids (Calliphora vicina, Cochliomyia macellaria, Lucilia sericata, and Phormia regina), by examining actively feeding third-stage larvae across five temperatures. Experiments were conducted by exposing larvae to pure nitrogen environments and determining mortality at set time intervals. All species show significant linear relationships between survival time and temperature under anoxic conditions. Of species tested, C. macellaria had the greatest tolerance to anoxia (LT50 of 9 h at 20 °C). In contrast, C. vicina was the least tolerant (LT50 of 2.2 h at 40 °C). With all species, survivorship decreased with increasing temperature. Unlike many other insects tested in severe hypoxia, the larvae of the calliphorids tested, which included members of three subfamilies, were not tolerant of anoxic conditions. From these findings, it seems likely that hypoxia is a significant limitation for maggots in a maggot mass, particularly when the mass temperature is high (>40 °C). Forensically, these data provide a limit on potential maggot survival on bodies that have been submerged or otherwise experience severe hypoxia before discovery.
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1. Introduction


When an animal dies, an intense competition for the nutrients contained in its body commences. Within minutes of death, internal bacteria proliferate creating volatiles that are attractive to necrophores including vertebrate scavengers, and a predictable succession of insects [1,2]. As the animal decomposes, it creates a nutrient island that provides ecological niches for the organisms and microbes that utilize its resources. Beyond these important ecological roles, understanding the ecology of human decomposition has proven essential as a technique for estimating time since death in some criminal investigations [2,3].



In most instances, excluding winter and periods of cold temperatures, blow flies, Diptera: Calliphoridae, are the first insects to arrive at carrion [4]. Typically, female calliphorids lay eggs on carrion within hours after death. These eggs hatch into maggots, which rapidly develop through two stages, and molt into a third stage where most feeding occurs. On larger carcasses, blow fly larvae form an aggregation, or “mass”, in which they feed. By the third stage this maggot mass can be substantially warmer than ambient temperatures (e.g., 10 °C or more) and the maggots continue to feed until most of the soft tissue has been consumed [5,6].



Because blow fly larvae have mouthparts consisting only of small hooks, they secrete extra-oral enzymes to help soften and digest the carrion. These oral secretions also may have antibiotic properties, suggesting that maggots compete with bacteria for access to carrion [7]. These aspects of blow fly larval life history are important when considering why maggots form masses. One hypothesis is that the mass improves feeding efficiency, because the accumulated action of oral secretions works synergistically in breaking down tissue [8]. Another, non-exclusive, hypothesis is that maggot masses increase maggot development rates by increasing temperature [9]. Faster development may be beneficial in giving larvae a competitive advantage in using an ephemeral resource [10]. However, conditions in a mass also appear to require individuals to move despite the presumption that maggot movement would be minimal, because it delays feeding and has an energetic cost [6].



Several potential disadvantages are likely associated with aggregation. Temperatures in the center of a mass can reach or exceed lethal limits of a species [6,11]. In addition, the feeding area under the mass usually becomes so liquefied that feeding larvae can be completely submerged, creating potential drowning. Finally, the high rates of insect and bacterial metabolism also generate high concentrations of carbon dioxide (hypercapnia) and limited oxygen availability (hypoxia) or even anoxia [12].



Individual maggots within a mass rotate frequently [6], which is a key indication that one or more limiting factors occur within maggot masses. In addition to avoiding lethal temperatures, movement could be associated with the need to obtain oxygen and/or avoid high concentrations of carbon dioxide which can cause death [12,13].



Hoback and Stanley [14] reviewed anoxia tolerance among insects and showed that a number of terrestrial insects are adapted to survive hypoxic conditions. Some larval flies, including Chironomidae and Gastrophillidae, show considerable adaptation to low oxygen; however, relatively little is known about response of Calliphoridae larvae to severe hypoxia or anoxia. Keister and Buck [15] performed some of the earliest experiments on Phormia regina life stages and found metabolism to be oxygen dependent at oxygen concentrations between 0–21%. Metabolically active stages had lower tolerance to hypoxic conditions and third stage larvae were most sensitive [15]; however, survival times were not reported.



More-recently, Singh and Bala [16] examined survival of calliphorid maggots submerged in water. Two species in the Genus Chrysomya died within 5 h with older larvae surviving slightly longer than earlier stages at 26 °C. With some terrestrial insect species, dissolved oxygen increases survival when submerged, while in others, there is no effect [14]. Because the liquid at a carcass is likely to contain no oxygen, it is important to characterize blowfly tolerance to severe hypoxia and test responses across other forensically important species at different temperatures. We tested the hypothesis that survival times in anoxic conditions is inversely related to temperature for four North American calliphorid species.




2. Materials and Methods


2.1. Flies and Rearing Conditions


Four species of calliphorids were used in experiments: Calliphora vicina, Cochliomyia macellaria, Lucilia sericata, and Phormia regina. These species are among the most common and forensically important blow flies in North America [17], and all four species routinely produce maggot masses on carrion [6].



All flies used in the experiments were from colonies maintained in the laboratory. These colonies were established and have been maintained to minimize genetic variation within the colony. Our purpose in this effort is to obtain genetic homogeneity among test subjects, so we can get an indication of physiological variation in response without confounding from population variation. Thus, results here are intended as a baseline against which potential variation among populations can be tested. The chief danger in using such inbred lines experimentally is the potential for inadvertent selection. With insects, inadvertent selection in colonies most frequently occurs in oviposition behavior and in reduced fecundity, however, no indications of change in either of these factors were observed in any of our colonies over many generations.



The C. vicina colony was established in October 2012 from a single field-collected female from Lincoln, NE. At the time of these experiments the colony had been maintained through a minimum of 20 generations. The C. macelleria colony was established in August 2011 from a single female, collected from the field in Lincoln, NE. At the time of experiments the colony had been maintained through a minimum of 75 generations. The L. sericata colony was established from insects provided by Dr. Jeff Wells (at West Virginia University) in Oct. 2010, and this colony was established with field-collected insects from near Morgantown, West Virginia. At the time of experiments our colony had been maintained through a minimum of 100 generations. The P. regina colony was established in Aug. 2011 from a single female field-collected from Lincoln, NE. At the time of experiments the colony had been maintained through a minimum of 75 generations.



Adult flies were maintained in cages in a rearing room with temperature maintained at 27.5 °C (±3 °C), with a 16:8 light:dark cycle. Multiple generations were maintained in a single cage, and ca. 1000 adult flies were introduced every 1–2 wk (adult lifespan of the flies in colony is approximately one month). Adults were provided sugar water as a carbohydrate source, and raw beef liver for protein and as an ovipositional substrate. After egg-laying, eggs and liver were maintained in 1.7 L plastic boxes in I30-BLL Percival biological incubators (Percival Scientific, Inc., Perry, IA, USA) set at 26 °C (which was ± 1.5 °C of this set temperature based on internal temperature measurements). Within the plastic box, liver and feeding maggots were placed in a smaller 0.8 L plastic cup, which rested on pine shavings. The pine shavings provided an area for larval migration at the end of the third larval stage and as a substrate for pupation (larvae bury themselves within the pine shavings after migratory movement).




2.2. Experimental Design and Conditions


A series of preliminary experiments were conducted to determine the potential range of survival times, best method for producing anoxic conditions, and methods to minimize mortality in controls. From these trials, final protocols were established.



All experiments were conducted with feeding, third-stage larvae (typically collected from colonies 3–5 d after molting). The experimental unit was a vial with one third-stage larva. The experimental design was a factorial arrangement of oxygen environment x temperature, with five replications. Treatments were with oxygen (normoxic, the controls) and without oxygen (anoxic, nitrogen gas only). Temperature treatments were 20, 25, 30, 35, and 40 °C. Treatments were evaluated by sampling at set (1 h) intervals, so a complete set of experimental units (2 treatments × 5 replications) were used for each sampling period. In principle, a total of 10 sampling periods were anticipated, requiring 50 experimental units per species-temperature combination. In practice, 100% mortality usually occurred well before 10 h, and experiments were terminated when 100% mortality in the anoxia treatments occurred.



The treatment (anoxic) vials contained N2(g). The N2(g) was introduced into XX ml glass screwcap vials by first submerging the vial completely in water and then streaming the N2(g) into the vial while it was upside down until all the air was displaced. Then, the maggot was placed in the vial, while it was still upside down, under the water, and the vial was capped. The control (normoxic) vials were submerged under water as well, lifted out to remove the water, the maggot was placed into the vial, and then the vial was capped. Small volumes of water were left in both the control and treated vials (<2 mL) which helped minimize any desiccation of the maggots.



Temperature treatments were established in incubators. Our incubators were customized model SMY04-1 DigiTherm® CirKinetics Incubators (TriTech Research, Inc., Los Angeles, CA, USA). The DigiTherm® CirKinetics Incubator has microprocessor-controlled temperature regulation, internal lighting, recirculating air system (to help maintain humidity), and use a thermoelectric heat pump (rather than coolant and condenser as is typical with larger incubators and growth chambers). Our customizations included addition of a data port, vertical lighting (so all shelves were illuminated), and an additional internal fan. The manufacturer’s specifications indicate an operational range of 10–60 °C ± 0.1 °C.



Often anoxia measurements are conducted in water baths to ensure constant temperature, and in our initial trials we compared water bath treatments to our incubators. The great advantage with incubators was that we could examine all treatments for a given species-temperature combination simultaneously. Although growth chambers have been shown to display substantial differences between programmed temperatures and actual internal temperatures [18], A. Fujikawa [19] tested the incubators with internal thermocouples in a replicated study and determined that internal temperatures on all shelves within incubators never varied more than 0.1 °C from the programmed temperature, in agreement with the manufacturer’s specifications [19].



Each vial contained one larva so that individual variation in response could be measured. Treatments were placed in incubators in a completely randomized order. Each hour a subset of five larvae were removed. Each maggot was removed from the vial and checked for movement. Because other insects that appear lifeless can recover from anoxia, the maggot was placed back into the vial, which was left open to the air, capped to maintain humidity, and rechecked 24 h later [20]. Scores of no movement for the initial removal and 24 h post-removal resulted in a response of dead, while maggots that had either initial movement or movement at the 24 h check, were recorded as alive. Sampling continued until all maggots were recorded as no movement in the initial test. Throughout our experiments, no maggots recorded as dead at the first check recovered after 24 h.




2.3. Analysis


Although our experimental design follows a factorial treatment arrangement (oxygenation × temperature) which might imply use of analysis of variance, the idea that anoxia response differs with temperature was not central to the experiments. Instead, the key questions were how survivorship differed at different temperatures, and what was the mathematical relationship between anoxia survivorship and temperature.



To address the question of survivorship, we used Kaplan–Meier survivorship analysis through the Life module of the XLSTAT (Addinsoft, Inc., Paris, France) plugin to Microsoft Excel 2010 (Microsoft, Inc., Redmond, WA, USA). As part of the Kaplan–Meier analysis XLSTAT provides comparisons of survivorship distribution functions through three different tests: Log-rank, Wilcoxon, and Tarone-Ware tests. The appropriateness of these comparisons depends upon when most mortality occurs, and as we had no prior indication of the nature of our survivorship curves, we decided to use all three tests in evaluating differences in distribution functions. Because the control would necessarily be different from treatments (i.e., the control survivorship “curve” should be a flat line at 1.0), control data were excluded from comparisons of survivorship distribution functions.



For regression analyses, we chose the LT25, LT50, and LT75 values (the lethal temperatures at 25%, 50%, and 75% of the population) as the most appropriate response variables (in the literature the LT50 is most commonly used), and we conducted regression analyses with Prism 6.0 software (Graphpad Software, San Diego, CA, USA). We chose these values to provide an indication of potential population variability in response. In these analyses we used ‘runs testing’ to identify potential departures from linearity.





3. Results


Proportional survival in anoxia for larvae of all four calliphorid species were determined at five temperatures, 20–40 °C (Figure 1 and Figure 2). Control treatments showed essentially no mortality over the period of the experiments; consequently, no corrections were made in analyzing survival in anoxia.



As expected, survival was substantially greater at lower temperatures than higher temperatures. The range of survival times across species and temperature were a minimum of 2.2 h at 40 °C for C. vicina (Figure 1a) and a maximum of 9.0 h at 20 °C for C. macellaria (Figure 1a). Most survivorship distributions differed with temperature (Figure 1 and Figure 2), however, with P. regina survivorship distributions were more similar than those with other species, and the end point (0% survivorship) occurred at ca. 6 h, irrespective of temperature (Figure 1b).



Tests of differences among survival distributions within species are shown in Table 1 and Table 2. Because identifying differences among survival distributions depends on assumptions regarding when deaths occur, different hypothesis testing procedures are used for different assumptions. To avoid potential bias, we used log-rank, Wilcoxon, and Tarone-Ware non-parametric tests to examine potential differences, specifically. As Table 1 indicates, differences in survival distributions (excluding the control) were observed with all three tests for C. vicina, C. macellaria, and L. sericata (p < 0.0001). In contrast, P. regina showed no differences in survival distribution functions, indicating that the pattern of survival was similar across tested temperatures.



Table 2 shows LT25, LT50, and LT75 values for each species, where LT refers to the lethal time to a given % mortality. A significant linear relationship between LT50 and temperature was observed in all four species (Figure 1), with R2 varying between 0.98 and 0.83 among species. Very similar linear relationships were observed for LT75 (Figure 2). For both LT50 and LT75 runs testing was used to determine if significant non-linearity occurred; these tests were not significant for any species.



Table 3 reports mean survival times, however, given the substantial variation in these times across temperatures, the means are much less informative than LT50 and LT75 data.




4. Discussion


Third stage maggots of the four calliphorid species tested showed relatively limited abilities to tolerate anoxia. At temperatures associated with maggot masses (typically in excess of 30 °C), none of the species survived anoxia longer than 6.5 h. Moreover, at higher temperatures, survival times were much more limited (ca. 2–3 h).



Although some differences may exist in anoxia tolerance among species (e.g., Figure 1 and Figure 2, slopes of LT50 and LT75 versus temperature of C. macellaria compared with slopes for other species), species generally had similar relationships. Species differences in anoxia tolerance are likely related to differences in metabolic rates (i.e., metabolic demand for oxygen) and their potential for anaerobic respiration. The species used represent various subfamilies of the Calliphoridae; specifically, Calliphorinae (C. vicina), Chrysomyinae (C. macellaria and P. regina), and Luciliinae (L. sericata). Because the variation within the Chrysomyinae (slopes of C. macellaria versus P. regina) is greater than that observed among subfamilies, it seems likely that the responses observed here may be broadly characteristic of the Calliphoridae. Indeed, our results are like those obtained from Chrysomya megacephala and Chrysomya rufifacies in water at 26 °C [16] suggesting that submersion and atmospheric anoxia quickly result in mortality for metabolically active larvae.



Certainly, the relatively low tolerance to anoxia seen here could contribute to the need for larval movement in maggot masses. Tiger beetle (Coleoptera: Carabidae) have been model organisms for examining the effects of flood-induced hypoxia on terrestrial insects. Larvae of many species face occasional prolonged hypoxia during habitat flooding. In response to anoxia, larvae exhibit metabolic depression of more than 98% and surviving larvae appear dead and require many hours to resume normal activity [21]. Population differences have been observed between species that are flooded daily by ocean tides and those flooded occasionally by river flooding with the larvae flooded daily surviving shorter periods and recovering more quickly from exposure to anoxia [22].



Within a mass, larvae face potentially lethal temperatures [10], submersion in severely hypoxic liquid, and atmospheres with high levels of CO2. The very short survival times of maggots tested here appears to be explained by the need for third stage maggots to maintain active metabolism and be able to escape lethal conditions.



The anoxia tolerances observed here set one limit to the ability of larvae to remain while in a mass. Additionally, maggot masses can reach temperatures exceeding 45 °C, and at these temperatures maggots clearly have limited ability to withstand prolonged anoxia. Maggot mass temperatures at or above 45 °C are near lethal limits for many species, however, it is noteworthy that in our experiments, we saw virtually no mortality in control treatments even at temperatures of 40 °C. Like anoxia tolerance, temperature tolerance is a function of time of exposure, and the environmental cues for maggot movement could represent a combination of hypoxia and temperature and more research, including determination of larval cooling through evaporation in a mass is needed [10].



Figure 1 and Figure 2 show strong linear relationships between survival times and temperature. These data also illustrate variation in responses. Because we deliberately tested maggots from flies with presumably uniform genetic backgrounds, the variation we observed is not attributable to underlying genetic differences. Instead, this variation represents the intrinsic physiological variation associated with anoxia tolerance. Naturally, we would expect greater variation to be observed were we to conduct the same tests with wild flies (i.e., flies with greater genetic variability). However, we would not expect the underlying linear relationship to be appreciably different (given that linear relationships were observed in all species, across subfamilies of Calliphoridae).



One possible forensic application of these findings pertains to bodies with maggots found in conditions where anoxia or hypoxia is expected. For example, if a submerged body is found with live maggots, based on survival time-temperature relationships determined here, we could calculate a limit on the time of submergence (given the temperature of the water in which the body was found). As a rule of thumb, we would not expect to find live maggots on bodies that had been submerged longer than 10 h after colonization, even at temperatures below 20 °C (based on extrapolations of the linear models in Figure 1 and Figure 2). Indeed,



Regarding the central question of the role of anoxia tolerance in behavior of third stage larvae in maggot masses, various conclusions emerge from this study. First, anoxia tolerance among the blow fly species tested shows that a maggot could not remain in anoxic or hypoxic conditions for extended periods (more than a few hours). Therefore, access to oxygen is necessary while feeding, and some movement by maggots in a mass is likely associated with oxygen access (assuming hypoxic/hypercapnic conditions exist in maggot masses, which needs to be further established).



Second, in comparing the relative important and potential interaction of oxygen access and thermoregulation as factors in maggot behavior while in a maggot mass, these results show that the influence of oxygen deficiency occurs over a time frame of only a few hours. If thermoregulatory responses occur at a similar time frame, then it seems likely these factors interact to influence larval movement. In contrast, if thermoregulatory responses occur at a shorter time frame (minutes rather than hours), then temperature would be the key influence on larval movement in a maggot mass [6].



Third, the variation in survival times we observed within species and experiments was unexpected given the lack of genetic variation in our experimental fly populations. Because oxygen use is directly tied to metabolism in Phormia [15], the simplest explanation for our observations is that there are metabolic differences among individuals of the same species and with similar genetics. Presumably these differences arise from individual differences in feeding (specifically, variation in how much food has been consumed). Although blow flies are among the first insects to arrive at carrion and seem optimized for rapid development (because they are feeding on what is a transient resource), our results suggest feeding behavior is not optimized—all maggots may not feed as fast as they could. If this conclusion regarding variability in feeding rates proves accurate, then interesting possibilities emerge: is variation in larval feeding rates a reflection of intraspecific competition, is variation a consequence of differences in thermogulatory movement (perhaps maggots close to the center of a mass feed less and move more because they experience higher temperatures), or is variation in feeding somehow evolutionarily advantageous, perhaps as a form of spreading the risk to avoid developmental synchrony that might benefit parasites or predators [10].



Additional research should also examine survival times of other stages of forensically important species. After feeding, maggots enter a wandering stage prior to pupation, and it is possible that reduced metabolism for this non-feeding stage would increase survival times. Indeed, Cavallero and Hoback [23] found differences in survival between aquatic and terrestrial stages of a caddisfly. Interestingly, they also found that the pupal stage was most sensitive to hypoxia. Among forensically important fly species, survival times of immersion for pupae of Lucilia sericata and Calliphora vomitoria were tested by Magni et al. [24]. The authors tested survival in both fresh and salt water and found survival of some individuals of more than 120 h with LC50 times of around 8 to 9 h. In a forensic context, storage of larvae or pupae in a hermetic container may not result in immediate death [25] and additional research should examine whether fly stages survive for some period in preservative which could influence PMI estimates.
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Figure 1. Relationships between LT50 (lethal time to 50% survivorship) and temperature (°C) for four species of blow fly: (A) Calliphora vicina, (B) Cochliomyia macelleria, (C) Lucilia sericata, and (D) Phormia regina. Dotted lines indicate 95% confidence limits. 
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Figure 2. Relationships between LT75 (lethal time to 75% survivorship) and temperature (°C) for 3rd-stage larvae of four species of blow fly: (A) Calliphora vicina, (B) Cochliomyia macelleria, (C) Lucilia sericata, and (D) Phormia regina. Dotted lines indicate 95% confidence limits. 
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Table 1. Tests of equality of survival distribution functions by Log-rank, Wilcoxon, and Tarone-Ware tests. Survival distribution functions from Kaplan–Meier survivorship analysis of anoxia survivorship by time at different temperatures, for 3rd-stage larvae of each of four species: Calliphora vicina, Cochliomyia macelleria, Lucilia sericata, and Phormia regina.
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Statistic

	
Observed Value

	
Critical Value

	
p-Value






	
Calliphora vicina




	
Log-rank

	
48.656

	
9.488

	
<0.0001




	
Wilcoxon

	
38.487

	
9.488

	
<0.0001




	
Tarone-Ware

	
43.249

	
9.488

	
<0.0001




	
Cochliomyia macellaria




	
Log-rank

	
156.311

	
9.488

	
<0.0001




	
Wilcoxon

	
131.133

	
9.488

	
<0.0001




	
Tarone-Ware

	
142.963

	
9.488

	
<0.0001




	
Lucillia sericata




	
Log-rank

	
74.768

	
9.488

	
<0.0001




	
Wilcoxon

	
48.944

	
9.488

	
<0.0001




	
Tarone-Ware

	
60.742

	
9.488

	
<0.0001




	
Phormia regina




	
Log-rank

	
1.509

	
9.488

	
0.825




	
Wilcoxon

	
6.412

	
9.488

	
0.170




	
Tarone-Ware

	
3.529

	
9.488

	
0.473
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Table 2. Estimates of LT50 and LT75 (lethal time to 50% or 75% survivorship) and 95% confidence limits, at 5 temperatures for 3rd-stage larvae under anoxia for each of 4 species: Calliphora vicina, Cochliomyia macelleria, Lucilia sericata, and Phormia regina.






Table 2. Estimates of LT50 and LT75 (lethal time to 50% or 75% survivorship) and 95% confidence limits, at 5 temperatures for 3rd-stage larvae under anoxia for each of 4 species: Calliphora vicina, Cochliomyia macelleria, Lucilia sericata, and Phormia regina.





	
Temp

	
Quantile

	
Estimate

	
Lower Bound (95%)

	
Upper Bound (95%)






	

	
Calliphora vicina




	
20

	
75%

	
4.100

	

	
4.100




	

	
50%

	
4.100

	
3.267

	
4.100




	

	
25%

	
3.267

	
2.217

	
4.100




	
25

	
75%

	
3.783

	

	
3.783




	

	
50%

	
3.783

	
2.983

	
3.783




	

	
25%

	
2.983

	
1.917

	
3.783




	
30

	
75%

	
3.033

	
2.033

	
3.033




	

	
50%

	
3.033

	
2.033

	
3.033




	

	
25%

	
2.033

	
2.033

	
3.033




	
35

	
75%

	
2.533

	
1.467

	
2.533




	

	
50%

	
2.533

	
1.467

	
2.533




	

	
25%

	
1.467

	
1.467

	
2.533




	
40

	
75%

	
2.167

	
1.100

	
2.167




	

	
50%

	
2.167

	
1.100

	
2.167




	

	
25%

	
1.100

	
1.100

	
2.167




	

	
Cochliomyia macellaria




	
20

	
75%

	
9.000

	
7.850

	
9.000




	

	
50%

	
7.850

	
6.667

	
9.000




	

	
25%

	
6.667

	
5.800

	
7.850




	
25

	
75%

	
5.250

	

	
5.250




	

	
50%

	
5.250

	
4.300

	
5.250




	

	
25%

	
4.300

	
4.300

	
5.250




	
30

	
75%

	
5.917

	
5.050

	
5.917




	

	
50%

	
5.050

	
3.217

	
5.050




	

	
25%

	
3.217

	
3.100

	
5.050




	
35

	
75%

	
3.917

	
3.017

	
3.917




	

	
50%

	
3.017

	
3.017

	
3.917




	

	
25%

	
3.017

	
1.933

	
3.017




	
40

	
75%

	
2.317

	
1.333

	
2.317




	

	
50%

	
2.317

	
1.333

	
2.317




	

	
25%

	
1.333

	
1.333

	
2.317
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Table 3. Estimates of mean survival times, standard deviation, and 95% confidence limits, at 5 temperatures for 3rd-stage larvae under anoxia for each of 4 species: Calliphora vicina, Cochliomyia macelleria, Lucilia sericata, and Phormia regina.






Table 3. Estimates of mean survival times, standard deviation, and 95% confidence limits, at 5 temperatures for 3rd-stage larvae under anoxia for each of 4 species: Calliphora vicina, Cochliomyia macelleria, Lucilia sericata, and Phormia regina.





	
Temp

	
Mean Survival Time (h)

	
Standard Deviation

	
Lower Bound (95%)

	
Upper Bound (95%)






	
Calliphora vicina




	
20

	
3.590

	
0.207

	
3.184

	
3.996




	
25

	
3.312

	
0.196

	
2.927

	
3.697




	
30

	
2.533

	
0.167

	
2.207

	
2.860




	
35

	
2.000

	
0.178

	
1.652

	
2.348




	
40

	
1.633

	
0.178

	
1.285

	
1.982




	
Cochliiomyia macellaria




	
20

	
7.413

	
0.318

	
6.790

	
8.036




	
25

	
4.432

	
0.285

	
3.873

	
4.990




	
30

	
0.967

	
0.000

	
0.967

	
0.967




	
35

	
3.160

	
0.203

	
2.762

	
3.558




	
40

	
1.825

	
0.164

	
1.504

	
2.146




	
Lucilia sericata




	
20

	
6.882

	
0.230

	
6.431

	
7.333




	
25

	
4.884

	
0.309

	
4.279

	
5.489




	
30

	
3.978

	
0.306

	
3.378

	
4.578




	
35

	
4.011

	
0.309

	
3.407

	
4.616




	
40

	
2.509

	
0.173

	
2.170

	
2.848




	
Phormia regina




	
20

	
3.973

	
0.093

	
3.792

	
4.155




	
25

	
5.270

	
0.228

	
4.823

	
5.717




	
30

	
5.283

	
0.212

	
4.868

	
5.698




	
35

	
4.407

	
0.287

	
3.845

	
4.970




	
40

	
4.407

	
0.287

	
3.845

	
4.970
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