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THE EFFECT OF DIFFERENT WATER TYPES ON THE SURVIVAL AND 

ECLOSION RATE OF SUBMERGED LUCILIA SERICATA PUPAE 

SAKURA ROBINSON 

ABSTRACT 

Blowflies (Diptera: Calliphoridae) are main colonizers of decomposing remains 

and any information on the influences of their lifecycle of growth and development are 

important to forensic entomologists when estimating postmortem interval during a 

medicolegal death investigation. Pupal survival of blowfly species, Lucilia sericata were 

studied at different developmental stages following pupation, white (0-12 hrs), young (24 

hrs), medium (5 days), old (9 days) were submerged at various immersion intervals 

ranging from 1 hr to 120 hr (5 days) in different water types (fresh, salt, polluted, and 

drinking water). Control group (N= 100) were white pupae that were not submerged were 

also observed in order to compare the survival and eclosion rate. Two trials of the 

submergence process were conducted to observe the pupae survival. Data were analyzed 

using multiple logistic regressions in a 3-way interaction to determine if significant 

differences were seen between the water, time in water, and pupal stage. Dissolved 

inorganic nitrogen (DIN) of NH4
+, NO2

-, NO3
-, and oP or DIP were analyzed to examine 

to determine if a correlation between the water types could be seen. DIN analyses 

exhibited similar NO2
- + NO3

- and NO3
- in polluted and fresh water. The results show that 

as the pupae developmental age progressed, the pupae generally survived longer 

immersion intervals. The survival of white pupae decreased with the increase of 

submergence for all four water types, exhibiting a 100%mortality rate with pupae 
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submerged longer than 24-36 hours. While pupae immersed in polluted water had similar 

survival rates in the white stage, the survival rate declined as the developmental age 

increased for pupae immersed in polluted water. Pupae immersed in salt and polluted 

water had earlier eclosion times when compared to other water groups, emerging at 36 

hours from when the control group first emerged at day 12. Understanding the survival 

rate of submerged Lucilia sericata (Diperta: Calliphoridae) pupae will be potentially 

useful for criminal investigations by providing a better understanding of the survival of 

pupae submerged in different aquatic environments. 
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INTRODUCTION 

 

A fundamental concern for medicolegal death investigators when examining 

decomposed human remains is obtaining a reliable estimation of time since death, also 

known as the post-mortem interval (PMI) (Catts 1992; Catts & Goff 1992; Adams & Hall 

2003; Megyesi et al. 2005; Vélez & Wolff 2008; Dadour & Morris 2014; De Donno et al. 

2014). A reliable PMI allows investigators to acquire a more comprehensive 

understanding about the body in question, assist in minimizing potential suspects and/or 

omitting a reported alibi (Megyesi et al. 2005; Vélez & Wolff 2008). There are two initial 

pieces of evidence that are required when estimating the PMI: the time when the remains 

were recovered and an estimated time the individual was last seen (Goff 2010). Many 

studies concerning the decomposition process have been conducted in terrestrial 

environment with very few studies on aquatic decomposition. Previous studies showed 

that relying on the stages of soft tissue decay in aquatic environments tends to be 

inefficient when estimating PMI due to the slower decomposition rate caused by unique 

factors such as lower water temperatures and the lack of insect colonization on the 

remains (Megyesi et al. 2005; Dadour & Morris 2014).  

During criminal investigations in some jurisdictions, insects found on or in the 

vicinity of the remains are largely ignored by law enforcement during the evidence 

recovery process. Necrophagous insects such as the Diptera ("True Flies") are known to 

be the initial colonizers on a recently deceased individual, although locality dependent, 

appearing within minutes to the first hour after death (Dadour & Morris 2014). The 
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necrophagous insects follow predictable successional sequences as the decomposition 

progresses on the remains (Haskell et al. 1989; Catts 1992; Campobasso et al. 2001; Goff 

2010; Joseph et al. 2011; Reigada et al. 2011; Brown et al. 2012; Bunchu et al. 2012; 

Dadour & Morris 2014; Magni et al. 2016). Thus, most empirical evidence concentrates 

on blowfly colonization (in addition to other necrophagous species) on remains in order 

to estimate minimum period of insect activity (PIA), also known as the minimum 

postmortem interval (minPMI), by calculating the age of the developing insect larvae 

(Catts 1992; Adams & Hall 2003; Vélez & Wolff 2008; Goff 2010; Merritt & Wallace 

2010; Brown et al. 2012; Davies & Harvey 2012; Magni et al. 2016). Necrophagous 

insect species' development and activity strongly correlates with time and temperature in 

addition to the stages of decomposition (Haskell et al. 1989; Catts 1992; Campobasso et 

al. 2001; Goff 2010; Joseph et al. 2011; Brown et al. 2012; Bunchu et al. 2012; Dadour 

& Morris 2014; Magni et al. 2016).  

Forensic entomology is the study of insects and/or anthropods in a criminal 

investigation where they study the insect's lifecycle of growth and development (Catts 

1992; Campobasso et al. 2001; Dadour & Morris 2014). Fly development passes through 

four stages: egg, larva, pupa, and winged adult (Dadour & Morris 2014). Immature larval 

stages of Diptera, depending on species, are able to live in various habitats such as water, 

soil, decaying materials, or in plants and their developmental growth is affected by 

temperature and time (Adams & Hall 2003). Terrestrial larvae pass through three instar 

stages and when feeding ceases, the larvae migrate to drier and cooler areas surrounding 

the remains initiating the pupation process (Smith 1986; Joseph et al. 2011). In an aquatic 
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environment, if there is any presence of insect activity on submerged remains, the larvae 

generally migrate to a drier area such as the folds of the clothing, or they can be found 

adhering to decaying flesh or hair. Survival of different species of pupae may differ with 

respect to their developmental time and submergence interval (Reigada et al. 2011).  

The majority of the blowflies' immature lifespan (> 40%) is spent in the pupal stages 

(Catts & Goff 1992; Davies & Harvey 2013). The extensive internal and external 

morphological development occurs during the pupal stage where the body fats and 

glycogen of the larvae develops into the pupae/adult structures (Davies & Harvey 2013). 

Pupal age estimation is commonly determined by the coloration and content of the 

puparium, with species identification can be ascertained using the morphological 

characteristics of the puparium or reflectance (Brown et al. 2012; Bunchu et al. 2012; 

Davies & Harvey 2013; Voss et al. 2016). Following pupariation, early pupae, within 

three hours, are generally observed to be white or light yellow in color which will 

gradually turn a brown or dark brown as the pupae ages (Smith 1986; Bunchu et al. 

2012).  

The vast majority of studies on blowfly fauna succession have been extensively 

conducted on terrestrial decomposition which is problematic as majority of the Earth's 

surface is covered with various water (70%) with majority of the bodies of water being 

salt water followed by fresh water (Merritt & Wallace 2010). In the vicinity of 

industrialized and urban areas, the pollution of water caused by sewage, fertilizers and 

mammal and poultry wastes have been increasing over the years (Shrimali & Singh 2001; 

Mallin et al. 2009). Any one of these bodies of water could potentially result in a crime 
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scene, i.e. accidental, suicide, or homicide (Smith 1986; Catts & Goff 1992; Joseph et al. 

2011; Mateus et al. 2013). The typical decomposition process a body undergoes is 

putrefaction and fermentation, which is degradation of the organic matter with bacterial 

activity to reduce the body into a skeletal state. The other type of decomposition process 

a body may undergo is saponification, which is the process of hydrolysis of fatty tissues 

that occurs in a wet, anaerobic situation (i.e., aquatic environments). When a body is 

submerged or located near a body of water, the tissue begins to have a waxy appearance 

(adipocere formation) which can delay the decomposition process (Campobasso et al. 

2001; Goff 2010; Magni et al. 2013). In addition to the different decomposition process, 

a carcass in an aquatic environment may encounter unique variables: lower temperature, 

salinity, current and tides, water depth, bacterial and chemical content in the water and 

the ability to freely move in the water (Haskell et al. 1989; Dickson et al. 2011; 

Humphreys et al. 2013). 

While temperature is a crucial factor affecting the decomposition rate of a human 

body and estimating a PMI, the second most crucial factor is the access of the body by 

insects (Campobasso et al. 2001). Merritt and Wallace's (2010) study on insect 

succession in an aquatic environment was conducted in two freshwater streams in 

Pennsylvania where they provided physical descriptions of submerged pigs (Sus scrofa) 

decomposing. Generally, decomposition in an aquatic environment occurs at roughly half 

the rate of the terrestrial decomposition generally resulting in later insect activity 

(Campobasso et al. 2001; Dadour and Morris 2014). When a carcass is immersed in 

water, the body sinks preventing oviposition (or larviposition) of terrestrial insects. The 
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salt concentration in water, especially in sea/ocean water, hinders the putrefaction process 

due to lower temperatures as well as reducing the bacterial action and protects the 

remains from insect and small predators (Campobasso et al. 2001; Megyesi et al. 2005; 

Magni et al. 2013; De Donno et al. 2014). During the bloating stage, the carcass emerges 

to the surface during the decay process due to the buildup of fermentation gases, there is 

the possibility of necrophagous insect colonization which depends on the bodies 

proximity to land (Campobasso et al. 2001). The post-mortem submersion interval 

(PMSI), of remains recovered from aquatic environments have been demonstrated to be 

problematic as remains submerged in aquatic environment prevent oviposition and larval 

development from occurring (Dickson et al. 2011; Humphreys et al. 2013; Mateus et al. 

2013; De Donno et al. 2014).  

Before the remains sink, any mature larvae will migrate away from the body, but 

in an aquatic setting, the larvae typically entangle or adhere to the folds of the clothing or 

hair (Smith 1986; Singh & Greenberg 1994; Merritt & Wallace 2010; Dickson et al. 

2011; Reigada et al. 2011; De Donno et al. 2014). Therefore when the remains are 

discovered, removing them from an aquatic environment requires special equipment and 

meticulous care to ensure all specimens are collected (Mateus et al. 2013; Magni et al. 

2013).  

Used regularly for terrestrial decomposition, accumulated degree days (ADD) has 

been recently suggested to be utilized for aquatic decomposition (Humphreys et al. 2013; 

De Donno et al. 2014).  This is focused on the protocols for estimating the PMSI, a 

crucial part of a criminal investigation that has been continuously problematic for 
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medicolegal death or forensic investigators. Following the criteria of Heaton et al (2010) 

and Megyesi et al (2005), Humphreys et al. (2013) used the total aquatic decomposition 

score of three specific area of the body: the head and neck; the trunk; and the limbs, 

including the hands and feet in an aquatic environment, to create a score for total aquatic 

decomposition (TAD) and weighing the carrion before and after submersion. In 

combination of the TAD, Humphreys et al. (2013) calculated the ADD in an underwater 

freshwater in situ evaluation with photographic documentation and weighing the carcass 

before and after submersion. Humphreys et al. (2013) managed the submergence of the 

piglets by inserting them into crates; however the authors produced an artificial 

environment by restricting the bloating and floating stages that occur during an aquatic 

decomposition resulting in no insect activity being noted internally in or externally on the 

piglets. 

Haskell et al. (1989) recognized the potential use of aquatic insects to determine 

the postmortem interval, or in this case the postmortem submergence interval (PMSI). 

Unlike the studies done on insect activity in the terrestrial decomposition process, there 

are no sarcophagous aquatic insects to compare with common terrestrial insect species 

such as Diptera (Calliphoridae). Haskell et al. (1989) focused on midges (Diptera: 

Chironomidae) for possibly determining the PMSI as it is one of the few aquatic insects 

that are capable of colonizing submerged bodies based on their biology in certain 

geographic areas. While Haskell et al. (1989) suggested the use of aquatic insect (i.e., 

midges) in the estimation of time since submergence; no use was made of midges in the 

estimation of PMSI and the potential limitations of their usage. Following Haskell et al. 
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(1989), Keiper et al. (1997) conducted a study of the potential use of midge larvae in the 

estimation of the PMSI in a woodland stream. Although the Keiper et al. (1997) study is 

relevant it should be considered preliminary in that 20 adult rats were utilized instead of 

pigs which have been deemed to be the ideal surrogate human model as they depict a 

more accurate representation of the adult human decomposition process (Schoenly 1992; 

VanLaerhoven & Anderson 1999). 

Bugajski and Tolle (2014) examined the effect of an aquatic environment had on 

Diptera (Calliphoridae) colonization. They took into consideration the immersion and 

resurfacing of the remains in an aquatic environment that was not done in Haskell et al.'s 

(1989) study. This was done by creating an artificial aquatic environment by filling 62 L 

plastic containers half full with Valparaiso city water and did not weigh down the pigs. 

Blowfly colonization was observed to occur five days after the pigs' placement in water 

with large maggot masses seen on the twelfth day. Larval migration was observed greatly 

impacted during an aquatic decomposition. During a terrestrial decomposition, larvae 

migrate off the body into the soil surrounding the remains. In an aquatic environment, 

Bugajski and Tolle (2014) state the larvae are prone to death either through drowning and 

decomposition or through predation resulting in a loss of the pupal stage which is crucial 

in the estimation of the PMI.  

As mentioned earlier there have been only a few observations on the development 

of blowfly fauna on carcasses in aquatic environments and the estimation of the PMI in 

aquatic environments (Haskell et al. 1989; Catts & Goff 1992; Campobasso et al. 2001; 

Merritt & Wallace 2009; Singh & Bala 2011). The majority of the studies done on the 
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survival after submergence have been on pupae as much of the immature blowflies' 

lifecycle is spent as pupae (Catts & Goff 1992; Davies & Harvey 2013). Singh and 

Greenberg (1994) and Reigada et al. (2011) focused on pupal survival after being 

immersed in water at different intervals and with different blowfly species. Singh and 

Greenberg (1994) examined the survival of pupae after submergence in five species of 

blowflies. They observed higher rates of survival following submergence for one and 2 

days with no pupae surviving after five days.  Lower survival rates occurred in young 

(white) pupae than in old pupae. Following Singh and Greenberg's (1994) study, Reigada 

et al. (2011) examined the potential of estimating the PMSI by observing a survival 

difference between different species of pupae in respect to their developmental time when 

submerged. 

The aim of this study is to observe the survival rate and the eclosion rate of 

Lucilia sericata (Diptera: Calliphoridae) submerged in various water types (salt water, 

fresh water, drinking water, and polluted water). One aspect that may aid in the 

determination of the submersion interval is the survival rate of pupae especially when 

remains are partially submerged or have recently floated to the surface of a body of 

water. The aim of this study is to observe the survival rate and the eclosion rate of various 

pupal stages of Lucilia sericata (Diptera: Calliphoridae) (white, young, medium, old) 

submerged in various water types (salt water, fresh water, drinking water, and polluted 

water). The following study was designed to determine if 1)teneral pupae will have a 

reduced survival rate following submergence when compared to the older stages of pupal 

developmental and 2) pupae submerged in saltwater or polluted water will either have a 
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reduced eclosion and survival rate when compared to pupae submerged in fresh water or 

drinking water. 
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METHODS 

 

Rearing of Insects 

Lucilia sericata (Diperta: Calliphoridae) were from colonies originated from wild 

flies caught from liver placed at Bedford, Massachusetts near marsh water and forested 

area for two days in mid-August 2018. Larvae were collected and brought back to the 

laboratory to form a breeding colony mat 26±2°C and a photoperiod of 12:12 (L:D) 

hours. Adult flies were provided with sugar cubes as a carbohydrate source and fresh 

liver for protein (base ingredient of the colony food and used throughout the study). Five 

days after eclosion, fresh liver was presented to the adult flies to feed. Five days later, 

fresh liver was placed again in the cage to facilitate oviposition. The fresh liver was 

placed in the cages for 24 to 36 hours before removal for egg and larvae collection. The 

eggs and larvae were placed on liver in a weigh boat dish moistened with damp paper 

towels resting on a bed of dry sand. The liver provides food for larval development and at 

the end of the third instar larval stage they migrate off the food source and pupate in the 

sand. Temperature data in the study were recorded using a temperature data logger 

(HOBOware), with temperature being recorded every minute.  

Submergence process 

L. sericata pupae were submerged in four different water types (freshwater, 

saltwater, drinking water and polluted water) to observe survival and eclosion rates. The 

submerged pupae (N=30 per group) were sampled at different development stages 

(following pupation): white pupae (0-12 hours), young (24 hours), medium (5 days) and 
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old (9 days). They were placed in separate 16oz open containers with approximately 14oz 

of water. Since white pupae sink and older pupae tend to float (Singh and Greenberg 

1994), all pupae were placed in open weave mesh bag and weighed down with stainless 

steel washers, allowing the bags with pupae to remain completely submerged during the 

study. Meticulous care was taken to avoid capturing air bubbles in the weave mesh bags 

as pupae, under natural circumstances, may be found entangled in hair or trapped in 

clothing (Smith 1986; Singh & Greenberg 1994; Merritt & Wallace 2009; Dickson et al. 

2011; Reigada et al. 2011). During the study, two trials of the submergence process were 

conducted whose results were viewed separately in order to observe if the trials would 

produce similar results.  

Pupae were submerged in each water type for different time intervals: 1 hour, 4 

hours, 8 hours, 12 hours, 24 hours, 36 hours, 48 hours, 72 hours, 96 hours, and 120 hours. 

After the designated time, pupae were removed from the water, dried off on an absorbent 

towel and buried in dry sand. The time required to eclosion (the emergence of an adult 

insect from a pupal casing) and the survival rate were recorded and compared to the 

control pupae group (N=100). The control group consisted of pupae that were not 

submerged in water and were left to go through their normal lifecycle with no additional 

environmental influences. 

Water Samples  

The water samples are from four locations (Table 1) that were collected in the 

spring months (April-May 2018). The vials (30 cm height, 10 cm diameter) are made 

from a clear polyvinyl chloride (PVC) material (a duplicate vial was made per location). 
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The collected water samples were filtered on-site into 30 ml acid washed and deionized 

water leached polyethylene vials using a 60 ml acid washed polypropylene syringe and 

glass fiber filters (Whatman GF/F, 0.70μm pore size) (Foster & Fulweiler 2014). 

Polyethylene vials are believed to be suitable for the storage of water (Rainwater & 

Thatcher 1960). Filtering prior to water analyses is generally used to remove particulates, 

quantifying specified impurities, or analyzing microorganisms. After collection, the vials 

were frozen overnight before being transported to Boston University Department of Earth 

and Environment for dissolved inorganic nitrogen (DIN) analysis (ammonium (NH4
+), 

nitrite (NO2
-), nitrate (NO3

-), and phosphate (oP) or dissolved inorganic phosphate 

(DIP)).  Mystic River (off of Somerville, MA) was chosen for the polluted water sample, 

dependent of location, this water could be either fresh or salt water; however, for this 

study the water collected was considered as polluted fresh water.  

Water Sampling Analysis   

Dissolved inorganic nitrogen concentrations were established by high resolution 

digital colorimetry on a Seal Auto Analyzer 3 with segmented flow injection using 

standard techniques utilized by Solorzano (1969), Johnson and Petty (1983) and Hansen 

and Koroleff (1999) (Foster & Fulweiler 2014). The laboratory mean minimum detection 

limits (MDL) for the period of this study are 0.080, 0.006, 0.013, 0.010, and 0.013 μM 

for NH4
+, NO2

-, NOx (NO3
- + NO2

-),  NO3
-, and oP or DIP respectively. Concentration 

DIN values could not be chemically analyzed for drinking water due to significant 

chlorine inference in the samples. Out of the four water samples, drinking water samples 

could not be chemically analyzed due to significant chlorine interference. To protect 



 

13 

consumers from the effects associated with high nitrogen, in particular nitrate, the EEC 

(what is this) and WHO (what is this) set standards to regulate the concentration level of 

nitrate in drinking water in the United States and Canada (Shrimali & Singh 2001). The 

use of chlorine as a disinfectant in the water to reduce nitrate to innocuous nitrogen gas 

forms chloramine and nitrogen trichloride in drinking water. This addition of the chlorine 

may be responsible for the obnoxious taste and odor in drinking water.  

Statistical Analyses 

Pupal survival in the different water was analyzed using multiple logistic 

regression models using SPSS statistical package. The logistic regression models where 

examined with the inclusion of trial in all possible 2-, 3-, 4-way interactions. Comparison 

of the number of surviving L. sericata pupae of the control group (without water 

submergence) and the different water types were analyzed, with the level of significance 

set at p-value <0.05. The developmental stage of the pupae and time interval of water 

submergence were considered as the explanatory variables in order to analyze pupal 

survival. 
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RESULTS 

Water Analyses 
  

The samples from drinking water could not be analyzed due to significant 

chlorine interference caused by the utilization of chlorine as a disinfectant to reduce the 

nitrogen levels. Salt water has significantly higher NH4
+ and NO2

- (average 18.27 μmol/L 

and 6.26 μmol/L, respectively) than polluted and fresh water (Table 1). Polliuted and 

fresh water had similar NO3
- + NO2

- and NO3
- , with polluted water having higher NH4

+ 

and NO2 than fresh water. Polluted water had the lowest op/DIP value 0.25 μmol/L 

whereas salt and fresh water had similar values.  

Blowfly pupae survival  

 A consistent temperature is ideal, however; a consistent temperature could not be 

maintained by the author due to outside influences. As concerns about consistent 

temperature across the two trials of the submergence process may introduce an additional 

source of variability, the logistic regression models where examined with the inclusion of 

trial in all possible 2-, 3-, 4-way interactions. The inclusion of the 4-way interactions with 

trial resulted in a statistically significantly better model (chi-sq (9) = 38.30, p <0.001), the 

change in concordance was negligible (∆C = 0.001), and there was no visible change in 

the receiver operating characteristic (ROC) curve between the two models. A ROC curve 

is a plot that exhibits the true positive rate against the false positive rate for different 

possible cut points. Thus, the two trials were included as a main effect in all analyses, but 

were not included in any possible interaction effects. 
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 Examining the three way effects between water type, time in water, and pupal 

stage, the more detailed model was statistically significantly better (chi-sq (9) = 209.50, p 

< 0.001). This resulted in a larger change in the concordance (∆C = 0.006), and resulted 

in a visible change in the ROC curve between the two models. To simplify the 

presentation of the analyses, separate analyses were conducted by pupal stage, thus 

accounting for the 3-way interaction using saltwater as a control to compare the other 

water types against (Table 3).  

  The survival of white pupae decreased with the increase of the submergence 

interval, with 100% mortality rate for pupae immersed longer than 24-36 hours (Table 2, 

Figure 1). White pupae submerged in drinking water was significantly lower survival 

than the other water types (z = -10.32, p < 0.001) with the least number of surviving 

pupae 12 hours of immersion (z = 4.91, p < 0.001). Fresh water pupal survival was the 

closet to the salt water (z = -1.81, p < 0.071) and survival time submergence (z = 3.04, p 

< 0.002) (Table 3).  

 Overall, the mortality rate reached 100% for young pupae immersed in water 

longer than 72 hours, with the exception of the young pupae submerged in polluted water 

which had surviving pupae at the 120 hours mark (Table 2-3, Figure 2). Young pupae 

submerged in drinking water was significantly closer to the salt water pupal survival (z = 

1.71, p < 0.087) and salt water survival time submergence (z =0.38, p < 0.702) (Table 3). 

 The medium pupal stage was observed to depict the most distinct differences 

between the two trials among the water types (Table 3, Figure 3). When compared to the 

other water types, salt water had the least amount of surviving pupae and reached a 100% 
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mortality rate with pupae immersed longer than 72 hours. Medium pupae submerged in 

the water types (p < 0.001 for each) did not reach a 100% mortality rate (except in trial 1, 

polluted water which reached 100% mortality rate with pupae immersed longer than 96 

hours).  While drinking water, fresh water and polluted water did not reach a 100% 

mortality rate, pupae immersed in fresh water and drinking water were more likely to 

have a higher percentage of pupae surviving within the first 12 hours of submergence.  

Old pupae submerged in polluted water had significantly lower pupal survival 

when compared to pupae immersed in the other water types (z = 12.55, p < 0.001), 

similar with the submergence interval in polluted water had significantly lower pupal 

survival over time (z = 5.92, p < 0.001) (Table 3). Pupae submerged in fresh water and 

drinking water were relatively similar to one other, p = 0.227 and p = 0.429 respectively 

(Figure 4). Similarly, the submergence interval in fresh water and drinking water were 

relatively similar to one other, p = 0.080 and p = 0.058 respectively. Pupae submerged in 

the polluted water were least likely to survive where as pupae submerged in the other 

water types were able to survive submergence intervals up to at least 96 hours (Figure 4).  

Eclosion 

 Trial 1 and trial 2 had pupae survival over 80%, with 85% and 88% survival rate 

respectively. Control group pupae first emerged on Day 12 and continued 36 hrs after 

initial emergence (Table 4-5). Pupae immersed in water required more time for eclosion 

than the control group. Pupae immersed salt and polluted water having the earliest 

eclosion time at 36 hrs longer than control group first emergence. The remaining 

immersed pupae eclosed 12 hrs later at 48+ hours. White to medium pupal stage 
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immersed in drinking and young pupae immersed in fresh water had the longest time 

required for eclosion than the (48-120 hours) than others.  
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DISCUSSION 

 

Decomposition of a carcass in an aquatic environment may encounter various 

unique factors that are not encountered during a terrestrial decomposition process such as 

salinity, water depth, as well as current and tides, however; the primary factors are the 

lower temperature and the prevention of insect activity (Haskell et al. 1989; Merrit & 

Wallace 2010; Dickson et al. 2011; Humphreys et al. 2013; Dadour & Morris 2014). If 

there is any presence of mature larvae on a carcass, they will migrate away and typically 

get entangled or found adhering to the folds of clothing or hair (Smith 1986; Singh & 

Greenberg 1994; Merritt & Wallace 2010; Dickson et al. 2011; Reigada et al. 2011; De 

Donno et al. 2014). While the decomposition process in an aquatic environment have 

been studied increasingly in recent years, there only have been a few observations on the 

effect of aquatic environment on blowfly colonization and survival, and its potential use 

in the PMSI estimation. 

While previous research focused mainly on the survival after submergence, there 

were no studies done on the eclosion rate of submerged pupae. The pupae submerged in 

saltwater or polluted water was initially considered to have a hindered eclosion was null 

as submerged pupae had an earlier eclosion time the pupae submerged in the drinking 

water and fresh water. The earliest eclosion of submerged pupae in either salt water or 

polluted water was 36 hours, close to the eclosion time of the control group. There was 

no correlation observed in the DIN analyses between salt water and polluted water, 
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however; only a small portion of the chemical analyses was conducted during this study 

and can expand to pH, alkalinity, conductivity, dissolved gases and trace elements.  

Nitrogen and phosphorus are two problematic pollutants in stormwater runoff 

(Bannerman et al. 1993; Line et al. 2002; Mallin et al. 2009). Main sources of nitrogen 

on the surface can be caused by chemical or manure fertilizers, animal waste disposal, 

and the settling of ammonia by animal lagoons and spray field (Shrimali & Singh 2001; 

Mallin et al. 2009). Dissolved inorganic nitrogen (DIN) analyses resulted in extremely 

higher NH4
+ and NO2

- in salt water while polluted water and fresh water had higher NO3
- 

+ NO2
- and NO3 (Table 1). Drinking water could not be analyzed due to significant 

chlorine interference caused by chlorine being utilized as a disinfectant to reduce nitrate 

to innocuous nitrogen gas while not influencing the concentration of other ions (Shrimali 

& Singh 2001).  

The water types ranged from salt water (Boston Marine Harbour), fresh water 

(Holliston, MA), polluted water (Mystic River), and drinking water (Boston University). 

These locations were chosen based on online water quality assessment or by widely 

utilized aquatic environments at Boston University. Improperly managed stormwater is 

the major source of water pollution seen throughout the U.S.A resulting from snowmelt 

and rainfall carrying contaminants such as fertilizers, insecticides, herbicides; toxic 

chemicals from urban runoff and energy production as well as bacteria and nutrients from 

pet wastes, damaged sewer lines and septic systems (Stormwater 2018). The polluted 

water sample from Mystic River stemmed from a body of fresh water that was polluted 

from stormwater in Somerville Massachusetts. The Watershed water quality compliance 
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rate is a mixture of Mystic River (87.6%) and Malden River (63.7%) (Water Quality 

2018). The similar values of NO3
- + NO2

- and NO3
-
 in fresh and polluted water may be 

due to the type of water it stems from (i.e., fresh water), with higher NH4
+ and NO2

- 

values in polluted water.  

Following similar methods that of Singh and Greenberg (1994) and Reigada et al. 

(2011) on pupal survival of immersion intervals and pupal developmental stages. As the 

pupae developmental age progressed, they generally survived longer intervals underwater 

(Singh & Greenberg 1994; Reigada et al. 2011). Singh and Greenberg (1994) saw no 

pupal survival after 5 days of submersion in three of the five blowfly species 

(Protophormia terraenovae, Calliphora macellaria, and Phormia regina). Lucilia seriata 

in the study exhibited survival after 5 days of submergence in medium and old pupal 

development stage. Singh & Greenberg (1994) and Reigada et al. (2011) shown white 

pupae to exhibit the highest mortality than the other pupal stages, with 100% mortality 

rate generally being reached in pupae submerged longer than 24 hours (Table 3, Figure 

1). However, previous studies utilized open glass vial containers and deionized tap water 

(Singh & Greenberg 1994; Reigada et al. 2011). Plastic elements will seep into the water 

stored in plastic containers, altering the water elements thus utilizing glass vials would 

limit or halt any potential seepage. In addition, having an appropriate sample size is 

crucial in a study where obtaining potentially useful results for future research to utilize. 

Singh and Greenberg (1994) and Reigada et al (2011) presented an extremely irregular 

small sample size per blowfly species and stated no sample size, respectively. A larger 

sample size is ideal in any study which can be achieved with blow flies as they produce a 
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large number of eggs (approximately 100 per oviposition). By providing a consistent 

large sample size of 30 per variable, it generated more plausible results on the survival 

after submergence.  

Temperature is a crucial factor in the blowflies' lifecycle (Campobasso et al. 

2001; Adams & Hall 2003). Recovered temperature data from the HOBOware 

temperature datalogger displayed inconsistent ambient temperature throughout the study. 

While the ambient temperature was recorded, the water temperature was not recorded 

during this study so it is unclear how inconsistent the water temperature was during the 

study. Although Singh and Greenberg (1994) noted elevated water temperature could 

affect pupal survival inversely, no studies investigated the effect of water temperature on 

pupal survival. Thus, temperature was an additional source of variability that was not 

taken into consideration during the study. It is difficult to determine the temperature 

effect on the pupal survival after submergence or eclosion rate.  

Understanding the growth and development of blowfly's lifecycle is important in 

forensic entomology (Catts & Goff 1992; Campobasso et al. 2001; Dadour & Morris 

2014), but it is crucial to understand the structural mechanism as well. When the shape of 

the puparium is complete the cuticle case is soft and white (Fraenkel and Rudall 1940), 

this stage is generally known as the white pupa. As soon as the white pupa is formed, the 

cuticle will gradual darken and harden as the pupa ages. Thus, an old blowfly puparia and 

cuticle casing are highly sclerotized and chitinous, which is a main component of cuticle 

in insects (Davies and Harvey 2012). For successful adult eclosion, a pupa must maintain 

a sufficient level of hydration for proper development (Rivers et al. 2013). Thus, the 
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cuticle hardness is dependent on the degree of hydration of its structure (Fraenkel and 

Rudall 1940). During the transformation from larva to pupa, Fraenkel and Rudall (1940) 

demonstrated the cuticle swelling ability while wet and observed that the cuticle 

gradually lose their ability to swell and hold water as the pupae age. In older (brown) 

pupae, the degree of hydration is immensely reduced, and protein and chitin in the cuticle 

are gathered to form a firm continuous framework. It is assumed that the protein fails to 

swell in older (brown) pupae due to the close interaction of the protein and chitin. The 

mixed crystallization of the protein and chitin in the older (brown) pupae may allow the 

pupae to survive after submergence by preventing the protein from swelling and 

increasing the cuticle hardness whereas white pupae may absorb more water and may 

swell the cuticle more than needs to be. 

Poulson (1935) observed that early pupal stage of Drosophila melanogaster (fruit 

fly species) has a higher oxygen consumption and drops rapidly during the first 12 hours. 

After several days, oxygen consumption generally increases between 40 to 78 hours, 

creating a "U-shaped" pattern, until eclosion occurs. This pattern of oxygen consumption 

during metamorphosis demonstrated a high demand of oxygen the beginning and end of 

metamorphosis (Poulson 1935; Park & Buck 1960; Singh & Greenberg 1994).  Thus, the 

pattern could be related to the ability of pupae to survival in areas with low oxygen 

demand (Reigada et al. 2011). Woods and Lane (2016) observed Manduca sexta pupae 

immersed in water for 0 to 13 days and concluded oxygen levels in the water did not 

affect survival rate rather it was the accumulation of high levels of lactate.  
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While terrestrial insects spend majority of their time on land, they can spend some 

time in water during their lifecycle as their ecology exposes them intermittent flooding 

(Hoback & Stanley 2001; Woods & Lane 2016). These immersion periods may select for 

morphologies, behaviors and physiologies that help insects survive contact with water. 

One common habitat that is flood-prone is soil, which interacts with overflowing streams 

and rivers, rainfall and snowmelt. Flooding can transport pathogens, spread infections, or 

alter the soil structure that traps the insect. Trapping insects may alter the exchange of 

respiratory gases as water holds less oxygen than air and moves more slowly in water. 

Anoxia can be extremely stressful causing changes in metabolism and insect 

development resulting in decrease production of ATP and changes in ion distribution 

with entry of calcium into the cells being the most dangerous. To encounter these 

changes, insects maintain the low levels of ATP production by modifying to anaerobic 

pathways with end products are lactate, alanine and succinate.  

A problem when recovering from anoxia is the minimization of oxidative damage 

from reperfusion of the tracheal system. Reperfusion in insects occurs rapidly as oxygen 

is not delivered by the tracheal system instead of a circulatory system which makes 

insects prone to oxidative damage. This resulted in changes in the respiratory gas 

exchange pattern, interrupting insect development, modifying adult morphologies, or 

leading to death (Lighton & Schilman 2007; Woods & Lane 2016). Some metabolic 

activities can be suspended for prolonged periods of rest, or diapause, which can occur at 

any insect stage: egg, larva, pupa or adult (Wigglesworth 1939). It is characterized by 

reduction of activity, in more particularly the cessation of growth and arrested 
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development. During the reduction of respiratory metabolism in the pupal stage diapause, 

the low oxygen uptake is immensely prolonged thus exhibiting a growth problem in the 

pupae. The arrest period in many insects can be caused by numerous conditions such as 

drought, inadequate food, and in this case submergence, however; normal growth is 

restored when acceptable conditions are reached again.   
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APPENDIX 
 

Table 1. Results of the DIN analyses of the four water sample locations in Massachusetts, U.S.A. 

Station (Abbr.) Water 
Type 

Water Characteristics 

NH4
+ NO2

- NO2
-+NO3

- NO3
- oP/DIP 

μmol/L μmol/L μmol/L μmol/L μmol/L 
Boston, MA 
(BU* School of 
Medicine) 

Drinking - - - - - 

Boston, MA 
(BPD* Marine 
Harbor) 

Salt 18.17 
18.36 

6.19 
6.32 

43.26 
46.50 

37.16 
40.28 

0.45 
0.45 

Somerville, MA 
(Mystic River)* Polluted 5.82 2.51 60.59 58.42 0.25 

Holliston, MA  
(BU ORF*) Fresh 3.99 

4.18 
0.81 
0.85 

60.78 
65.31 

60.37 
64.89 

1.01 
0.47 

BU (Boston University); BPD (Boston Police Department); BU ORT: Boston 
University Outdoor Research Facility 
*Mystic River is polluted fresh water 
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Table 2. Pupae survival after water submergence for Trial 1 (top) and Trial 2 (bottom) 
 

 Survival After Submergence (Trial 1) 
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 (h
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) 

1hr 2 29 25 30 20 20 21 27 25 - 13 23 24 19 2 23 
4hr 0 24 23 21 24 22 14 30 25 2 13 27 30 24 2 22 
8hr 3 13 13 15 19 19 21 27 27 0 8 24 20 23 0 11 
12hr 1 - 10 5 20 18 22 21 21 1 29 21 26 24 1 20 
24hr - - - - 4 12 14 15 1 3 8 22 1 24 1 23 
36hr - - - - 1 3 13 7 3 - 5 20 2 17 0 24 
48hr - - - - - 2 20 2 2 - 3 21 1 6 0 21 
72hr - - - - - - 15 - - - 2 10 - 6 0 8 
96hr - - - - - - 5 - - - 1 4 - 1 2 2 
120hr - - - - - - - - - - 3 4 - 6 4 3 
Control 85 

Control Group (N=100) 
N=30 per each water, time in water, pupal stage group 
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 Survival After Submergence (Trial 2) 
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 (h
rs

) 

1hr 2 28 24 30 21 23 23 26 24 9 21 28 23 17 3 20 
4hr 3 25 20 25 21 21 21 27 25 3 21 23 25 19 3 18 
8hr 2 16 16 19 20 19 16 24 27 3 19 26 25 15 2 30 
12hr 2 12 11 13 22 10 22 20 28 4 7 24 23 21 1 16 
24hr - - 5 5 4 5 15 15 26 3 9 23 21 14 1 24 
36hr - - 1 1 2 3 12 9 26 3 5 20 23 13 0 17 
48hr - - 1 - - 2 13 4 20 1 6 17 20 5 0 15 
72hr - - - - - - 16 1 19 - 4 16 17 5 1 10 
96hr - - - - - - 9 0 19 - 2 15 16 4 1 8 
120hr - - - - - - 6 2 13 - - 17 15 - 2 4 
Control 88 

Control Group (N=100) 
N=30 per each water, time in water, pupal stage group 
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Figure 1 Pupal survival after submergence percentage vs. water submergence interval 
(hours) in white pupae. 
 

 
Note: Circles indicate the second trial. 
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Figure 2: Pupal survival after submergence percentage vs. water submergence interval 
(hours) in young pupae. 
 

 
Note: Circles indicate the second trial. 
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Figure 3: Pupal survival after submergence percentage vs. water submergence interval 
(hours) in medium pupae. 
 

 
Note: Circles indicate the second trial. 
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Figure 4: Pupal survival after submergence percentage vs. water submergence interval 
(hours) in old pupae. 
 

 
 

Note: Circles indicate the second trial.   
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Table 3. Examining the three way effects between water type, time in water, and pupal 
stage 
 
Pupal Stage: White 

Effect Estimated Std. Error  z value Pr(>|z|) 
Intercept 2.8442 0.3856 7.38 <0.001*** 
Trial 2 0.6133 0.1637 3.75 0.0002*** 
Time -0.3916 0.0465 -8.42 <0.001*** 
Drinking water -5.4202 0.5251 -10.32 <0.001*** 
Fresh water -0.8422 0.4662 -1.81 0.071 
Polluted water -1.7338 0.4340 -4.00 0.001*** 
Time: Drinking water 0.2934 0.0598 4.91 <0.001*** 
Time: Fresh water 0.1623 0.0535 3.04 0.002** 
Time: polluted water 0.2334 0.0499 4.68 <0.001*** 
*p < 0.05 
**p < 0.01 
**p < 0.001 
 
AIC: 979.87 
AUC: 0.9600684 
Null deviance: 2388.00 on 2399 df 
Residual deviance: 961.87 on 2391 df  
 
Pupal Stage: Young 

Effect Estimated Std. Error  z value Pr(>|z|) 
Intercept 1.1339 0.1766 6,42 <0.001*** 
Trial 2 -0.0236 0.1086 -0.22 0.828 
Time -0.0875 0.0090 -9.73 <0.001*** 
Drinking water 0.4371 0.2552 1.71 0.087 
Fresh water 0.9924 0.2573 3.86 0.0001*** 
Polluted water -0.3479 0.2106 -1.65 0.099 
Time: Drinking water -0.0365 0.0156 -2.35 0.019* 
Time: Fresh water 0.0044 0.0115 0.38 0.702 
Time: polluted water 0.0682 0.0093 7.32 <0.001*** 
*p < 0.05 
**p < 0.01 
**p < 0.001 
 
AIC: 2039 
AUC: 0.8690931 
Null deviance: 3187.5 on 2399 df 
Residual deviance: 2021.0 on 2391 df  
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Pupal Stage: Medium 
Effect Estimated Std. Error  z value Pr(>|z|) 

Intercept -2.5497 0.2514 -10.14 <0.001*** 
Trial 2 1.0431 0.1101 9.471 <0.001*** 
Time -0.0402 0.0110 -3.65 0.0003*** 
Drinking water 3.3845 0.2805 12.06 <0.001*** 
Fresh water 3.6883 0.2851 12.94 <0.001*** 
Polluted water 2.2866 0.2775 8.240 <0.001*** 
Time: Drinking water 0.0131 0.0113 1.16 0.247 
Time: Fresh water 0.0172 0.0113 1.52 0.128 
Time: polluted water 0.0030 0.0118 0.26 0.798 
*p < 0.05 
**p < 0.01 
**p < 0.001 
 
AIC: 2142.6 
AUC: 0.8304274 
Null deviance: 3201.8 on 2399 df 
Residual deviance: 2124.6 on 2391 df  
 
Pupal Stage: Old 

Effect Estimated Std. Error  z value Pr(>|z|) 
Intercept 0.7403 0.1426 5.19 <0.001*** 
Trial 2 0.3868 0.1028 3.77 0.0002*** 
Time -0.0323 0.0032 -10.20 <0.001*** 
Drinking water 0.1499 0.1895 0.79 0.429 
Fresh water 0.2302 0.1907 1.21 0.227 
Polluted water -4.1541 0.3311 -12.55 <0.001*** 
Time: Drinking water 0.0078 0.0041 1.90 0.058 
Time: Fresh water 0.0072 0.0041 1.75 0.080 
Time: polluted water 0.0348 0.0059 5.92 <0.001*** 
*p < 0.05 
**p < 0.01 
**p < 0.001 
 
AIC: 2319.6 
AUC: 0.8304274 
Null deviance: 3195.2 on 2399 df 
Residual deviance: 2301.6 on 2391 df  
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Table 4. Time required for eclosion for Trial 1. 
 

Water 
Type  

Pupal 
Stage 

Treatment  Total 
Pupae 

Eclosion Day (Trial 1) 
Day 
12 

36+ 
hr 

48+ 
hr 

72+ 
hr 

96+ 
hr 

120+ 
hr 

Control 85 48 37     

D
ri

nk
in

g 

White 
#1 (1 hr) 2  2     
#3 (8 hr) 3 1 2     
#4 (12 hr) 1  1     

Young 

#1 (1 hr) 20   6 5 7 2 
#2 (4 hr) 24   7 7 5 5 
#3 (8 hr) 19   6 6 6 1 
#4 (12 hr) 20   7 5 4 4 
#5 (24 hr) 4   2 1 1  
#6 (36 hr) 1    1   

Medium 

#1 (1 hr) 25   8 7 5 5 
#2 (4 hr) 25   7 7 6 4 
#3 (8 hr) 27   8 6 6 7 
#4 (12 hr) 21   8 5 4 4 
#5 (24 hr) 1    1   
#6 (36 hr) 3   1 2   
#7 (48 hr) 2    1 0 1 

Old 

#1 (1 hr) 24   9 7 8  
#2 (4 hr) 30   10 11 9  
#3 (8 hr) 20   7 7 6  
#4 (12 hr) 26   8 9 9  
#5 (24 hr) 1    1   
#6 (36 hr) 2    1 1  
#7 (48 hr) 1    1   

Sa
lt 

White 
#1 (1 hr) 29  12 9 8   
#2 (4 hr) 24  10 9 5   
#3 (8 hr) 13  8 6    

Young 

#1 (1 hr) 20  7 7 6   
#2 (4 hr) 22  9 6 7   
#3 (8 hr) 19  10 6 3   
#4 (12 hr) 18  6 5 7   
#5 (24 hr) 12  6 5 1   
#6 (36 hr) 3  1 0 2   
#7 (48 hr) 2  1 1    

Medium 
#2 (4 hr) 2  1 0 1   
#4 (12 hr) 1  1     
#5 (24 hr) 3  2 1    
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Sa
lt Old 

#1 (1 hr) 19  8 8 2   
#2 (4 hr) 24  9 11 3   
#3 (8 hr) 23  10 9 4   
#4 (12 hr) 24  9 9 6   
#5 (24 hr) 24  8 9 7   
#6 (36 hr) 17  5 8 4   
#7 (48 hr) 6  5 1    
#8 (72 hr) 6  5 1    
#9 (96 hr) 1   1    
#10 (120 hr) 6  4 0 2   

Po
llu

te
d 

White 

#1 (1 hr) 25  3 7 7 7  
#2 (4 hr) 23  4 6 7 6  
#3 (8 hr) 13   7 5 1  
#4 (12 hr) 10   5 5   

Young 

#1 (1 hr) 21  8 8 5   
#2 (4 hr) 14  7 7    
#3 (8 hr) 21  8 8 5   
#4 (12 hr) 22  9 9 2   
#5 (24 hr) 14  6 7 1   
#6 (36 hr) 13  5 6 2   
#7 (48 hr) 20  8 8 4   
#8 (72 hr) 15  6 6 3   
#9 (96 hr) 5  2 0 3   

Medium 

#1 (1 hr) 13  1 5 6 1  
#2 (4 hr) 13   6 5 2  
#3 (8 hr) 8   4 3 1  
#4 (12 hr) 29  6 8 8 9  
#5 (24 hr) 8   2 0 6  
#6 (36 hr) 5   2 3   
#7 (48 hr) 3   1 2   
#8 (72 hr) 2    1 1  
#9 (96 hr) 1    1   
#10 (120 hr) 3   1 2   

Old 

#1 (1 hr) 2    2   
#2 (4 hr) 2   1 1   
#4 (12 hr) 1   1    
#5 (24 hr) 1   1    
#9 (96 hr) 2   2    
#10 (120 hr) 4   2 2   

Fr
es

h 

White 
#1 (1 hr) 30   5 12 13  
#2 (4 hr) 21   6 8 7  
#3 (8 hr) 15   5 4 5 1 
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Fr
es

h 
White #4 (12 hr) 5    5   

Young 

#1 (1 hr) 27   6 7 10 4 
#2 (4 hr) 30   4 11 13 2 
#3 (8 hr) 27   5 12 5 5 
#4 (12 hr) 21   6 9 6  
#5 (24 hr) 15   6 7 2  
#6 (36 hr) 7   3 0 4  
#7 (48 hr) 2   2    

Medium 

#1 (1 hr) 23   7 8 8  
#2 (4 hr) 27   8 10 9  
#3 (8 hr) 24   8 9 7  
#4 (12 hr) 21   6 8 7  
#5 (24 hr) 22   7 8 7  
#6 (36 hr) 20   6 6 8  
#7 (48 hr) 21   7 8 6  
#8 (72 hr) 10   6 3 1  
#9 (96 hr) 4   2 1 1  
#10 (120 hr) 4   2 2   

Old 

#1 (1 hr) 23   7 8 8  
#2 (4 hr) 22   6 8 7  
#3 (8 hr) 11   4 3 4  
#4 (12 hr) 20   5 8 7  
#5 (24 hr) 23   7 7 9  
#6 (36 hr) 24   8 9 7  
#7 (48 hr) 21   7 7 7  
#8 (72 hr) 8   6 0 2  
#9 (96 hr) 2   1 1   
#10 (120 hr) 3   1 2   
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Table 5. Time required for eclosion for Trial 2. 
 

Water 
Type  

Pupal 
Stage 

Treatment Total 
Pupae 

Eclosion Day (Trial 2) 
Day 
12 

36+ 
hr 

48+ 
hr 

72+ 
hr 

96+ 
hr 

120+ 
hr 

Control 88 48 40     

D
ri

nk
in

g 

White 

#1 (1 hr) 2  2     
#2 (4 hr) 3  3     
#3 (8 hr) 2  1 1    
#4 (12 hr) 2  2     

Young 

#1 (1 hr) 21   5 7 7 2 
#2 (4 hr) 21   6 7 5 3 
#3 (8 hr) 20   6 6 8  
#4 (12 hr) 22   7 6 6 3 
#5 (24 hr) 4   2 0 2  
#6 (36 hr) 2   1 1   

Medium 

#1 (1 hr) 24   9 7 5 3 
#2 (4 hr) 25   8 7 7 3 
#3 (8 hr) 27   9 8 6 4 
#4 (12 hr) 28   10 7 6 5 
#5 (24 hr) 26   7 10 8 1 
#6 (36 hr) 26   8 8 7 3 
#7 (48 hr) 20   7 7 6  
#8 (72 hr) 19   6 4 6 3 
#9 (96 hr) 19   7 5 4  
#10 (120 hr) 13   8 2 3  

Old 

#1 (1 hr) 23   10 7 6  
#2 (4 hr) 25   10 9 6  
#3 (8 hr) 25   9 7 9  
#4 (12 hr) 23   7 9 7  
#5 (24 hr) 21   6 8 7  
#6 (36 hr) 23   8 8 7  
#7 (48 hr) 20   7 5 8  
#8 (72 hr) 17   7 7 3  
#9 (96 hr) 16   5 7 4  
#10 (120 hr) 15   4 6 5  

Sa
lt White 

#1 (1 hr) 28  13 8 7   
#2 (4 hr) 25  9 9 7   
#3 (8 hr) 16  7 6 3   
#4 (12 hr) 12  9 3    

Young #1 (1 hr) 23  10 8 5   
#2 (4 hr) 21  8 7 6   
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Sa
lt 

Young 

#3 (8 hr) 19  9 7 3   
#4 (12 hr) 10  6 2 2   
#5 (24 hr) 5  3 2    
#6 (36 hr) 3  1 2    
#7 (48 hr) 2  2     

Medium 

#1 (1 hr) 9  5 4    
#2 (4 hr) 3  2 0 1   
#3 (8 hr) 3  1 2    
#4 (12 hr) 4  1 2 1   
#5 (24 hr) 3   2 1   
#6 (36 hr) 3  1 1 1   
#7 (48 hr) 1   1    

Old 

#1 (1 hr) 17  7 7 3   
#2 (4 hr) 19  8 10 1   
#3 (8 hr) 15  10 3 2   
#4 (12 hr) 21  9 8 4   
#5 (24 hr) 14  7 5 2   
#6 (36 hr) 13  6 6 1   
#7 (48 hr) 5  2 3    
#8 (72 hr) 5  4 0 1   
#9 (96 hr) 4  3 1    

Po
llu

te
d 

White 

#1 (1 hr) 24  4 6 7 7  
#2 (4 hr) 20  5 7 6 2  
#3 (8 hr) 16  4 8 2 2  
#4 (12 hr) 11  7 2 2   
#5 (24 hr) 5  2 2 1   
#6 (36 hr) 1   1    
#7 (48 hr) 1   1    

Young 

#1 (1 hr) 23   8 9 6  
#2 (4 hr) 21   9 7 5  
#3 (8 hr) 16   7 8 1  
#4 (12 hr) 22   9 10 3  
#5 (24 hr) 15   8 4 3  
#6 (36 hr) 12   6 5 1  
#7 (48 hr) 13   5 6 2  
#8 (72 hr) 16   7 5 4  
#9 (96 hr) 9   5 2 2  
#10 (120 hr) 6   3 1 2  

Medium 

#1 (1 hr) 21   7 8 6  
#2 (4 hr) 21  1 9 6 5  
#3 (8 hr) 19   5 8 6  
#4 (12 hr) 7   5 1 1  
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Po
llu

te
d 

Medium 

#5 (24 hr) 9   6 2 1  
#6 (36 hr) 5  1 1 3   
#7 (48 hr) 6   1 2 3  
#8 (72 hr) 4   2 1 1  
#9 (96 hr) 2    2   

Old 

#1 (1 hr) 3   1 2   
#2 (4 hr) 3   1 1 1  
#3 (8 hr) 2    2   
#4 (12 hr) 1   1    
#5 (24 hr) 1   1    
#8 (72 hr) 1    1   
#9 (96 hr) 1   1    
#10 (120 hr) 2   2    

Fr
es

h 

White 

#1 (1 hr) 30   6 13 11  
#2 (4 hr) 25   8 9 8  
#3 (8 hr) 19   7 7 5  
#4 (12 hr) 13   4 4 5  
#5 (24 hr) 5   2 2 1  
#6 (36 hr) 1    1   

Young 

#1 (1 hr) 26   8 8 9 1 
#2 (4 hr) 27   7 9 8 3 
#3 (8 hr) 24   6 6 8 4 
#4 (12 hr) 20   6 7 6 1 
#5 (24 hr) 15   5 6 2 2 
#6 (36 hr) 9   4 2 3  
#7 (48 hr) 4   2 1 1  
#8 (72 hr) 1    1   
#10 (120 hr) 2   1 1   

Medium 

#1 (1 hr) 28   9 10 9  
#2 (4 hr) 23   9 11 3  
#3 (8 hr) 26   8 9 9  
#4 (12 hr) 24   7 9 8  
#5 (24 hr) 23   8 8 7  
#6 (36 hr) 20   7 6 7  
#7 (48 hr) 17   7 6 4  
#8 (72 hr) 16   6 5 5  
#9 (96 hr) 15   5 7 3  
#10 (120 hr) 17   5 6 6  

Old 

#1 (1 hr) 20   7 7 6  
#2 (4 hr) 18   7 6 5  
#3 (8 hr) 30   9 11 10  
#4 (12 hr) 16   8 6 2  
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Fr
es

h 

Old 

#5 (24 hr) 24   8 9 7  
#6 (36 hr) 17   6 8 3  
#7 (48 hr) 15   7 6 2  
#8 (72 hr) 10   5 4 1  
#9 (96 hr) 8   5 3   
#10 (120 hr) 4   1 1 2  
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