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ABSTRACT 
 
 
 Antibiotic resistant genes (ARGs) are commonly detected in microbes from 

effluents emanating from municipal wastewater lagoons on the Canadian Prairies. 

Previous studies have reported the detection of ARGs on insects in agricultural areas. I 

hypothesized that insects emerging from wastewater lagoons could be a vector for the 

transfer of microbes bearing ARGs to surrounding environments. To test our 

hypothesis, I conducted a semi-controlled, field-based mesocosm study at the Prairie 

Wetland Research Facility, as well as a field study at the Dunnottar, MB wastewater 

lagoons. At each site, emergence traps were set up to capture insects and water 

samples were collected to analyze for ARGs and associated antibiotics. I was unable to 

measure ARGs or 16S-rRNA in insects emerging from the systems. I concluded that, 

because I were unable to measure 16S-rRNA or sulfonamide resistant genes in the 

emerged insects, they are likely not a significant source of ARGs to the wider 

environment.  
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CHAPTER 1. GENERAL INTRODUCTION  
 

Antibiotic resistance is a growing concern and is considered one of the largest 

threats to global health, food security, and development (WHO 2018). Antibiotic 

resistant microbes occur naturally, but the misuse of antibiotics have accelerated their 

spread (WHO 2018). Worldwide, antibiotics are developed for and prescribed to 

humans, animals, plants, surfaces, and drinking water to prevent or treat unwanted 

bacterial growth. However, antibiotic resistance presents a growing threat to those who 

rely on antibiotics to treat infections. Antibiotic resistant microbes are mainly introduced 

into the environment through agriculture and the release of sewage, but the details of 

the spread and effects of antibiotic resistant microbes in the environment are 

understudied, relative to medical environments like hospitals. This thesis will examine 

aquatic insects emerging from antibiotic resistant-rich wastewater lagoons as a potential 

vector for antibiotic resistant microbes in the environment.  

 

1.1 Introduction to antibiotic resistance   
 

 Antibiotics are a class of pharmaceuticals used to treat bacterial infections by 

either killing or preventing the growth of bacteria. Prior to the 20th century, infections 

were treated with compounds and mixtures with antimicrobial properties, and  

descriptions of such approaches have been dated back to over 2000 years ago (Forrest 

1982). Late in the 19th century scientists began to observe antibacterial chemicals at 

work and in 1928 Alexander Fleming accidentally discovered penicillin after he noticed 

that a plate of the fungus Penicillium notatum contaminated his plate of Staphylococcus 
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bacteria and left bacteria-free zones (Nicolaou and Rigol, 2018). Since the discovery of 

penicillin, many other antibiotics have been discovered from the environment, and 

synthetic antibiotics developed, for example sulfonamide antibiotics.  Antibiotics have 

been an integral part of modern medicine, having helped to control many harmful 

diseases, such as tuberculosis, gonorrhoea and syphilis (Nicolaou and Rigol 2018). 

Invasive surgeries, such as organ transplants, caesarean sections, or hip replacements 

are possible because antibiotics can treat resulting infections successfully (WHO 2018). 

However, clinical antibiotics have the potential to be rendered unviable as a treatment 

option because of the development of antibiotic resistant bacteria (WHO 2018).  

 Antibiotic resistance occurs when bacteria can reproduce in the presence of an 

antibiotic. When bacteria are exposed to an antibiotic, the antibiotic is acting as a 

selection pressure. Exposed bacteria will either die or stop growing, resulting in those 

bacteria with a mechanism for resistance being selected for and becoming more 

populous than their non-resistant counterparts (WHO 2018). Antibiotic resistance has 

been attributed to hundreds of thousands of deaths annually (WHO 2018), specifically 

due to untreatable infections. For example, each year in the United States two million 

people acquire antibiotic resistant infections, and at least 23,000 people will die (CDC 

2013). As a result of the projected increase of antibiotic resistance, the World Health 

Organization (WHO) recognizes it as a threat to global health security (WHO 2014).  

 

1.2 Antibiotic resistance in the environment   
 

The most common exposure route to antibiotic resistant bacteria for humans is 

from other people in either clinical or community settings, for example a school, office, 
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or hospital (Bengtsson-Palme et al. 2018). The main dispersal routes are through body 

contact, aerosols, or food prepared by a person carrying the pathogen (Livermore 

2000). Typical dispersal routes for antibiotic resistant bacteria to humans are the same 

routes for most infectious bacteria (Bengtsson-Palme et al. 2000). Proper hygiene 

routines, such as frequent hand washing, are the primary dispersal barrier for resistant 

pathogens (Mattner et al. 2012). 

Aside from the spread of antibiotic resistant bacteria between humans, 

environmental routes have been identified as important for the dispersal of antibiotic 

resistant bacteria (Bengtsson-Palme et al. 2018). However, not all antibiotic resistance 

found in the environment are from anthropogenic sources. Most antibiotic resistance 

genes originated in bacteria from the natural environment because environmental 

bacteria evolved the ability to resist the antibiotics that nearby fungi or bacterial 

competitors were producing (Finley et al. 2013). However, antibiotic resistance in the 

environment has been enhanced by anthropogenic sources.  

Environments enhancing the spread of antibiotic resistant bacteria can also 

facilitate the spread of pathogenic bacteria. Important vectors enabling bacterial 

transmission between hosts through the environment include raw sewage, wastewater 

treatment plant effluent, effluent receiving water bodies, and air-borne aerosols 

(Bengtsson-Palme et al. 2018). Sewage treatment plants typically discharge their final 

effluent into waterways that can be used downstream for agricultural irrigation, 

recreation, and after further treatment, drinking water supply. For example, the City of 

Winnipeg’s North End Treatment Plant releases sewage into the Red River that runs 

downstream to Lake Winnipeg. Lake Winnipeg has many recreational beaches and is 
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an important source of fish for commercial and recreational fishers (State of Lake 

Winnipeg Report 2011). Sewage treatment plant effluent has repeatedly been shown to 

carry resistant genes (Bengtsson-Palme et al. 2018). However, the treatment process 

has been shown to reduce bacterial abundance from ten to thousand-fold (Bengtsson-

Palme et al. 2016). To my knowledge, in Manitoba there have not been studies testing 

for ARGs at the inflow and outflow of major wastewater treatment plants, such as City of 

Winnipeg wastewater treatment plants.  However, Karkman et al. (2016) measured 

antibiotic resistant genes (ARGs) at the influent and effluent of a wastewater treatment 

plant in Helsinki. Of the 180 ARGs identified in the influent, 77 were reduced to below 

detection limits in the effluent, demonstrating that wastewater treatment reduces the 

concentrations of ARGs in wastewater effluent. The WHO (2012) estimates that 2.6 

billion people lack access to basic sanitation including sewage treatment, resulting in 

the significantly increased likelihood of direct release of ARGs into waterways in those 

areas (Pruden et al. 2013).  

Typically, a source for many ARGs in aquatic systems is thought to be from the 

gut of patients on antibiotics, whether it be a human or domestic animal. For example, 

when humans ingest antibiotics, such as sulfamethoxazole or penicillin, the presence of 

the antibiotic results in the selection for resistant bacteria and an increase in associated 

ARGs in the gut (Doud et al. 2014). The ARGs present in the gut bacteria are later 

excreted in feces. However, when ARGs are measured, there are generally measurable 

concentrations of associated antibiotics as well (Marti et al. 2013).  This is because 

antibiotics are not completely metabolized when ingested and a large portion of the 

antibiotic is excreted in urine or feces. It is unknown whether the ARGs in the 



	 16	

environment are more often selected for in the gut and then released or continuously 

selected for in the environment when exposed to sub-inhibitory concentrations of 

antibiotics, concentrations that do not inhibit or kill bacterial cultures over a long period 

of time. Knapp et al. (2008) conducted a mesocosm study to demonstrate that sub-

inhibitory concentrations of antibiotics in the environment can result in the continued 

development of ARGs in aquatic systems. Knapp et al. (2008) added sub-inhibitory 

concentrations of oxytetracycline to aquatic mesocosms that had no previous extrinsic 

exposure to ARGs to test the intrinsic selection of ARGs from the low-exposure. 

Oxytetracycline was added at 0, 5, 20, 50, and 250 μg/L.  They observed that sub-

inhibitory concentrations did result in ARG selection. Based on their findings, Knapp et 

al. (2008) recommend antibiotic concentrations be considered when measuring for 

ARGs. Therefore, it is likely that ARGs from feces as well as ARGs selected for in the 

environment are important drivers of ARG selection. 

 

1.3 Environmental concentrations of antibiotics that select for resistance  
 
  There are currently no environmental regulations for antibiotic concentrations 

that select for resistant bacteria (Bengtsson-Palme and Larsson 2016). This is likely due 

to limited knowledge on what concentrations of antibiotics select for antibiotic resistant 

bacteria. There is evidence that environmental concentrations exceeding the minimum 

inhibitory concentration (MIC), the lowest concentration of an antibiotic that prevents 

visible growth in a bacterial culture, results in the selection of resistant bacteria, such as 

downstream from a pharmaceutical production facility (Larsson et al. 2014). However, 

other studies have shown that sub-inhibitory concentrations favour resistant bacteria 
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(Knapp et al. 2008). Generally, when assessing whether the measured concentration of 

antibiotic prevents the growth of a bacteria culture, the MIC is sufficient. However, 

Bengtsson-Palme and Larsson (2016) suggest that for concentrations to result in the 

selection of antibiotic resistant bacteria, the concentration should be less than what 

would completely inhibit growth of a culture, as does the MIC. The sub-inhibitory 

exposures that favour resistant bacteria are often in the range of concentrations found 

in the environment (Knapp et al. 2008). For example, the MIC for sulfamethoxazole 

ranges from 2-64 µg/L for E. coli (EUCAST, 2000), while environmental concentrations 

in Manitoba of sulfamethoxazole are generally in the ng/L range (Anderson et al. 2013, 

Anderson et al. 2015; Challis et al. 2018).  

 

1.4 Quantifying antibiotic resistance in the environment 
 

Antibiotic resistance is a particularly challenging contaminant to track in the 

environment because antibiotic resistance occurs naturally and it can be transferred 

between bacteria. However, due to the consistent detection of ARGs in aquatic 

environments, there is keen interest in the continued tracking and quantification of 

antibiotic resistant contamination by governments. For example, in 2015 the US White 

House signed an executive order to increase surveillance of antibiotic resistance in the 

environment (The White House 2015). In 2015, The Public Health Agency of Canada 

released the “Federal Action Plan on Antimicrobial Resistance and Use in Canada” 

which includes actions regarding surveillance, but nothing specifically about surveillance 

in the environment.  
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There are two major methodological approaches to measuring antibiotic 

resistance in environmental samples. One method is a microbiological culture where the 

bacteria grow on a plate, generally of nutrient rich agar (Luby et al. 2016). To test for 

antibiotic resistance using a culturing method, bacteria would be cultured with an 

antibiotic disk, a wafer containing an antibiotic that is placed on a plate of agar to test 

the culture’s susceptibility to the antibiotic, and if the bacteria are resistant they will be 

able to grow in the area around the antibiotic. However, culturing methods are 

susceptible to culture bias. Culture bias is bias caused by the fact that some bacteria 

are more easily culturable than others (Luby et al. 2016). This is a significant issue 

when studying environmental bacteria because it is estimated that 99% or more of 

environmental bacteria are not readily cultured using standard methods (Allen et al. 

2010), therefore running the significant risk of missing resistance when screening. 

The second approach for measuring antibiotic resistance is molecular with the 

general advantage being that these approaches avoid culture bias by providing direct 

access to the total pool of DNA (Luby et al. 2016). Molecular approaches also allow for 

stronger quantification of resistance (Luby et al. 2016). One of the most common 

molecular methods for quantifying antibiotic resistance is through measuring antibiotic 

resistant genes (ARGs). For example, this method was employed by Knapp et al. 

(2010) in a study that identified increasing ARG abundances in archived soils.  

ARGs code for the ability for bacteria to grow in the presence of antibiotics (Luby 

et al. 2016). ARGs code for various functions that remove or degrade the antibiotic so it 

does not affect the cell, such as efflux pumps which pump the antibiotic out of the cell, 

or for chemical modifications to the target antibiotic which results in the degradation of 
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the antibiotic (Luby et al. 2016).  ARGs can be shared hereditarily, and as well as 

shared between bacteria, therefore monitoring for ARGs provides information on the 

total cumulative resistance in a system (Luby et al. 2016), making it useful for 

comparing abundances of impacted versus non-impacted sites. Although this is one of 

the more quantifiable methods, it is worth pointing out the limitations to quantifying 

ARGs. The main limitation to the quantification of ARGs is that those measured through 

molecular approaches may be present but not expressed in the organism, as well as the 

gene could be associated with a dead cell, and therefore not representative of the living 

microbial community (Luby et al. 2016).  

To quantify ARGs, quantitative polymerase chain reaction (qPCR) is used 

extensively. A specialized instrument detects the amplification of targeted DNA during 

the reaction and the amplification is compared against a standard curve to determine 

the number of gene copies (Luby et al. 2016). The benefit of qPCR is that it is 

quantitative, where basic PCR provides presence or absence data. The limitations of 

qPCR are that the significant cost and labour required for the selection of specific ARGs 

to monitor in advance (Luby et al. 2016). For example, DNA extraction kits generally 

cost approximately $7 per sample and extractions can take up to 3 hours for 1 plate of 

samples (96 samples). 

 

1.5 Antibiotic resistant bacteria in wastewater lagoons  
 

Wastewater lagoons are bodies of water designed to hold wastewater and 

perform some treatment, for example sedimentation of waste. In North America 

wastewater lagoons are commonly implemented in smaller communities with limited 
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infrastructure budgets and resources.  Within the province of Manitoba there are many 

small communities with populations of less than 10,000 residents where full wastewater 

treatment plants are impractical either financially or because the population is too small. 

It is estimated that 350 of these communities (Manitoba Land Initiative 2004) rely on 

lagoons for the treatment of their wastewater prior to direct release into surface waters. 

In Manitoba, wastewater lagoons can double as de-facto constructed wetlands because 

of the growth of wetland vegetation within and surrounding the lagoon that are thought 

to remove nutrients and purify the water. In Manitoba, lagoon effluent release occurs 

once or twice annually for 2-4 week periods (NRC 2004), resulting in a pulse of pollution 

to receiving waterways. Release dates range from early to late summer (i.e, mid-June to 

early-September) (Yates 2016).  

The majority of southern Manitoba drains into Lake Winnipeg, the world’s 10th 

largest lake, which is experiencing eutrophication from excessive nutrient inputs 

(McCullough et al. 2012). However, the installation of wastewater lagoons in Manitoba 

communities occurred before the stricter regulatory environment emerged around 

wastewater discharges (Smith 2003).  For example, in 2011 Manitoba Water 

Stewardship implemented regulations for municipal sewage effluent, including a 

maximum level of 1 mg/L for phosphorus (Manitoba Water Stewardship 2011). Many 

communities are now looking for added levels of treatment to follow the lagoon 

sedimentation process. However, there have not been specific guidelines for designing 

these systems.  

For example, Dunnottar, MB is on the western side of Lake Winnipeg and is a 

cottage community with a permanent residence population of 763 that grows by several 
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fold during the summer months (Anderson et al. 2015). The community has a lagoon 

system with a primary lagoon, secondary lagoon and secondary overflow lagoon. In 

2009, a study was conducted on a pilot sub-surface filtration system. Sewage from the 

Dunnottar wastewater lagoons flows into a creek and then into Lake Winnipeg. The sub-

surface filtration system was designed to reduce phosphorus by slowly filtering the 

water through layers of sand. Passage through the system is relatively slow, with an 

average treatment rate of ~265 m3/day, which is ideal for the removal of phosphorus, 

but could potentially harbour antibiotic resistant bacteria. Anderson et al. (2015) 

sampled the primary, secondary, and secondary overflow lagoons, the pilot-scale sub-

surface filtration systems, and outflow of the pilot-scale sub-surface filtration system for 

concentrations of sulfonamide antibiotics and ARGs: sul-I, sul-II, sul-III and 16S-rRNA. 

DNA was extracted using a MoBio PowerDNA extraction kit and reaction efficiencies 

were determined to be most efficient at 1:100 dilutions, so all extracts were diluted 

accordingly (Knapp et al. 2010).  

Anderson et al. (2015) report that abundances of 16S-rRNA, representing “total” 

bacterial populations, were greatest in the primary lagoon (107.3 gene copies/mL), 16S-

rRNA was reduced by 80% in the secondary lagoon (down to 106.9 copies/mL) and by 

89% in the outflow of the sub-surface filtration system. Concentrations in the outflow 

were slightly greater than those in the sub-surface filtration system but not statistically 

significantly different. The abundances of SulR genes, the sum of sul-I, sul-II, and sul-III 

genes, was greatest in the primary lagoon and dropped by 99% in the secondary but 

remained constant through the rest of the treatment process. Sul-II was the most 

prevalent. SulR gene abundances were divided by abundances of 16S-rRNA to get a 
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relative abundance of sulfonamide resistant genes to total bacterial abundance. 

Anderson et al. (2015) report proportions of SulR relative to 16S-rRNA, to be 0.8% in 

the primary lagoon, and 0.1% at the outflow.  

Another example comes from Grand Marais, MB.  This is a small municipality 

and cottage community on the eastern shore of Lake Winnipeg with a sewage lagoon 

and designed constructed wetland treatment system for their wastewater. Anderson et 

al. (2013) screened for the presence of ARGs in lagoon outputs and their potential 

removal by the treatment system prior to the release into surface waters. They collected 

grab samples at five points throughout the season (May to August) from the lagoon, 

lagoon release, mid-channel, channel, east-wetland, west wetland, and the outlet. Grab 

samples were brought back to the lab and filtered using disposable Nalgene cups with 

0.2 μm filters and the filter kept for DNA extraction. A PowerSoil DNA Isolation Kit 

(MoBio Laboratories Inc., Carlsbad, CA) was used for DNA extraction. Abundances of 

16S-rRNA and ten ARGs were measured by quantitative PCR (qPCR). Serially diluted 

plasmid DNA of known quantity was used for reaction standards and run in all reactions 

and molecular-grade water was used as a negative control with each qPCR run. 

Anderson et al. (2013) reported abundances of 16S-rRNA genes were consistent 

throughout the season at each site. Values ranged from 105 to 107 genes per mL of 

water sampled. Abundances of ARGs were standardized to the abundance of 16S-

rRNA in each sample to provide proportion of resistant genes relative to total bacterial 

genes. Of the ARGs tested in this study, tetracycline resistant genes and beta-lactam 

resistant genes had the greatest abundances relative to 16S-rRNA. There was no 

pattern of abundances of ARGs from upstream to downstream of the system. 



	 23	

Abundance of sulfonamide resistant genes were compared to the concentration of 

sulfonamide antibiotics and there was no statistically significant relationship reported. 

The lack of a significant relationship was anticipated as the sulfonamide antibiotic 

concentrations (12-58 ng/L) were below the minimum inhibitory concentrations (16 µg/L) 

for most bacteria (EUCAST, 2000) and the residence times were too short to affect sub-

inhibitory concentrations (Knapp et al. 2008). Anderson et al. (2013) did not measure 

the concentration of beta-lactam or tetracycline antibiotics because of analytical issues. 

Therefore, comparing the concentrations in water to the abundances of ARGs was not 

possible for those classes of antibiotics. The abundances of each ARG was less than 

1% of the 16S-rRNA genes, meaning less than 1% of total bacterial genes were 

resistant genes.  However, it is possible to have multiple ARGs within one bacterium 

and Anderson et al. (2013) did not compile any of the ARG groups.  

 

1.6 Aquatic insects and wastewater lagoons 
  

Few, if any, studies have focused on the quantity or composition of aquatic 

insects emerging from wastewater lagoons. However, wastewater lagoons that are 

open to the environment can have high abundances of aquatic invertebrates because of 

the concentration of nutrients but also because the chemicals lagoons comprise—

nutrients, pharmaceuticals and personal care products—are generally not acutely toxic 

to aquatic invertebrates (Walton et al. 2012). Much of the research on insects emerging 

from wastewater lagoons is focused on emergence of nuisance insects, such as 

mosquitos, midges, and black flies and to our knowledge there are no examples from 

wastewater lagoons in a Canadian prairie context. However, studies have been 
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conducted on impacts to aquatic insect emergence on effluent receiving waters (Ortiz 

and Puig 2007; Grantham et al. 2012). 

A single study identified the insects emerging from wastewater lagoons in North 

America and was conducted in California, USA. Walton et al. (2012) characterized 

mosquito production in constructed wetland lagoons and report emergence of host-

seeking mosquitos in CO2-baited suction traps peaked in April when they caught 1350 

host-seeking (female) mosquitoes/trap/night. They measured the abundances of other 

macroinvertebrates, through minnow-traps and emergence traps. It was observed that 

aquatic insects such as mosquito larvae and predatory insects like giant water bugs 

were greater at the wastewater inflow than the outflow of the constructed wetland. For 

emergence traps, 98% of the organisms collected were chironomid midges. Other 

insects identified in the emergence traps were odonates. They concluded that continued 

research on lagoon management strategies is required to understand the structure and 

function of the biotic community in lagoons and to enhance the ecological functions of 

predatory aquatic insects to minimize mosquito emergence from lagoons. 

More data are available on the effects of wastewater on insect emergence from 

Europe. For example in Spain, Ortiz and Puig (2007) studied insect abundance 

upstream and downstream of wastewater treatment plant with biological treatment and 

activated sludge, but that lacks technology to actively remove nutrients. This system 

had continuous outflow, different than the once or twice annual effluent release of 

wastewater lagoons in Manitoba. Ortiz and Puig (2007) found that aquatic insect density 

was significantly greater downstream from the outflow and as a result of elevated 

nutrients. However, they found that species richness, species diversity and the 
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abundances of more sensitive species (for example, species from the orders 

Ephemeroptera, Plecopter and Tricoptera) were from 8-18 units greater in the upstream 

waterway than downstream.  

In contrast to Ortiz and Puig (2007), Grantham et al. (2012) used stream 

mesocosms to assess the effect of a two-week exposure to 5%, 15%, and 30% effluent 

on benthic aquatic insect communities. They reported an overall decline in densities 

with increase concentrations of wastewater. However, similar to Ortiz and Puig (2007), 

they reported a decline in typically sensitive organisms. Grantham et al. (2012) report a 

decline in chironomid densities after two weeks in the 30% treatment and mayflies 

(Ephemeroptera) were completely eradicated from the systems at after two weeks in the 

30% treatment. This study confirmed that treated effluent can have a significant impact 

on stream benthic invertebrate communities. Based on their findings, Ortiz and Puig 

(2007) suggest that wastewater effluent release be maintained at a dilution rate of 5% of 

the total discharge of the receiving waters.  

 

1.7 Antibiotic resistant bacteria on insects  
 

The role of insects in the dissemination of antibiotic resistant bacteria in the 

environment has not been well studied, with the exception of a few scenarios on 

terrestrial insects. Many of the studies conducted focused on insects in agro-

ecosystems and not sewage-impacted environments.  The potential for insects to act as 

vectors for contaminants is not new. For example, Williams et al. (2017) report that 

odonates emerging from methylmercury contaminated semi-permanent ponds had 

methylmercury concentrations greater than the wildlife guidelines and may pose a 
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health risk to nestling red-winged black birds. However, most of these studies examined 

compounds that bio-accumulate, such as methylmercury, and the health risk to the 

animals that eat them. However, the most urgent reason to study antibiotic resistant 

bacteria and its relationship to insects remains the health risk that antibiotic resistant 

bacteria poses to humans and domestic animals. The primary concern is that if 

antibiotic resistant bacteria are present on flying insects, they could then spread ARGs 

to other aquatic ecosystems used for drinking water or leisure activities. 

A number of studies have addressed the general question around insects and 

the presence of ARGs.  Macovei and Zurek (2006) examined antibiotic resistant 

bacteria on house flies in fast food settings from a food safety perspective. Houseflies 

contaminate human food by defecation or regurgitation. They collected house flies in 

restaurants using sticky traps, homogenized and incubated the flies on agar to test for 

resistance.  They reported 66% of Enterococcus faecalis isolates were resistant to 

tetracycline, 24% to erythromycin and 12% to streptomycin. Channaiah et al. (2010) 

collected insects from raw stored food in grain elevators, feed mills and retail stores. 

Insects were homogenized, plated, incubated and then analyzed for antibiotic 

resistance genes. They found tetracycline resistant genes in 46% of E. coli isolates. 

Kuzina et al. (2001) isolated bacteria from the gut of Mexican fruit flies, an insect that is 

reported to feed on bacteria on leaves. Bacteria from the guts were plated on agar and 

incubated. They reported that the bacteria were most commonly resistant to penicillin 

and ampicillin.  

 None of the studies reported above were quantitative because they used 

culturing methods to test for resistance. To our knowledge, no studies have examined 
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insects emerging from wastewater lagoons. However, one study examined insects 

around wastewater treatment plants (Doud et al. 2014). They studied antibiotic resistant 

bacteria in house flies from wastewater treatment plant facilities. The flies were sampled 

from wastewater treatment plant facilities using sticky tape and were homogenized and 

incubated and plated to test for antibiotics. Doud et al. (2014) reported 2-24% of 

bacteria cultures isolated from the flies were resistant to antibiotics, relative to 1-7% of 

flies from offsite (control) traps. These results support our hypothesis that insects can 

disseminate antibiotic resistant bacteria. Doud et al. (2014) recommend that wastewater 

treatment plant management operations should incorporate insect management, 

especially during peak seasons for fly abundances, to limit the spread of antibiotic 

resistant bacteria.  

Another reason to study insects as vectors is because insects can fly long 

distances, resulting in localized antibiotic resistant bacteria hotspots being spread away 

from the original site. Chakrabarti et al. (2010) measured antibiotic resistance in house 

flies at a range of distances from an animal feed lot. They report that antibiotic 

resistance in the gut bacteria of houseflies in urban areas did occur and that there was 

a strong negative relationship (r2=0.88) between the distance of the sites from the feed 

lot and the percentage of E. coli isolates that were resistant to antibiotics. They 

examined the potential for houseflies to disperse from rural to urban areas and reported 

that houseflies can disperse up to 125 km.  

The most thorough study to date on the topic, which included both a quantitative 

examination of ARGs and also isolated and identified bacteria to link ARGs to 

pathogenic bacteria, was conducted by Tian et al. (2012). They analyzed the gut 
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bacteria of adult honeybees collected from the 1950s to present for tetracycline 

resistant genes. Tian et al. (2012) reported an average tetracycline resistant frequency 

of 10% in American honeybees where tetracycline antibiotics are frequently applied to 

hives and resistance was lower in countries where applying antibiotics to honeybees is 

not permitted.  

As the studies listed above have demonstrated, there is sufficient evidence to 

warrant further research in the role of insects in the dissemination of antibiotic resistant 

bacteria. There are knowledge gaps on different environments, such as open 

wastewater lagoon systems, and molecular approaches should be employed in future 

work for quantifiable results. 

 

1.8 Sulfamethoxazole  
 

The origins of antibiotic resistant bacteria are complex, and therefore 

experimental design is essential and must be carefully planned when examining its 

formation and behaviour (Luby et al. 2016). My thesis will focus on the antibiotic 

sulfamethoxazole and its corresponding resistant genes (sul-I, sul-II, sul-III). 

Sulfonamide antibiotics and resistant genes are an ideal group of antibiotics to focus on 

when examining antibiotic resistant bacteria in the environment because sulfonamides 

are a major class of synthetic antibiotics that are commonly prescribed to treat 

bronchitis, urinary tract infections and as an animal growth promoter (Majewski et al. 

2014). There are established methods for measuring sulfonamide resistant genes (sul-I, 

sul-II, and sul-III) in aquatic environments (Knapp et al. 2010). Previous research 

reports sulfamethoxazole in the ng/L range in wastewater lagoons, and wastewater 
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receiving waterways in Manitoba (Anderson et al. 2013; Anderson et al. 2015) and 

sulfonamide resistant genes have previously been identified in these systems as well 

(Anderson et al. 2013; Anderson et al. 2015), suggesting wastewater lagoons in 

Manitoba are a strategic environment to study the aquatic insects emerging from the 

systems as potential vectors for resistant bacteria. 

 

1.9 Mesocosms 
 

Most aquatic toxicity tests are conducted in a laboratory, where it is not possible 

to mimic the complexity of the biological community and lab testing disregards the 

effects of interactions (Solomon 1996). With regards to the questions of emergent 

insects being a significant vector of ARGs, it would be difficult to replicate a complex 

microbial community and aquatic insect community in the lab. However, field studies are 

at times too complex, making it is difficult to attain true replication and control for 

conditions to assign causation (Solomon 1996). Mesocosms are one way of addressing 

these shortcomings. Mesocosms are outdoor enclosures that are designed to mimic 

natural ecosystems. They are typically greater than 1000 L, contain plants, multiple 

trophic levels and are exposed to the outdoor environment for a more realistic analysis. 

One of the main benefits of using mesocosms is that they are replicable and because of 

their smaller size it is easier to control for conditions that could influence results.  

Mesocosms at the Prairie Wetland Research Facility (PWRF) have previously 

been used successfully for antibiotic tests in the past. Cardinal et al. (2013) assessed 

the fate of wastewater pharmaceuticals, including sulfamethoxazole, in two separate 28-

day studies in the mesocosms at the PWRF in 2011. In this study, Cardinal et al. (2013) 
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reports macrophyte growth dominated by Typha spp. (cattails), Myriophyllum sibiricum 

(water milfoil) and Utricularia vulgaris (bladderwort) and Potamogeton spp. (pond weed) 

similar to many wetland environments. Cardinal et al. (2013) report rapid dissipation of 

pharmaceuticals. Cardinal et al. (2013) report samples collected for ARGs analysis in 

the methods. However, results were not reported in the thesis. They also contain 

communities of invertebrates. Lobson et al. (2018) reported thriving zooplankton 

communities in the PWRF mesocosms that included a variety of cladocerans, such as 

Simocephalus, Scapholeberis, Polyphemus, Diaphanosoma and Ceriodaphnia, 

cyclopoid and calanoid copepods, rotifers and ostracods.  Vanderpont et al. (2018) 

report emerging aquatic insects including chironomids, odonates and tricopterans.  

 

1.10 Hypothesis and objectives  

Antibiotic resistant bacteria are a threat to human health. While clinical pathways 

of antibiotic resistant bacteria are well understood, environmental pathways have been 

relatively understudied and sewage effluents is the primary dissemination pathway for 

antibiotic resistant bacteria into aquatic environments. ARGs have been identified in 

wastewater lagoons in Manitoba, which are rich in nutrients, resulting in high secondary 

production. ARGs have been identified on insects on house flies and in agricultural 

environments. However, to my knowledge no one has tested insects emerging from 

wastewater lagoons, where the insects spend the majority of their life cycle, for ARGs.  

My main objective is to test if aquatic insects emerging from ARG-rich 

environments have measureable concentrations of ARGs. To do this I conducted a 

semi-controlled experiment by adding the antibiotic sulfamethoxazole to wetland 
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mesocosms, trapping the emerging aquatic insects in emergence traps and testing the 

mesocosm water and the insects for antibiotic resistant genes. I also conducted a field 

experiment at the Dunnottar wastewater lagoons. Insects were sampled from the 

lagoons and the effluent-receiving creek and tested for ARGs. I hypothesize that first, 

aquatic insects emerging from ARG-rich water will have measureable levels of ARGs, 

and second, that there will be a relationship between the amount of ARGs on the 

insects and in the water from which they are emerging from, as well as with exposure to 

antibiotics in the test or field system.  
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CHAPTER 2. AQUATIC INSECTS AS VECTORS FOR ANTIBIOTIC RESISTANT 

GENES: A FIELD-BASED MESOCOSM STUDY  

 
2.1 Abstract 
 

Antibiotic resistant genes (ARGs) are commonly detected in microbes from 

effluents emanating from municipal wastewater lagoons on the Canadian Prairies. 

Previous studies have reported the detection of ARGs on insects in agricultural areas. I 

hypothesized that insects emerging from wastewater lagoons could be a vector for the 

transfer of these microbes bearing ARGs to surrounding environments. To test our 

hypothesis I conducted a field-based wetland mesocosm study. I deployed insect 

emergence traps in six mesocosms, and treated half with sulfamethoxazole (n=3), a 

sulfonamide antibiotic (target concentration of 250 µg/L), with the rest as controls (n=3). 

The antibiotic resistance genes monitored were sul-I, sul-II, and sul-III and were to be 

compared to 16S-rRNA to calculate the proportion of resistant genes relative to total 

bacterial genes. The concentration of sulfamethoxazole in the water was characterized 

as well.  Due to the mesocosms being insufficiently nutrient-rich, sufficient bacterial 

growth did not occur to measure 16S-rRNA or ARGs in water.  As well, multiple DNA 

extraction methods tested were unable to detect 16S-rRNA or sul-type resistant genes 

within emerging insects. I tentatively conclude from this that environments with low 

density microbial communities are not likely to develop meaningful ARG-bearing 

components, and that even if insects were a vector, it would not be an ecologically 

significant one.  I recommend future research add nutrients to promote the growth of 

bacteria in the systems.  
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2.2 Introduction 
 

The use of antibiotics in human and veterinary medicine has led to their 

continuous discharge into urban and rural waterways (Hughes et al. 2013). The 

concentration of antibiotics in water is generally lower than levels that would cause 

acute toxicity to aquatic organisms (i.e., the ng/L versus mg/L) (Anderson et al. 2013, 

Anderson et al. 2015).  The most pressing concern around the release of antibiotics into 

the environment is related to the selection for antibiotic resistant bacteria. The 

promotion of antibiotic resistant bacteria could lead to the spread of resistant pathogenic 

bacteria, with no effective treatments. Although antibiotic resistance is in the spotlight, 

pathways of antibiotic resistance into and within the environment need to be further 

characterized. Pathways through water are specifically of interest because aquatic 

environments are regularly used by humans for activities such as fishing or swimming 

but also as an important resource for drinking water and agriculture. Coupled with 

population increases and climate change adding pressure to our global water supply, 

concerns over contamination to water resources continue to grow (Holeton et al. 2011).  

When humans or livestock ingest antibiotics, they may only be partially 

metabolized and are often excreted as the parent molecule with urine and feces, either 

to a sewage treatment plant or directly into water (Martinez 2009). One of the most 

commonly detected antibiotics in effluent dominated streams and surface waters is 

sulfamethoxazole (Watkinson et al. 2009). Sulfamethoxazole is in the sulfonamide 

class, which is a synthetic group of antibiotics that act as competitive inhibitors of 

dihydropteroate synthetase, enzymes involved in folate synthesis (Majewski et al. 

2014). Sulfamethoxazole is bacteriostatic and so does not directly kill bacteria 
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(Majewski et al. 2014). It is commonly prescribed to fight and suppress infections by 

Streptococcus, Staphylococcus aureus, Escherichia coli, and Haemophilius influenza. 

Sulfamethoxazole is also commonly used in the treatment of urinary tract infections, 

sinusitis, and is the drug of choice to treat pneumonia in patients with HIV (Majewski et 

al. 2014).  

Wastewater and the chemicals it comprises (pharmaceuticals, personal care 

products, aside from nutrients, salts, and proteins) are typically not considered acutely 

toxic to aquatic insects, and generally increase productivity in the waterways they flow 

into because of their high concentrations of nutrients (Ortiz and Puig, 2007). Due to the 

increase in productivity and the lack of acute toxicity there is potential for enhanced 

insect colonization in waterways contaminated by wastewater (Walton et al. 2012). 

Aquatic insects emerging from these waterways may be a mechanism by which 

antibiotic resistant microbes spread to the wider environment. Previous studies have 

focused on antibiotics in livestock and insects in those environments as vectors for 

antibiotic resistant bacteria. It has been reported that insects (mainly flies) will acquire 

resistant bacteria from the feces of farm animals. Multiple studies have identified 

antibiotic resistant bacteria in the guts of insects or in samples of homogenized insects 

around animal farms (Zurek et al. 2014), on honeybees from colonies where antibiotics 

were used (Tian et al. 2012), and in terrestrial flies around wastewater treatment plant 

facilities (Doud et al. 2014). However, to our knowledge, no studies have examined 

insects emerging directly from water rich in antibiotic resistant bacteria as a vector. 

Insects emerging from these systems will have spent much of their lifecycle surrounded 

by antibiotics and possibly antibiotic resistant bacteria. Therefore, I hypothesize that 
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emerging aquatic insects have the potential to be a mechanism for antibiotic resistant 

bacteria dispersal.  

Antibiotic resistance testing is commonly used to assist those in the medical field 

in bacterial infection therapy (WHO 2018). Given the nature of environmental samples 

and the diversity of bacteria involved, modifications have been implemented to make 

these applications feasible to surface water or wastewater samples (Novo and Manaia, 

2010). Currently, culture-dependent approaches have been the most commonly used to 

identify resistance. However, those approaches are more laborious, and time 

consuming, as well as unable to quantify the state of resistance, as is possible with 

molecular biological techniques. With molecular approaches, it is possible to quantify 

the various resistant genes in environmental samples and DNA is extracted from the 

whole bacterial community, including the non-culturable portion (Luby et al. 2016). 

Previous studies on aquatic insects as vectors for antibiotic resistant bacteria have 

tested resistance using culture-dependent methods and therefore could not identify 

which antibiotic resistant genes (ARGs) were present or quantify the abundance and 

compare the abundances to the ARG source, for example manure.  

The objective of this study is to test whether aquatic insects functioning as 

vectors for sulfonamide resistant genes can be demonstrated in a field-based 

mesocosm study. Mesocosms are experimental systems that allow the natural 

environment to be studied under controlled conditions. Mesocosm systems allow key 

variables to be manipulated with the ability to capture the direct and indirect effects of a 

contaminant (Beketov et al. 2008). To our knowledge, no previous studies on insects as 

vectors of antibiotic resistant bacteria have been done in controlled settings where 
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length and level of exposure can be measured and manipulated.  The mesocosm 

approach will allow generally continuous exposure to antibiotic resistant bacteria in a 

field settings, with data collected pre-exposure to ARG induction. 

 

2.3 Methods and Materials  
 

2.3.1 Preparation of Mesocosms 
 

The Prairie Wetland Research Facility (PWRF) consists of twenty above ground, 

flat-bottomed, 3500 L tanks (2.7 m diameter x 0.72 m height; 3.49 m3 total volume) 

made of low-density polyethylene. The mesocosms are made to model shallow 

wetlands with two tanks being left as reservoirs that hold only water. The mesocosms 

have no inflowing or outflowing water. For this study six mesocosms were randomly 

chosen from the 18 available at the PWRF.  

Each mesocosm has approximately 30 cm of water above an approximately 30 

cm top-soil-based sediment. Biota in the mesocosms consist of macrophytes, algae, 

zooplankton and benthos acquired from Oak Hammock Marsh, Stonewall Manitoba; 

and natural insect colonization due to the mesocosms being open to the surrounding 

environment.  Macrophytes present include Typha spp. Myrophyllum sibiricum, Lemna 

spp., Zizania palustris, and Potamogeton spp.  

Mesocosms were randomly assigned to one of two treatments; sulfamethoxazole 

or untreated controls. On the first treatment day, July 16th 2015, 1L of primary lagoon 

water from the Dunnottar, MB, wastewater lagoons was added to each mesocosm, both 

treatment and controls, prior to sulfamethoxazole addition. The Dunnottar lagoons are 

known to have ARGs present at relatively high concentrations (Anderson et al. 2015) 
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and was therefore added to promote ARGs upon the addition of sulfamethoxazole 

(SMX). Lagoon water was added to controls to ensure they had the same initial addition 

of ARGs and any observed effects were from the addition of SMX.  

The SMX was added to a nominal target concentration of 250 μg/L once a week 

for four weeks to maintain the concentration. For each SMX treatment, the required 

mass of SMX (>=98%, Sigma Aldrich, Missouri, USA) was dissolved into Milli-Q water 

and introduced into mesocosms using a garden hose spraying attachment to promote 

mixing in the water column. For control mesocosms, Milli-Q water only was sprayed 

onto mesocosms using the hose attachment for the same amount of time.  

 

2.3.2 Sulfamethoxazole Analysis 
 

Water was sampled for SMX analysis at 1 hour pre- and post-treatment, followed 

by 1, 4 and 7 days following each of the 4 weekly treatments and 14, 21 and 35 days 

post- final treatment. Water was collected from five locations in each mosocosm using 

an integrative water column sampler (Cardinal et a. 2014), for a total combined sample 

of approximately 4 L. A grab sample was then taken from the combined sample and 

water was stored in a 500 mL amber bottle until further analysis. Triplicates were taken 

from each treated mesocosm day 1 post-treatment, and a rotating triplicate was taken 

on each sample day. Field blanks consisting of sample bottles filled with Milli-Q water 

were open during the sampling period for each sampling day to account for any 

contamination from the sampling process and lab blanks for each set of samples were 

used to account for contamination from the lab. 
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Concentrations were measured by LC-MS/MS at the University of Winnipeg. 

Water samples were spiked with isotopically labelled internal standard 

(sulfamethoxazole-d4) prior to direct-injection analysis. Chromatography was carried out 

using an isocratic method (70% H2O: 30 MeOH) with an Agilent 1200 Series (Agilent 

Technologies, Mississauga, ON) binary pump connected to a Phenomenex (Torrance, 

CA) Kinetex XB-C18 column (50 mm ´ 2.1 mm ´ 1.7 µm particle size) and C18-

 SecurityGuard ULTRA Cartridge (2.1 mm I.D.). Detections were achieved using an 

Agilent 6410B MS/MS equipped with an electrospray ionization source in positive mode. 

The following m/z transitions were monitored; 254.0 à 156.1 (quantifier), 254.0 à  108.1 

(qualifier), and 258.0 à  160.0 (internal standard). 

 

2.3.3 Water quality parameters 
 

Beginning May 19th 2015, water quality parameters (temperature, pH, dissolved 

oxygen, ORP, conductivity and chlorophyll-a) were monitored near daily for 58 days 

pre- and up to the last day of the study, 62 days post-treatment or October 16th 2015, 

with an YSI 650MDS unit as previously described (Cardinal et al. 2014). The pH and 

dissolved oxygen probes were calibrated regularly throughout the study duration 

following standard methods. Hobo Water Temp pro v2 (model U22-001) data loggers 

were deployed 5 cm above the sediment level, 20 cm from the western edge of each 

mesocosm to record water temperature at 30 minute intervals to characterize the daily 

fluctuations and temperature ranges in the water column throughout the study. 

Photosynthetically active radiation (PAR) was measured with a photon meter (Apogee 

Instruments Quantum Meter) near the sediment surface in each tank at approximately 1 
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pm on a weekly basis, or, on days with significant cloud cover, PAR measurements 

were moved to the soonest following day with limited cloud cover. Subjective 

filamentous algae assessments were conducted throughout the study to approximate 

algal growth in each system by three observers as previously described (Baxter et al. 

2013). Six random water depth measurements were recorded regularly, at each 

sampling time point, for each mesocosm, and used to calculate the volume of water in 

each mesocosm. Nutrients (total phosphorus and total Kjeldahl nitrogen) were sampled 

on July 13th, 3 days pre-treatment and analyzed by ALS laboratories in Winnipeg, 

Manitoba.  

2.3.4 Aquatic insect sampling 
 

Aquatic insect sampling occurred at 13, 10 and 3 days pre-treatment and every 

Monday and Thursday for 8 weeks post-treatment. Aquatic insects were sampled by 

emergence traps made of PVC pipes to have a base of 0.012 m2, height of 1 m, with a 

sample bottle half filled with 70% ethanol at the top. The bases of the traps were 

covered by pool noodles to stay buoyant. They were held in place by two stakes that 

were pushed into the sediment and covered with a plastic black mesh to keep the deer 

and birds from biting through the finer mesh on the emergence traps. After each aquatic 

insect sampling day, 10 chironomids were washed with phosphate buffered saline and 

frozen for future DNA extraction and odonates and insects from other orders were 

washed with phosphate buffered saline and frozen individually.  

Aquatic insect sampling occurred on Tuesdays for seven weeks throughout the 

study, including one pre-treatment sample, to measure cumulative emergence. These 

samples were separate from those used to test for ARGs. Emergence traps were set up 
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the morning prior to sampling (the Monday morning) so emergence was over a period of 

24 hours. 

 

2.3.5 ARG sampling and abundances of bacterial genes  
 

Water sampling for ARGs occurred every Monday and Thursday throughout the 

study, including the Monday prior to and morning of treatment. Rotating triplicates were 

taken each sample day. Sampling occurred using an integrative water-column sampler 

(Cardinal et al. 2014). Water samples were collected from five locations in each 

mesocosm and combined, a grab sample was then taken from the integrative sample. A 

field blank was left sitting open next to the sampling area at each mesocosm. A total of 

100 mL of water from each mesocosm (with a rotating triplicate) was filtered through 0.2 

µm, 100 mL graduated filter funnels (Fisher Scientific, Ottawa Ontario). Filters were 

frozen for future DNA extraction.  

Abundances of antibiotic resistant genes were determined following the methods 

described in Knapp et al. (2010). Stored filter papers were cut in half using sterilized 

scissors and DNA on each half was extracted and analyzed separately. DNA was 

extracted using MoBio UltraClean PowerSoil DNA kit according to manufacturer 

instructions. Plate preparation occurred in a laminar fume hood and all surfaces were 

sanitized using 90% alcohol before preparation. 2 µl of diluted DNA was pipetted into 

the qPCR plate, and 18 µl of qPCR Mastermix was added afterwards. The qPCR 

mastermix was made of 1 µL of primer (forward and reverse), 7 µL of molecular grade 

water and 10 µL of Biotum Fast EvaGreen qPCR dye.  qPCR was conducted on an 

Applied Biosystems instrument (Life Technologies, Grand Island, NY, USA). The 
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assigned temperatures and cycle conditions included an initial denaturation period of 

two minutes at 94-95°C, followed by 40 cycles of 10 seconds at 95°C and 30 seconds at 

47-60°C (Knapp et al. 2010). The sulfonamide resistant genes of interest were sul-I, sul-

II, and sul-III (sequences can be found in Table 1), concentrations of all three 

sulfonamide resistant genes were added together as a total SulR value. 16S-rRNA 

(sequences available in Table 1) was quantified as a measure of total bacterial genes 

and was used to calculate the proportion of resistant genes relative to total bacterial 

genes. Primers were ordered from Sigma Aldrich with a synthesis scale of 0.05 µmol 

and were high performance liquid chromatography purification grade.  

For abundances of ARGs in aquatic insects, three methods of DNA extraction were 

tested. The first method used the MoBio UltraClean Cell and Tissue DNA isolation kit. 

Insects were weighed and added to the micro-centrifuge tubes according to kit 

instructions, with and without Proteinase K, to break down tough tissue. The second 

method used was the MoBio UltraClean Powersoil DNA isolation kit; this kit was chosen 

because this study focused on bacterial DNA not DNA of the insects. DNA was 

extracted following the kit protocols, with and without the addition of Proteinase K. The 

third DNA extraction method tested was a cetyl trimethylammonium bromide (CTAB) 

method. This method was chosen because it was suggested to be the most efficient at 

extracting DNA of small insects, and because there is no filtering of the DNA, there is 

less DNA loss than with extraction kit methods (Wang and Wang 2012). The CTAB 

extraction method followed the method of Bossier et al. (2004). 500 µl of CTAB buffer 

(2% CTAB, 1.4 mol/L NaCl, 20 mmol/L EDTA, 100 mmol/L Tris-HCL) and 16 µL of 

Proteinase K were added to the micro-centrifuge tube along with a single chironomid 
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and incubated at 56°C for 4 hours. DNA was then extracted with equal volumes of 

phenol/chloroform/isoamyl alcohol. DNA was precipitated by pipetting 2 volumes of cold 

100% ethanol. After incubation at -20°C, DNA was washed with 70% ethanol, the DNA 

pellet was suspended and dissolved in 25 µL of Tris-EDTA(TE) buffer and stored for 

subsequent qPCR analysis. For all three extraction methods, once DNA was extracted, 

ARGs were quantified following the same protocol as water samples.  All methods were 

tested with both chironomids and dragonflies.  

For insect sample types, a series of dilutions were analyzed to ensure the results 

acquired from the instrument were indeed 16S-rRNA. If the genes being fluoresced are 

16S-rRNA the concentrations will follow the same amplification pattern as the dilutions.  

 

2.4 Results 
 

2.4.1 Water quality parameters  
 

Water quality parameters (temperature, pH, dissolved oxygen, and conductivity) 

were not significantly affected by the addition of sulfamethoxazole or primary lagoon 

effluent and remained relatively stable throughout. Water quality parameters pre- and 

post- treatment are summarized in Table 2.2. The average temperature was 18.05 (+/- 

0.34)°C and ranged from 5-25°C throughout the study. The average standard 

conductivity was 0.53 mS/cm and ranged from 0.48 to 0.63 throughout the study. The 

average pH was 10 with a range of 8.3 to 10.25. The average chlorophyll-a was 7.5 

µg/L and ranged from 3-10 µg/L. Chlorophyll-a data after day +27 was not included 

because the probe was compromised and not measuring accurately. The average PAR 
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was 883. Filamentous algae were not affected by treatment, nor was PAR. Total 

phosphorus and total Kjeldahl nitrogen were measured on July 13th, prior to addition of 

sulfamethoxazole. Total phosphorus concentrations ranged from 0.13-0.29 mg/L, with 

an average of 0.19 (+/-0.02) mg/L.   Total Kjeldahl nitrogen concentrations ranged from 

1.80-2.54 mg/L, with an average of 1.56 (+/-0.29) mg/L. There was no significant 

difference in nutrient concentrations between assigned treatments. Hardness and 

alkalinity were measured on August 5th and 13th in all mesocosms. The average 

hardness in treatment and control tanks was 167 (+/- 7) mg/L and 181 (+/- 6) mg/L, 

respectively. The average alkalinity in treatment and control tanks was 158 (+/- 3) mg/L 

and 172 (+/- 7) mg/L, respectively. There were no significant differences in alkalinity or 

hardness between treatments.  

 

2.4.2 Sulfamethoxazole concentrations  
 

All pre-treatment samples had zero µg/L of SMX. Sulfamethoxazole was added 

to mesocosms on July 16th, July 23rd and July 30th. One hour following the first 

treatment of SMX, treated mesocosms had an average of 280.8 (+/- 11.9) µg/L, control 

mesocosms all had zero µg/L SMX. The first treatment’s half-life was 8.1 days. 

Following the second treatment, SMX concentrations increased to 480.8 (+/-28.4) µg/L, 

the second treatment had a half-life of 6.0 days. 1 hour following the third treatment 

concentrations were an average of 331.6 (+/- 11.1) µg/L. The third spike had a half-life 

of 8.4 days. Following the final treatment, concentrations were an average of 275.6 (+/- 

18.3) µg/L. After the final treatment SMX had a half-life of 9.2 days and was sampled 
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until 35 days post-treatment with a final measured SMX concentration of 19.5 (+/-1.5) 

µg/L. 

 

2.4.3 Aquatic insect emergence 

Mean abundances from treatment and control mesocosms can be found in Table 

2.3. The majority of insects emerging were chironomids (98%), secondly 

ephemeropterans, and thirdly odonates (together totalling 2%). Chironomid abundances 

were the only consistently emerging insect and therefore all others were grouped 

together as “Rare insects”. Chironomid emergence peaked on day 35 in the control 

mesocosms, with a mean (n=3) of 90 chironomids. Chironomid emergence peaked on 

day 28 in the treatment mesocosms, with a mean (n=3) of 130 chironomids. For the rare 

insects, which were mainly ephemeropterans and odonates, the greatest mean 

emergence from the control mescososms occurred on Day 21, with five individual 

insects. Mean rare emergence from the treatment mesocosms occurred on Day 28, with 

two individuals.  Mean emergence was greatest on August 14th for the treatment 

mesocosms and august 21st for control mesocosms. However, there were no significant 

differences in emergence for controls and treatment mesocosms.  

 

2.4.4 ARGs 
 

A series of dilutions confirmed that 16S-rRNA concentrations were non-

detectable on DNA extracted from filter papers. Because ARGs are measured relative 

to 16S-rRNA, ARGs were not analyzed. The extraction kits and CTAB methods were 

unable to measure any 16S-rRNA from aquatic insect samples. Without being able to 
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measure 16S-rRNA or “total bacterial abundance”, any results on sulfonamide resistant 

genes would be inaccurate. 

 

2.5 Discussion 
 

Wastewater lagoon environments can be rich in ARGs (Anderson et al. 2013, 

Anderson et al. 2015). Due to aquatic insect colonization, insects emerging from these 

environments may be involved in the dissemination of antibiotic resistant bacteria to 

surrounding wetlands and other aquatic environments. Research on insects as vectors 

of antibiotic resistant bacteria has previously been completed in field settings, without 

the ability to control factors such as the types of ARGs. The focus of this study was to 

employ quantitative molecular approaches to measure the ARGs on aquatic insects 

emerging from model wetland mesocosms, where I have greater control of experimental 

conditions, relative to field studies. 

The mesocosms functioned well throughout the duration of the study. Water 

quality parameters remained stable and insect emergence occurred throughout the 

study in both control and treatment mesocosms. Water quality parameters were 

consistent with previous mesocosm studies at the PWRF (Cardinal et al. 2014, Lobson 

et al. 2018, Vanderpont et al. 2018). Similar to previous years, emergent insects were 

primarily chironomids and secondly, odonates (Vanderpont et al. 2018). Half-life of SMX 

in this study was consistent with previous studies at PWRF. Cardinal et al. (2014) 

reported half-life of 7.6 days for SMX. The average half-life of the four treatments in this 

study was 7.9 (+/- 0.7) days.  
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I was unable to quantify the abundance of 16S-rRNA in the mesocosm water 

samples. This is likely because there were insufficient bacteria captured on the filters. A 

total 100 mL of mesocosm water was filtered for ARG analysis based on methods 

previously described by Cardinal et al. (2014). However, Cardinal et al. (2014) added 2 

litres of artificial wastewater to each treated mesocosm, which contained 94 mg total 

nitrogen and 46 mg total reactive phosphorus. Nutrient concentrations in this study were 

only measured prior to treatment, but because 1 L of primary lagoon effluent was added 

to each mesocosm (controls and treated). Average concentrations of ammonia and 

phosphorus in the Dunnottar lagoons were 0.95 mg/L, and 0.04 mg/L, respectively. I 

recommend that future studies looking at ARGs in mesocosms add additional nutrients, 

up to levels generally found in wastewater lagoons, to promote the growth of bacteria. 

The mesocosms are filled with city of Winnipeg tap water, which can have 

orthophosphorous concentration of approximately 2 mg/L (City of Winnipeg 2018) to 

control lead concentrations in pipes distributing drinking water. However, due to the 

oligotrophic nature of the mesocosms at PWRF, any available phosphorus was likely 

rapidly taken up by plants and algae immediately upon the addition of tap water, leaving 

little orthophosphate available in the water column (Cardinal et al. 2013). 

Although I did not measure nutrients following additions of wastewater to the 

mesocosms, Cardinal et al. (2014) reported changes in water quality due to an increase 

in nutrients and bacterial growth that I did not see in this study. Cardinal et al. (2014) 

reported a depletion of oxygen by bacteria following treatment of mesocosms at the 

PWRF with artificial wastewater. Unlike Cardinal et al. (2014), dissolved oxygen 

concentrations in this study did not deplete following treatment, suggesting there was no 
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significant growth in the bacterial community. Additionally, Cardinal et al. (2014) 

reported an increase in conductivity likely caused by an increase in decomposing 

organic matter by bacteria that results in the release of electrons into the water column 

that was not seen in this study.  

I was unable to quantify the abundances of ARGs or 16S-rRNA in mesocosm 

water or on insects emerging from the mesocosms. Since I was unable to measure 

bacteria in insects, it is possible there is not sufficient bacteria in insects emerging from 

aquatic environments to be a significant vector for ARGs in the environment. Previous 

studies on insects as vectors for antibiotic resistant bacteria have suggested that most 

bacteria reside in the gut of the insects, particularly in the case of houseflies (Doud et al. 

2014). However, chironomids, the most abundant emerging insect at PWRF, do not 

feed in their adult phase and therefore have only vestigial guts remaining, which may 

not contain the abundance of bacteria that functioning guts contain. In my study I 

focused on measuring levels of ARGs in the insects, therefore the insects were washed 

with phosphate-buffered saline to remove bacteria from the outer insect, which may 

have also contributed to the low-levels of 16S-rRNA.  However, future research studies 

could omit the washing step and include ARGs on the outer surface.  

Previous research has demonstrated that sub-inhibitory concentrations, 

concentrations that do not inhibit the growth of bacteria cultures, promote the selection 

for antibiotic resistant bacteria (Knapp et al. 2008). Bengtsson-Palme and Larsson 

(2016) adjusted EUCAST minimum inhibitory concentrations which are generally based 

on easily-culturable bacteria species to account for differences in sensitives of 

environmental bacteria. They report the adjusted, ecologically-relevant, minimum 
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inhibitory concentration for environmental bacteria to be 125 µg/L, less than the target 

250 µg/L in this study.  

I recommend that future studies treat mesocosms with concentrations below the 

minimum inhibitory concentrations to promote the selection for antibiotic resistant 

bacteria, rather than greater concentrations which may have inhibited growth of bacteria 

in the case of this study. I also recommend that future research adds ample nutrients to 

eutrophy the mesocosms and better mimic the nutrient-rich waters of wasterwater 

lagoons. However, from this study I tentatively conclude that environments with low 

density microbial communities, such as oligotrophic wetlands and lakes, are not likely to 

develop meaningful ARG-bearing components, and that even if insects were a vector, it 

would not be an ecologically significant one.   
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2.7. Tables and Figures  
 

 

 

Table 2.1 List of primer sequences used for the qPCR analysis of ARGs and 16s-rRNA 
in water and insect samples from the PWRF mesocosms treated with sulfamethoxazole. 
16S-rRNA sequence was provided through personal contact by Dr. Charles Knapp, 
University of Strathclyde. 

 

 

 

 
 
 
 
 
 
 
 
 
 

Primer Forward Sequence Reverse Sequence 
Annealing 

Temp. (°C) 
Reference 

sul-I CGCACCGGAAACATCGCTG
CAC 

TGAAGTTCCGCCGCAAGGC
TCG 65.0 Pei et al., 

2006 

sul-II TCCGGTGGAGGCCGGTATC
TGG 

CGGGAATGCCATCTGCCTT
GAG 57.5 Pei et al., 

2006 

sul-III TCCGTTCAGCGAATTGGTGC
AG 

TTCGTTCACGCCTTACACCA
GC 61.0 Pei et al., 

2006 

16S-
rRNA GTGNCAGCMGCCGCGGTAA CRRCACGAGCTGACGAC  - - 
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Table 2.2 Mean (± standard error, n=3) water quality parameters measured in mesocosms pre- and post- treatment with 
sulfamethoxazole. DO = dissolved oxygen, ORP = oxidation-reduction potential. No significant differences were found for 
water quality parameters before (n=58) and after (n=62) addition of sulfamethoxazole (p > 0.05) using a repeated 
measures two-way ANOVA. 

 
DO (mg/L) pH 

Conductivity 
(mS/cm) Temperature (°C) 

Treatment pre post pre post pre post pre post 

SMX  7.9 
(0.31) 

5.8 
 (0.27) 

9.6  
(0.04) 

9.13 
 (0.03) 

0.546 
 (0.004) 

0.523 
(0.003) 

17.2 
 (0.48) 

18.8 
 (0.46) 

control  8.0 
(0.29) 

5.33 
 (0.28) 

9.6 
 (0.03) 

9.20 
(0.002) 

0.581 
 (0.004) 

0.567 
(0.003) 

17.45 
 (0.48) 

18.8 
 (0.46) 
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Table 2.3 Mean and total (± SE, n=3) abundance of chironomid and rare (odonates, ephemeroptera, and tricoptera) 
insects in emergence traps. 

 

 

 

 

 

 

 

 

 Control Treatment  

 Mean 
Chironomid 

Mean rare Mean Chironomid Mean rare 

Day -10 4 (2) 1 (1) 5 (2) 0 (0) 
Day 1 16 (4) 0 (0) 24 (5) 0 (0) 
Day 7 46 (14) 1 (0) 106 (23) 0 (0) 
Day 14 42 (9) 0 (0) 52 (10) 0 (0) 
Day 21 52 (2) 5 (1) 78 (15) 0 (0) 
Day 28 82 (18) 3 (1) 130 (14) 2(1) 
Day 35 90 (8) 3 (2) 111 (35) 0 (0) 
Treatment mean:   48 (7) 2 (1) 72 (12) 0 (0) 
Total emergence:  333 (10) 14 (5) 507 (53)  3 (1) 
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CHAPTER 3: AQUATIC INSECTS AS VECTORS OF ANITBIOTIC RESISTANT 

GENES: A CASE STUDY IN THE DUNNOTTAR, MB WASTEWATER LAGOONS  

 

 

3.1 Abstract 
 

Antibiotics are released into aquatic ecosystems from wastewater effluents 

emanating from lagoons on the Canadian Prairies. This can lead to selection for 

antibiotic resistant gene-bearing bacteria (ARGs) in lagoons and receiving waters. I 

hypothesize that as aquatic insects emerge from these ARG-enriched environments 

they can act as a vector for ARGs into surrounding environments. To test this, I 

deployed emergence traps in three wastewater lagoons and the effluent-receiving creek 

at Dunnottar, MB to determine the type and abundance of aquatic insects emerging 

from wastewater lagoons. ARGs were measured on emerged insects and water using 

qPCR. The resistance genes targeted were sul-I, sul-II, and sul-III and were compared 

to 16S-rRNA to calculate the proportion of resistant genes relative to total bacterial 

genes. The concentrations of sulfonamide antibiotics were characterized as well. The 

greatest proportion of sulfonamide resistant genes relative to 16s-RNA was 1.63% in 

the primary lagoon, with lesser amounts observed in the rest of the wastewater system. 

Midges dominated the insect communities in the lagoons. However, using multiple DNA 

extraction methods I was not able to detect 16S-rRNA or sul-type resistant genes on 

insects. Overall, the Dunnottar lagoons did successfully reduced ARGs. I conclude that 

because I was unable to measure 16s-rRNA or sulfonamide resistant genes on the 

emerged insects, they are likely not a significant vector of ARGs in the environment.   
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3.2 Introduction 
 

A perennial environmental concern is ongoing wastewater contamination of 

limited water resources (Holeton et al. 2011). A specific issue is wastewater contributing 

to the spread of bacteria bearing antibiotic resistant genes (ARGs), which have been 

identified as a threat to global health security (WHO 2018). Increased spread and 

severity of antibiotic resistance is driven primarily by increased use of antibiotics by 

humans and in veterinary services and subsequent release to the environment where 

antibiotic resistant bacteria are common (Pruden et al. 2013). The three primary 

exposure pathways for driving resistance in the environment are through 1) terrestrial 

agriculture; 2) wastewater treatment; and 3) aquaculture (Pruden et al. 2013). 

Wastewater is likely one of the pathways of most pressing concern for ongoing 

resistance development and potential release and spread into the environment. 

Wastewater lagoons are used by small municipalities when full wastewater 

treatment plants are impractical either financially or because the population is too small. 

Wastewater and the chemicals it comprises (including pharmaceuticals, personal care 

products and high concentrations of nutrients) are typically not acutely toxic to aquatic 

insects and, because lagoon systems are open to the environment, there is potential for 

insect colonization (Walton et al. 2012). Aquatic insects emerging from ARG-rich 

sewage lagoons may be a mechanism by which ARGs are spread throughout the 

environment. Previous studies have focused on insects in agricultural environments as 

vectors for antibiotic resistant bacteria as a result of veterinary antibiotic use. It has 

been reported that insects (mainly flies) will acquire resistant bacteria from feeding on 

the feces of farm animals (Zurek and Gosh 2014). Multiple studies have identified 
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antibiotic resistant bacteria on insects around animal farms (e.g., Zurek and Gosh 

2014), honeybees from colonies where antibiotics were used (e.g., Tian et al. 2012), 

and terrestrial flies around wastewater treatment plant facilities (e.g., Doud et al. 2014). 

However, to our knowledge, no studies have examined insects emerging directly from 

the wastewater in open systems like constructed wetlands. Because insects emerging 

from wastewater lagoons will have spent much of their life cycle in wastewater 

surrounded by antibiotics and antibiotic resistant bacteria, emerging aquatic insects 

have the potential to be a mechanism for ARG dispersal.  

Finally, few studies have focused on the quantity or identification of insects 

emerging from sewage lagoons other than those that examined emergence of nuisance 

insects like flies or midges (Mayo et al. 2014; Learner 2000). Certain orders of aquatic 

insects, for example tricopterans, ephemeropterans, and plecopterans, tend to be most 

sensitive to contaminated water (Ortiz and Puig 2007) and therefore are not expected to 

be in elevated abundances in an ecosystem as impaired as a wastewater lagoon. 

However, more tolerant aquatic dipterans like chironomids and ceratopognids are 

expected to be present at greater abundances (Grantham et al. 2012). One study 

conducted in a wastewater lagoon in California examined relative abundance of insects 

by emergence traps and found that 16% of insects in emergence traps were culicids 

and 82% were chironomids (Walton et al. 2012). Aside from dipterans, emerging insects 

also included odonates from the family Aeshnidae in relatively low abundances. 

Quantifying the abundance of insects emerging from the lagoons will be important 

because the types and numbers emerging from the lagoons will dictate how strong of a 

vector aquatic insects are for antibiotic resistant bacteria. 
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The objectives of this study were to measure the efficiency of the wastewater 

lagoon at removing ARGs, to characterize lagoons as habitat for aquatic insects, and to 

test whether insects emerging as adults from ARG-rich wastewater lagoon ecosystems 

will have quantifiable levels of ARGs. I hypothesize that the lagoons will effectively 

reduce the abundance of ARGs and therefore concentrations of ARGs will decline 

throughout the treatment process. Considering previous research on antibiotic resistant 

bacteria on insects, I hypothesize that insects emerging from wastewater lagoons will 

have quantifiable levels of ARGs. To test this hypothesis, I examined sulfonamide 

resistance in a prairie wastewater lagoon system that has both standard lagoon 

treatment (see Anderson et al. 2015; Chaves Barquero et al. 2018), coupled with a 

subsurface treatment facility.  

 

3.3 Methods 
 

3.3.1 Site descriptions 
 

The Village of Dunnottar is a small municipality of approximately 763 permanent 

residents on the south-western shore of Lake Winnipeg. Dunnottar, MB is a popular 

cottage location during the summer months when the population increases to by several 

fold (Anderson et al. 2015). The village upgraded their wastewater system in 2009 to 

comply with new legislation on phosphorus outputs. The system now comprises a 

primary, secondary, and secondary overflow lagoon with a two-cell subsurface filtration 

system and final UV treatment (Figure 3.1; see Anderson et al. 2015; Chaves Barquero 

et al. 2018). Each sub-surface passive filter is 50 m long x 25 m wide and 1.2 m deep, 

for a total volume of 3000 m
3 

(Chaves Barquero et al. 2018). The cells are filled with 
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natural substrate including sand and gravel and artificial materials that are proprietary 

materials from Dillon Consulting Ltd (see Anderson et al. 2015; Chaves Barquero et al. 

2018). The outflow is discharged into Teluga Creek, which flows for approximately 1.5 

km until reaching Lake Winnipeg.  

The reference site was Oak Hammock Marsh. This is a natural wetland in 

Manitoba, Canada, and is 52 km away from Dunnottar, MB. It comprises shallow, 

vegetation-covered wetlands and deeper, open water wetlands. The area sampled was 

approximately 1 meter deep and had dense macrophyte coverage. For more 

information on Oak Hammock Marsh see McDougal et al. (2002).  

 

3.3.2 Emergent insect sampling 
 

A total of three emergence traps were placed in the primary, secondary, 

secondary overflow, receiving creek and Oak Hammock Marsh. Emergence traps 

(Figure 3.2) had a base of 0.012 m
2
, height of 1 m and were in the shape of a pyramid 

with a collection bottle filled with 70% ethanol at the top to preserve captured insects. 

Emergence traps were sampled every Tuesday from June 10
th
 to August 25

th
 2015. On 

June 23
rd

, July 7
th
, July 20

th
, August 4

th
 and August 18

th
, samples were used for 

identification and enumeration of emerging aquatic insects. Emergent insect samples 

from June 10
th
, June 30

th
, July 14

th
, July 28

th
, August 11

th
, and August 25

th 
were used to 

test for ARGs. Insects were sampled by transferring ethanol and insects from the 

collection bottle into a 250 mL straight-sided Nalgene bottle. 
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3.3.3 Water sampling and sample processing for ARGs 
 

Water samples were taken in the primary, secondary, secondary overflow, input 

of the filtration system, output of the filtration system, after UV treatment, intake creek, 

downstream creek (at highway) and the reference site Oak Hammock Marsh. To protect 

the sample from contamination of ARGs and to protect the sampler from harmful 

pathogens that can be found in wastewater, samplers wore gloves sanitized with 70% 

isopropyl alcohol before handling water samples. For water samples, autoclaved 500 

mL polyethylene bottles were used and rinsed three times with sample water before 

being filled to the top. Water samples were transported in a cooler on ice to the 

laboratory where they were filtered through a 0.2 µm Nalgene filter funnel (Fisher 

Scientific, Whitby, Ontario) at the University of Winnipeg in a biosafety fume hood and 

then frozen until extraction. 

 

3.3.4 Sulfamethoxazole concentrations  
 

Water was sampled for sulfamethoxazole analysis at the primary lagoon, 

secondary lagoon, intake, outflow, UV shed, receiving creek and highway sites every 

second Tuesday from June 15
th
 2015 – October 6

th 
2015. The limit of quantification for 

sulfamethoxazole was 3 ng/L and limit of detection was 0.9 ng/L (Chaves-Barquero et 

al. 2018). Samples were measured following the methods of Carlson et al. (2013). 

Sulfamethoxazole was analyzed using high-performance liquid chromatography 

tandem-mass spectrometry (UHPLC/MS/MS) with isotope dilution in all water samples 

(see Chaves-Barquero et al. 2018 for more details).  
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3.3.5 Water quality measurements 
 

Standard wastewater parameters measured were biological oxygen demand 

(BOD), chemical oxygen demand (COD), total phosphorus, total suspended solids 

(TSS), total coliforms and fecal coliforms (Chaves-Barquero et al. 2018). Standard 

wastewater parameters were measured on June 17
th
, July 15

th
, August 26

th
, September 

25
th
 and October 16

th
 2015.  

Water quality parameters (temperature, pH, dissolved oxygen, ORP, 

conductivity, and chlorophyll-a) were measured with a YSI 650 MDS unit on June 15
th
, 

June 23
rd

, June 30
th
, July 7

th
, July 14

th
, July 21

st
, July 28

th
, August 4

th
, August 11

th
, 

August 18
th
 and August 28

th
 2015. The measurements were taken approximately 0.3 m 

below the water’s surface in the primary, secondary and secondary overflow lagoons; 

the receiving creek; and at Oak Hammock Marsh. 

 

3.3.6 Quantifying abundances of bacterial genes 
 

Abundances of antibiotic resistant genes sul-I, sul-II, sul-III and 16S-rRNA were 

determined following the methods described in Knapp et al. (2010). Sulfonamide 

resistant genes were chosen because they have previously been measured in the 

Dunnottar wastewater lagoons (Anderson et al. 2015) and sul-I, sul-II, and sul-III have 

commonly been used to identify sulfonamide resistance and therefore have established 

protocols (Knapp et al. 2010). 16S-rRNA was chosen as a measure of total bacterial 

abundance, which can be compared to ARGs to measure the proportion of resistant 

genes relative to total bacterial abundance. Filter papers were cut in half using sterilized 

scissors and DNA on each half was extracted and analyzed separately. DNA was 
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extracted using MoBio UltraClean PowerSoil DNA kit according to product instructions. 

Following extraction, DNA underwent a serial dilution to determine which level of dilution 

did not cause inhibition by the high concentrations of bacterial genes in wastewater 

during qPCR. Based on those results, DNA extracted from water samples was diluted 

1:10 with molecular grade water. Plate preparation occurred in a laminar fume hood and 

all surfaces were sanitized using 90% alcohol before preparation. 2 µl of diluted DNA 

were pipetted into the MicroAmp Fast Optical 96-Well Reaction Plate (Life 

Technologies, Grand Island, NY, USA) and 18 µl of qPCR Mastermix was added 

afterwards. The qPCR mastermix was made of 1 µL of primer (forward and reverse), 7 

µL of molecular grade water and 10 µL of Fast EvaGreen qPCR dye (Biotium Inc., 

California, USA).  qPCR was conducted on an Applied Biosystems instrument (Life 

Technologies, Grand Island, NY, USA). The assigned temperatures and cycle 

conditions included an initial denaturation period of 2 minutes at 94-95°C, followed by 

40 cycles of 10 seconds at 95°C and 30 seconds at 47-60°C (Knapp et al. 2010). The 

sulfonamide resistant genes of interest were sul-I, sul-II, and sul-III (sequences can be 

found in Table 2.1), concentrations of all three sulfonamide resistant genes were added 

together as a total SulR value. 16S-rRNA (sequences available in Table 2.1) was 

quantified as a measure of total bacterial genes and was used to calculate the 

proportion of resistant genes relative to total bacterial genes. Primers were ordered from 

Sigma Aldrich with a synthesis scale of 0.05 µmol and were high performance liquid 

chromatography purification grade.  

For abundances of ARGs in aquatic insects, three methods of DNA extraction were 

tested. The first method used the MoBio UltraClean Cell and Tissue DNA isolation kit. 
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Insects were weighed and added to the micro-centrifuge tubes according to kit 

instructions, with and without Proteinase K, to break down tissue. The second method 

was the MoBio UltraClean Powersoil DNA isolation kit; this kit was chosen because this 

study focused on bacterial DNA not DNA of the insects. DNA was extracted following 

the kit protocols, with and without the addition of Proteinase K. The third DNA extraction 

method tested was a cetyl trimethylammonium bromide (CTAB) method. This method 

was chosen because it was suggested to be the most efficient at extracting DNA of 

small insects, and because there is no filtering of the DNA, there is less DNA loss than 

with extraction kit methods (Wang and Wang, 2012). The CTAB extraction method 

followed the method of Bossier et al. (2004). A 500 µl aliquot of CTAB buffer (2% CTAB, 

1.4 mol/L NaCl, 20 mmol/L EDTA, 100 mmol/L Tris-HCL) and 16 µL of Proteinase K 

were added to the micro-centrifuge tube along with a single chironomid and incubated 

at 56°C for 4 hours. DNA was then extracted with equal volumes of 

phenol/chloroform/isoamyl alcohol. DNA was precipitated by pipetting two volumes of 

cold 100% ethanol. After incubation at -20°C, DNA was washed with 70% ethanol, the 

DNA pellet was suspended and dissolved in 25 µL of Tris-EDTA(TE) buffer and stored 

for subsequent qPCR analysis. For all three methods, once DNA was extracted the 

ARGs were quantified following the same protocol as water samples.  All methods were 

tested with both chironomids and odonates. Similar to qPCR protocols for water 

samples, extracted DNA from insect samples underwent a serial dilution. However, the 

serial dilution for DNA from insect samples was to test that 16S-rRNA measured by the 

qPCR process was not false-positives from organic matter such as cell debris. If 
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fluorescence was from 16S-rRNA, the results will follow the same pattern as the 

dilutions.    

Field and lab blanks were used to determine the detection limits for genes 

measured by qPCR. The detection limit was equal to the upper 95% confidence limit of 

the mean of blanks.  

 

3.3.7 Insect identification and enumeration 
 

Aquatic insects were enumerated following the USGS quantitative fixed-count 

method for processing benthic macroinvertebrate samples (Moulton et al, 2000) and 

were identified to family (Merritt and Cummins et al. 1995). To begin all large and rare 

organisms (e.g. mayflies, caddisflies, and odonates) were removed from the sample 

and all were counted outside of the subsampling protocol. The sample was distributed 

evenly in a 12-square subsampling frame using a dipping tray to ensure uniformity. Five 

squares were randomly selected from the subsampling frame and individually placed in 

a 49-square estimation tray.  Three squares on the estimation tray were randomly 

selected and abundances of insects in the three randomly selected squares were 

counted under a dissecting microscope at 10 x magnification. The number of insects in 

each estimation tray grid was recorded and the total number of organisms found in the 

grid was averaged. The sum of averages for each grid was then averaged to give the 

mean number of organism per grid.  This was multiplied by the total number of grids or 

“D”. For all samples “D” was less than 120 and therefore “E” (the number of stage 1 

grids that need to be subsampled) was calculated by dividing 300 by “D”. A minimum of 

three grids were sorted and each “E” value was rounded up to the next whole number. 
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Each individual grid had a datasheet and vial to ensure insects could be identified to a 

more specific taxonomic level at a later time and to ensure that I can extrapolate the 

results to the entire sample. Because of the lower abundance of large and rare insects, 

insects from the three traps at each sample site were pooled rather than averaged for 

each sample day and the mean for each site was taken by calculating the mean from all 

sample days.  

 

3.3.8 Statistical analysis 
 

Concentrations of ARGs, abundances of insects and water quality parameters 

were assessed using a one-way analysis of variance (ANOVA) followed by a Dunnet’s 

test, where normality and variance standards were met, and a ranked ANOVA followed 

by Dunnett’s test where normality or variance standards could not be met. To test for 

changes in SulR and 16S-rRNA throughout the system a one-way ANOVA followed by 

a Dunn’s test was conducted. A linear regression analysis was conducted to test the 

significance of the relationship between sulfamethoxazole concentrations and SulR 

concentration. Data were analyzed using SigmaPlot 11.0 (San Jose, CA) and are 

presented as mean ± standard error (SE) unless otherwise indicated. Differences were 

considered significant at p<0.05.  

A redundancy analysis was conducted to see what drives the trends in insect 

emergence (R studio, Boston, MA). For the redundancy analysis water quality variables 

were considered the “x” or explanatory variables and the chironomid and rare insects 

were considered the response variables. Following the redundancy analysis, a 

permutation test was used to determine the statistical significance of the canonical 
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relationship between the water quality data and the insect data. Relationships were 

considered statistically significant at p<0.05. 

 

3.4 Results  
 

3.4.1 Water quality measurements  
 

Levels of standard wastewater parameters from the effluent of the passive filter 

at Dunnottar, Manitoba reported by Chaves-Barquero et al. (2018) can be found in 

Table 2. BOD was below 2 mg/L on each sample day. COD ranged from 28 to 49 mg/L, 

peaking on August 26
th,

 2015. Total phosphorus ranged from 0.019 to 0.378 mg/L, 

peaking on October 16
th,

 2015. TSS ranged from <5 to 6 mg/L, peaking on June 17
th,

 

2015. Total coliforms and fecal coliforms were <3 CFU/L on each sample day.  

A summary of the water quality data can be seen in Table 3 and raw data can be 

found in Appendix A, Table A3. Primary, secondary, and secondary overflow lagoons 

had temperatures ranging from 16°C and 26°C throughout the season. The average 

temperatures for the primary, secondary, and secondary overflow lagoon was 22°C. 

The average temperature for the receiving creek and Oak Hammock Marsh site were 

less than the lagoons at 18°C.  The primary, secondary, and secondary overflow 

lagoons had statistically significantly greater temperature than the reference site 

(P<0.05). All lagoons had a greater pH than the  reference site. The average pH for the 

primary and secondary lagoon was 8.3. The average pH of the secondary overflow 

lagoon was 9.9. The average pH of the reference site, Oak Hammock Marsh, was 7.0. 

The receiving creek had a pH closer to that of the reference site, with an average pH of 

8.2. The primary, secondary, secondary overflow lagoons and creek sites had 
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statistically significantly greater pH than the reference site (P<0.05).  All lagoons had 

greater dissolved oxygen (mg/L) than the reference site and receiving creek. The 

primary, secondary and secondary overflow lagoons had dissolved oxygen averages of 

11.0 mg/L, 9.0 mg/L and 12.7 mg/L, respectively. The primary, secondary, secondary 

overflow lagoons had statistically significantly greater dissolved oxygen than the 

reference site (P<0.05). The receiving creek had statistically significantly lower 

dissolved oxygen concentrations than the reference site (P<0.05). Chlorophyll-a data 

after August 11
th
 2015 was not used because the probe was not measuring properly. 

The primary lagoon had the greatest average concentration of chlorophyll-a, 311.9 

µg/L, followed by the secondary lagoon with a concentration of 25.7 µg/L and the 

secondary overflow lagoon with a concentration of 7.6 µg/L. The average chlorophyll-a 

concentration of the receiving creek was 5.7 µg/L and 59.6 µg/L at Oak Hammock 

Marsh. The primary lagoon had a statistically significantly greater chlorophyll-a 

concentration than the reference site (P<0.05). The secondary overflow lagoon and the 

creek sites had statistically significantly lower chlorophyll-a concentrations than the 

reference site (P<0.05). Finally, specific conductivity was greatest in the primary and 

secondary lagoons with averages of 1.96 mS/cm and 1.90 mS/cm, respectively. The 

average conductivity in the secondary overflow lagoon was 1.19 mS/cm, 1.08 mS/cm in 

the creek and 0.73 mS/cm Oak Hammock Marsh. All sites at the Dunnottar wastewater 

lagoons had statistically significantly greater specific conductivity than the reference site 

(P<0.05).  

 

 



	 76	

3.4.2 ARGs in water 
 

ARGs for each site and date can be found in Table 3.4 and mean concentrations 

and proportions of ARGs for each site can be found in Table 5. Raw data from ARGs in 

water can be found in Appendix A, Table A1. The detection limit for 16S-rRNA was 

calculated to be 3.53 x 10
5
 genes/mL and 0.03 x 10

5
 genes/mL for SulR. Abundances of 

16S-rRNA, representing total bacterial genes, were greatest in the primary lagoon 

(2119.26 x 10
5
 genes/mL) before declining to below reference site conditions by 86% in 

the secondary lagoon (306.49 x 10
5
 genes/mL). Reference site (Oak Hammock Marsh) 

conditions were 92.32 x 10
5
 genes/mL. 16S-rRNA in the receiving creek was 97% lower 

than the primary lagoon with 72.79 x 10
5
 genes/mL of 16S-rRNA. Throughout the 

treatment process, 16S-rRNA only saw statistically significant decline in concentration 

(P<0.05)  from the primary to the secondary lagoon.  

Mean abundances of SulR were greatest in the primary lagoon (34.55 x 10
5
 

genes/mL) and declined by 96% in the secondary lagoon (1.44 x 10
5
 genes/mL) (Table 

2). The reference site had a mean SulR of 0.32 x 10
5
 genes/mL (99% less than the 

primary lagoon) and the outflow had a SulR concentration of 0.10 x 10
5
 genes/mL 

(99.8% less than the primary lagoon). Measured abundances of SulR in the field and 

lab blanks were 0.01x10
5
 and 0.04 x 10

5
 genes/mL, respectively (Table 2). The peak 

abundance of SulR was measured in the primary lagoon on July 14
th
 2015 and 

measured 138.61 x 10
5 

genes/mL.  The most prevalent sulfonamide resistant gene was 

SulI. Only the primary and secondary lagoons had statistically significant greater 

abundances of SulR than the reference site, Oak Hammock Marsh. The output well and 

secondary overflow lagoons were significantly lower in SulR than the reference site. 
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Throughout the treatment process, SulR only saw statistically significant (P<0.05) 

decline in concentration from the primary to the secondary lagoon. 

 To account for the differences in the abundance of bacteria, sulfonamide 

resistance was analyzed by calculating the amount of SulR relative to 16S-rRNA, as a 

proportion of sulfonamide resistant bacteria (Table 5). The proportion of SulR relative to 

16S-rRNA was greatest in the primary lagoon at 1.63% SulR:16S-rRNA. Proportion of 

SulR relative to 16S-rRNA fell to 0.47% in the secondary lagoon, which is just slightly 

greater than the reference site Oak Hammock Marsh (0.34%). Still, none of the 

proportions of SulR at any of the sample sites were statistically significantly different 

than the reference site. Throughout the treatment process, proportion of SulR relative to 

16S-rRNA saw statistically significant (P<0.05) decline in concentration from the 

secondary to the secondary overflow lagoon.  

 

3.4.3 Insect identification and enumeration  
 

The aquatic insect groups identified in the lagoon systems were chironomidae, 

odonata, ephemeroptera, ceratopoignidae, tricoptera, tabanidae, culicidae, and 

tipulidae. Because of the overrepresentation of chironomids compared to other groups, 

chironomids were analyzed for ARGs separately from the other insects, which included 

all groups other than chironomids. Raw insect enumeration data can be found in 

Appendix A, Table A2. 

  Mean chironomid emergence at the reference site was 38 insects/trap. At the 

reference site, the greatest chironomid abundances were on June 23
rd

 2015 (81 

insects/trap) and declined each week until reaching the lowest abundance of 7  
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insects/trap on August 18
th 

2015.  The secondary lagoon saw the greatest average 

chironomid emergence of all the sites with an average chironomid abundance of 200 

insects/trap. Emergence in the secondary lagoon peaked on June 23
rd

 2015 at 317 

insects/trap and reached its lowest emergence on August 18
th
 2015 with 70 insects/trap. 

The primary lagoon had an average chironomid abundance of 140 insects/trap and 

reached its peak on July 7
th
 2015 with 319 insects/trap, the greatest emergence of all 

sites and all sample days. The primary lagoon saw its lowest emergence on July 20
th
 

2015, with 57 insects/trap. The average chironomid emergence in the secondary 

overflow lagoon was 12 insects/trap. The secondary overflow site peaked at 21 

insects/trap on June 23
rd 

2015, and declined each week until reaching the lowest 

measured emergence on August 18
th
 2015 with 8 insects/trap. The secondary lagoon 

was the only lagoon with statistically significantly greater chironomid emergence than 

the reference site (P<0.05).  

Mean abundances of large or rare insects varied between the four sample sites 

from three insects/trap to 52 insects/trap. The secondary overflow lagoon saw the 

greatest abundance of large and rare insects (mayflies, caddisflies and odonates), with 

an average of 34 insects/traps. The reference site and the primary lagoon, had an 

average of three insects/trap and the secondary lagoon had an average of eight 

insects/trap. The greatest measured abundance of emerging large and rare insects was 

seen on June 23
rd

 2015 in the secondary overflow lagoon, with 105 insects/trap. The 

secondary overflow lagoon was the only site to have significantly greater emergence of 

large or rare insects than the reference site. None of the sites had significantly lower 

emergence of large or rare insects than the reference site.  
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Three emergence traps were placed along the receiving creek. However, the 

water was always too shallow and the emergence traps were unable to float and had 

openings between the base of the trap and the water and therefore I would not be able 

to say that the insects caught in those emergence traps had emerged from the creek 

and did not fly in through the holes between the base and the reeds and water. 

Therefore, data from these traps were not included in the analysis.  

 

3.4.4 Redundancy analysis  
 

 See Figure 3.2 for the output graph of the redundancy analysis. 29.06% of the 

variation could be explained by the primary axis and 7% by the secondary axis. This 

analysis focuses on the primary axis because the secondary axis is relatively non-

diagnostic with regard to the insect abundance. The redundancy analysis shows that 

large and rare insects and chrionomids are negatively correlated. Chironomid 

emergence was positively correlated to chlorophyll-a and specific conductivity, while 

being negatively correlated to dissolved oxygen and pH. Contrarily, large and rare 

insects were positively correlated to pH and dissolved oxygen; and negatively correlated 

to conductivity and chlorophyll-a. Temperature appears to be relatively non-diagnostic 

on the primary axes. The redundancy analysis plot showed that the primary and 

secondary lagoons were both positively weighted on the RDA1 axis, suggesting they 

have high abundances of chironomids, which can be confirmed by looking at the data. 

The secondary overflow lagoon was negatively weighted on the RDA1 axis, suggesting 

the secondary overflow lagoon has greater abundances of large and rare insects, which 

can be confirmed by the data. Oak Hammock Marsh, the reference site, was relatively 
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non-diagnostic on the primary axis. However, Oak Hammock Marsh was negatively 

weighted on the secondary axis, suggesting a negatively correlated relationship with 

temperature, dissolved oxygen, conductivity, and pH, and to a lesser extent with 

chlorophyll-a.  

 The results from the permutation test for significant of water quality-insect 

relation were highly significant overall (p<0.001). When permutation tests were 

conducted by axis, the primary axis had was highly significant (p<0.001) and the 

secondary axis was significant as well but with a greater p-value (p<0.013).  

 

3.4.5 ARGs in insects 
 

A series of dilutions confirmed that 16S-rRNA concentrations were non-

detectable on DNA extracted from insect samples using both extraction kits and the 

CTAB method. Because ARGs are measured relative to 16S-rRNA, ARGs were not 

analyzed. Without being able to measure “total bacterial abundance”, any results on 

sulfonamide resistant genes would likely be inaccurate. 

 

3.4.6 Sulfamethoxazole measurements 
 

Samples were collected for sulfamethoxazole and sulfapyridine at all Dunnottar 

sites but not at the reference site, Oak Hammock Marsh. The relationship between 

concentration of sulfamethoxazole and concentration of SulR was found to be 

significant (P<0.001) with an r-squared value of 0.397, based on a linear regression 

analysis (Figure 3.5).  The relationship between the concentration of sulfapyridine and 
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concentration of SulR could not be assessed because sulfapyridine was consistently not 

detected.  

 

3.5 Discussion 
 

  The Dunnottar wastewater lagoons had measurable concentrations of ARGs and 

some had significantly greater abundances of aquatic insect emergence than natural 

wetland environments. The lagoons and final UV treatment were successful at reducing 

standard wastewater parameters, BOD, TSS, and Total Phosphorus, below their 

regulatory maximum levels of 25 mg/L, 25 mg/L and 1 mg/L, respectively (Table 2). 

 

3.5.1 ARGs in water  
 

Overall, the Dunnottar wastewater lagoons were successful at removing ARGs. 

By the secondary overflow lagoon, concentrations of SulR were below those of the 

reference site, Oak Hammock Marsh. In the 2015 study of the pilot-scale sub-surface 

filtration system, Anderson et al. (2015) reported concentrations of 16S-rRNA in the 

Dunnottar, MB wastewater lagoons consistent with those found in this study. However, 

our findings were greater by approximately one order of magnitude. Anderson et al. 

(2015) report 16S-rRNA in the primary lagoon to be 199.53 x 10
5
 genes/mL and 79.43 x 

10
5
 genes/mL in the secondary lagoon. Anderson et al. (2015) report at greater drop in 

16S-rRNA from the primary to the secondary, of 99%, versus our 86% drop in 16S-

rRNA. Concentrations of SulR was approximately one magnitude lower in the 2015 

study. They report the greatest concentration of SulR to be 1.55 x 10
5
 genes/mL in the 

primary lagoon, where this study found 34.55 x 10
5
 genes/mL in the primary lagoon. 



	 82	

The 2015 study reports a concentration of 2.0 x 10
3
 genes/mL in the secondary lagoon, 

and this study found SulR to be 1.44 x 10
5
 genes/m. However, the 2015 study reports 

the amount of SulR decreased by 99% from the primary to the secondary lagoon, which 

is similar to the 96% result reported in our study. This study found greater proportions of 

SulR relative to 16S-rRNA compared to the previous study which reported 0.8% in the 

primary lagoon, 0.22-0.24% in the filtration units and 0.10% in the outflow. The 

differences in outflow may be due to functioning in the pilot-scale versus full-scale sub-

surface filtration system. Our results were not consistent with those found in a treatment 

wetland system in Grand Marais, MB. In Grand Marais, Anderson et al. (2013) report 

that there is no obvious pattern in SulR concentration throughout the system, where I 

found a 96% drop in SulR from the primary to the secondary lagoon.  

Our study was inconsistent with other studies examining ARGs in wastewater 

systems. Results by Czekalski et al. (2012) and Anderson et al. (2015) both suggest 

that although bacteria concentrations decline, the proportion of resistant bacteria has 

increased by the outflow, whereas I saw a drop in the proportion of resistant bacteria 

from the primary to the outflow (Table 3). Difference between Anderson et al. (2015), 

which studied the pilot scale project of the sub-surface filtration system, and the full-

scale system in this study was the UV treatment prior to the outflow, and the residence 

time increased in the sub-surface outflow (Chaves-Barquero et al. 2018), which may 

have contributed to the difference.  
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3.5.2 Variation 
 

Variation in concentrations of SulR and 16S-rRNA were relatively high. For the 

primary lagoon SulR concentrations, standard error was approximately 25% of the 

average SulR measured for that site. Some of the variation in the mean concentrations 

of SulR can be attributed to seasonal variation, concentrations saw an overall decline 

over the sampling season. However, the variation in individual sample days is also 

relatively high. For example, for SulR concentrations in the primary lagoon on June 10
th
 

2015, standard error is approximately 14% of the concentration and for 16S-rRNA the 

variation is greater. For example, on June 10
th
 in the primary lagoon the variation in 

16S-rRNA concentrations were 30% of the total 16S-rRNA concentration. One possible 

attribution to these relatively high standard errors could be sample contamination. For 

example, the levels of 16S-rRNA measured in our lab and field banks were between 

0.01 x 10
5
 and 0.04 x 10

5
 genes/mL for SulR, and between 1.80 x 10

5
 and 4.61 x 10

5
 

genes/mL for 16S-rRNA. Anderson et al. (2015) report similarly high standard errors for 

SulR concentrations. For example, the mean of the primary lagoon was 151 x 10
3
 (±58) 

genes/mL, standard error being 38% of the mean SulR.  Anderson et al. (2015) did not 

report the results of lab or field blanks.  

 

3.5.3 Aquatic insects in lagoons  
 

Our findings on aquatic insect emergence community composition were 

consistent with those reported by Walton et al. (2012) on lagoons in California. They 

report that many insects emerging were chironomid midges but that 16% were 

mosquitos. I did not find as high abundance of mosquitos emerging in the lagoons 
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studied. The receiving creek which was too shallow for the emergence traps may have 

seen more consistent results with the Walton et al. (2012) study around culicids 

(mosquitos) as that water is shallower and had smaller pockets of water which is 

generally the preferred breeding habitat for mosquitos in Southern Manitoba.  

As expected, based on Ortiz and Puig (2007) sensitive organisms including 

tricopterans, epthemeropterans and plectopterans (i.e., EPT) were not found in great 

abundances in the most contaminated primary and secondary lagoons, but tricopterans 

and ephemeropterans counts increased significantly in abundance by the secondary 

overflow lagoon, which was generally less contaminated than the primary and 

secondary lagoons (Anderson et al. 2015; Chaves-Barquero et al., 2018).  

Our findings suggest that for chironomid abundances, which can be considered a 

nuisance insect due to the swarms they create that can prevent outdoor activities in the 

evening when they are most active (Broza et al. 2003), the treatment system and more 

specifically the secondary lagoon, is contributing significantly more to nuisance insect 

populations than natural wetlands, based off our comparison to Oak Hammock Marsh 

as the reference site.  

The redundancy analysis showed that trends in chironomid abundance were 

positively correlated to chlorophyll-a concentrations and conductivity and that large and 

rare insect emergence was positively correlated to dissolved oxygen and pH. However, 

this study was unable to prove that these relationships are causal.  
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3.5.4 ARGs on insects  
 

Insects are diverse in many environments and although I was unable to 

demonstrate that they play a role in the ecology of antibiotic resistance traits in aquatic 

environments, it remains a question worth answering using different methods. Other 

studies that have been able to identify antibiotic resistant bacteria employed more 

traditional microbiological techniques such as swabbing insect guts and growing the 

bacteria on media (e.g., Tian et al. (2012), Allen et al. (2009)). Using DNA extraction 

along with qPCR would have been the preferred method for this type of analysis as it is 

quantitative. However, I was unable to use that method successfully to measure 

bacteria in insects. This study focused on ARGs in insect. Therefore insects were 

washed in a phosphate-buffered saline prior to DNA extraction. Future research may 

want to omit the washing step and try to measure ARGs on the outsides of insects.  

 

3.5.5 Sulfamethoxazole and ARGs relationship 
 

The majority of sulfamethoxazole attenuation occurred in the primary and 

secondary lagoons.  Chaves-Barquero et al. (2018) suggested that the changes in 

sulfamethoxazole concentrations throughout the season were driven by photolysis and 

changes in light intensity throughout the season. The significant relationship between 

SulR and sulfamethoxazole was not anticipated as bacteria harbouring resistant genes 

would not attenuate following the same mechanisms as sulfamethoxazole. For example, 

in a Danish aquaculture farm resistance at the outlet increases after adding oxolinic acid 

antibiotics with the fish food, however, six months after antibiotic application resistance 

is more prevalent than a week after antibiotic application (Guardabassi et al. 2000). This 
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study however, did not report antibiotic concentrations, therefore it is a possibility that 

the antibiotic remained present up to 6 months after application.  

 

3.6 Conclusion 
 

The wastewater treatment system in Dunnottar, MB was effective at removing 

ARGs and the concentrations of ARGs reaching the receiving creek were deemed to 

not be a significant concern to the receiving environment because they were at levels 

similar to those at the reference site. The majority of ARG attenuation occurred between 

the primary and secondary lagoons and not in the sub-surface filtrations system. This 

study also demonstrated a significant relationship between sulfamethoxazole 

concentrations and sulfonamide resistant genes. Still, I was unable to demonstrate that 

insects emerging from water rich in ARGs have measurable concentrations of ARGs. 

Perhaps future research should focus on testing the outside of insects, not the inside for 

ARGs, employing this method may result in the detection of bacterial genes through 

qPCR. However, if I was not able to measure significant sources of bacteria in the 

emerging insects, it is likely the insects are not a significant source of ARGs relative to 

wastewater-impacted waters. The Dunnottar, MB wastewater lagoons are highly 

productive, some significantly more so than natural wetlands for insects, and therefore it 

may be worth considering their roles are vectors of other contaminants.  
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3.8 Tables and Figures  

 

 

Figure 3.1 Dunnottar wastewater treatment system including sample sites for this study. 
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Table 3.1 List of primer sequences used for the qPCR analysis of ARGs and 16s-rRNA 

in water and insect samples from the PWRF mesocosms treated with sulfamethoxazole. 

16S-rRNA sequence was provided through personal contact by Dr. Charles Knapp, 

University of Strathclyde 

 
 

 

Primer Forward Sequence Reverse Sequence 
Annealing 

Temp. (°C) 
Reference 

sul-I CGCACCGGAAACATCGCTGC

AC 

TGAAGTTCCGCCGCAAGGC

TCG 
65.0 

Pei et al. 

2006 

sul-II TCCGGTGGAGGCCGGTATCT

GG 

CGGGAATGCCATCTGCCTT

GAG 
57.5 

Pei et al. 

2006 

sul-III TCCGTTCAGCGAATTGGTGC

AG 

TTCGTTCACGCCTTACACCA

GC 
61.0 

Pei et al. 

2006 

16S-
rRNA GTGNCAGCMGCCGCGGTAA CRRCACGAGCTGACGAC 

- - 
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Table 3.1 Levels of standard wastewater parameters measured in the effluent of the passive filter at Dunnottar, Manitoba 
in 2015 (From Chaves-Barquero et al. 2018). The regulatory maximum levels are: BOD: 25 mg/L, TSS: 25 mg/L, TP: 1 
mg/L 
 

Parameter June 17 July 15 August 26 September 25 October 16 

BOD (mg/L) <2.0 <2.0 <2.0 <2.0 <2.0 
COD (mg/L) 28 46 49 48 46 
TP (mg/L)  0.019 0.041 0.280 0.303 0.378 
TSS (mg/L) 6.0 <5.0 <5.0 <5.0 <5.0 
Total coliforms (CFU/L) <3 <3 <3 <3 <3 
Fecal coliforms (CFU/L) <3 <3 <3 <3 <3 
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Table 3.2 Mean (±SE) water quality measurements (n=x) sites at the Dunnottar wastewater lagoons from June 15, 2015 
to August 25, 2015. Asterisk represents statistically significant difference from reference site, tested using a one-way 
ANOVA followed by a Dunnett’s test (P<0.01). 

aChlorophyll-a data after August 18, 2015 was not included because the probe was not calibrated properly.  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Site  

Temperature 

(°C) 

Specific Conductivity 

(mS/cm) pH Chlorophyll-a (µg/L)
a
 DO (mg/L) 

Primary Lagoon 22.4 (0.47)* 1.95 (0.01)* 8.26 (0.07)* 334.1 (19.5)* 11.0 (1.64)* 
Secondary Lagoon 22.6 (0.46)* 1.99 (0.02)* 8.34 (0.10)* 29.28  (3.34) 8.99 (1.15)* 
Secondary Overflow  21.8 (0.40)* 1.18 (0.01)* 9.95 (0.04)* 10.30 (1.23)* 12.67 (0.50)* 
Creek  17.54 (0.52) 1.08 (0.06)* 8.15 (0.11)* 7.67 (0.95)* 5.93 (0.20)* 
Reference (Oak Hammock Marsh)  17.9 (0.43) 0.71 (0.01) 7.10 (0.03) 85.21 (11.76) 1.65 (0.21) 
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Table 3.3 Mean (±SE, n=4) abundances of sulfonamide resistant genes (Total SulR) and total bacterial genes (16S-rRNA) 
in water samples collected from the Dunnottar, MB wastewater lagoons, sub-surface filtration system, and receiving water 
ways (n=4). All results x 105 genes/mL. an=12. Dash means samples were compromised or analysis was not successful.  
 

 
 

 
 

 

 

 

 

 

 

 

Primary lagoon Secondary lagoon 
Secondary 

overflow lagoon Filter intake well Filter output well UV outflow Receiving Creek 

Downstream 
receiving creek at 

highway 
Oak Hammock 

Marsh Field Blank Lab Blank 
 

Date 
 

SulR 
 

16S-rRNA 
 

SulR 
 

16S-
rRNA 

 
SulR 

 
16S-
rRNA 

 
SulR 

 
16S-
rRNA 

 
SulR 

 
16S-
rRNA 

 
SulR 

 
16S-
rRNA 

 
SulR 

 
16S-
rRNA 

 
SulR 

 
16S-
rRNA 

 
SulR 

 
16S-
rRNA 

 
SulR 

 
16S-
rRNA 

 
SulR 

 
16S-
rRNA 

06-10-15 14.0 
(1.93) 

4241.05 
(1293.78) 

3.75 
(1.06) 

1052.38 
(297.28) 

0.07 
(0.01) 

61.74 
(7.41) - - - - - - 0.20 

(0.01) 
400.61 
(24.95) - - - - 0.02 

(0.01) 
1.83 

(0.03) 
0.02 

(0.01) 
1.85 

(0.05) 

06-30-15 18.31a 

(2.01) 
3254.59a 
(416.82) 

2.72 
(1.44) 

708.90 
(370.90) 

0.10 
(0.02) 

34.34 
(6.59) 

0.10 
(0.01) 

44.85 
(14.48) 

0.05 
(0.01) 

14.99 
(2.00) 

0.06 
(0.01) 

4.16 
(1.22) 

0.07 
(0.01) 

13.59 
(2.07) 

0.12 
(0.02) 

84.56 
(13.87) 

0.19 
(0.02) 

168.09 
(30.19) 

0.01 
(0.01) 

1.80 
(0.03) 

0.02 
(0.02) 

1.85 
(0.06) 

07-14-15 138.61 
(3.53) 

1188.74 
(74.11) 

0.32a 
(0.06) 

23.36a 

(3.01) 
0.24 

(0.12) 
53.42 
(3.43) 

0.25 
(0.10) 

51.50 
(4.53) 

0.05 
(0.00) 

10.20 
(1.03) 

0.04 
(0.00) 

4.75 
(0.07) 

0.04 
(0.01) 

5.93 
(0.56) 

0.05 
(0.01) 

11.44 
(0.99) 

0.69 
(0.27) 

148.27 
(35.75) 

0.00 
(0.00) 

3.75 
(0.04) 

0.04 
(0.01) 

3.56 
(0.12) 

07-28-15 13.02 
(2.68) 

170.02 
(28.80) 

0.80 
(0.07) 

19.43 
(2.02) 

0.17 
(0.01) 

84.69 
(11.9

7) 

0.32a 
(0.03) 

21.18a 
(1.03) 

0.05 
(0.00) 

11.71 
(1.23) 

0.03 
(0.00) 

5.38 
(0.50) 

0.03 
(0.00) 

6.33 
(0.27) 

0.05 
(0.00) 

59.54 
(3.08) 

0.15 
(0.04) 

48.68 
(4.34) 

0.03 
(0.00) 

3.41 
(0.12) 

0.03 
(0.00) 

3.40 
(0.01) 

08-11-15 - - 1.08 
(0.17) 

9.44 
(1.15) - - - - - - 0.05 

(0.00) 
5.33 

(0.30) 
0.03 

(0.01) 
5.75 

(0.34) - - - - 0.01 
(0.00) 

4.61 
(0.42) - - 

08-25-15 11.29 
(1.65) 

38.89 
(5.79) 

0.38 
(0.12) 

17.54 
(1.49) 

0.07 
(0.01) 

5.80 
(0.53) 

0.06 
(0.00) 

5.10 
(1.03) 

0.24 
(0.14) 

4.59 
(0.17) 

0.05a 
(0.01) 

4.85a 
(0.23) 

0.02 
(0.00) 

4.51 
(0.21) 

0.04 
(0.00) 

4.12 
(0.25) 

0.13 
(0.01) 

10.81 
(0.87) 

0.01 
(0.00) 

3.11 
(0.12) 

0.03 
(0.01) 

3.48 
(0.10) 
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Table 3.4 Mean (±SE) abundances and proportions of sulfonamide resistant genes (Total SulR) and total bacterial genes 
(16S-rRNA); and the proportion of SulR relative to 16S-rRNA. All results x 105 mg/L. Asterisk represents statistically 
significant difference from reference site, Oak Hammock Marsh. 

  
 

 
  
  
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Site Total SulR (n=25) 16S-rRNA (n=25) Proportion (n=25) 
Primary  34.55 (8.79)* 2119.26 (415.79) 1.63% 
Secondary 1.44 (0.37)* 306.49 (105.49) 0.47% 
Secondary Overflow 0.13 (0.03) 46.47 (7.26) 0.28% 
Input well 0.22 (0.03) 30.59 (4.26) 0.72% 
Output well 0.10 (0.05) 10.40 (1.28) 0.96% 
UV filter 0.05 (0.01) 4.88 (0.22) 1.02% 
Creek 0.06 (0.01) 72.79 (30.22) 0.08% 
Highway 0.07 (0.01) 39.92 (9.08) 0.17% 
Oak Hammock Marsh 0.32 (0.10) 92.32 (19.65) 0.34% 
Field Blank 0.01 (0.00) 3.09 (0.22) 0.32% 
Lab Blank 0.04 (0.01) 2.84 (0.19) 1.40% 
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Table 3.6 Mean chironomid abundance (± SE, n=3) in emergence traps over 1 week period.  The average was taken from 
three traps in each lagoon. The Asterisk represents statistically significant difference from reference site, Oak Hammock 
Marsh.  

Collection date Oak Hammock Marsh Primary Lagoon Secondary Lagoon Secondary Overflow Lagoon 

June 23rd 2015 81 (18) 193 (69) 317 (171) 21 (5) 

July 7th 2015 63 (26) 319 (67) 209 (101) 13 (5) 

July 20th 2015 22 (4) 57 (11) 173 (69) 13 (4) 

August 4th 2015 8 (2) 70 (24) 234 (59) 9 (1) 

August 18th 2015 7 (1) 61 (20) 70 (42) 8 (3) 

Site mean: 38 (11) 140 (34) 200 (51)* 12 (2) 

Site total :  178 (29) 700 (87) 935 (175) 57 (16) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



	 98	

 
 
 
 
 
 
 
Table 3.7. Abundance of large and rare aquatic insects totaled from three traps at each site (±SE) and then averaged for 
each site. Asterisk represents statistically significant difference from reference site, Oak Hammock Marsh, based on a 
one-way ANOVA followed by a Dunnett’s test. Insects were collected in emergence traps over a one-week period. 

Collection date Oak Hammock Marsh Primary Lagoon Secondary Lagoon Secondary Overflow Lagoon 

June 23rd 2015 6 
7 

4 6 105 

July 7th 2015 1 4 101 

July 20th 2015 0 2 2 34 

August 4th 2015 1 1 17 3 

August 18th 2015 0 9 13 20 

Site mean: 3(1) 3(1) 8(3) 52 (19)* 

Site total:  5 (1) 6 (2) 14 (7) 88 (23) 
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Figure 3.2 Output from the redundancy analysis in R-studio, showing the relationship 
between insect emergence and water quality parameter and where the sample sites fall 
within these trends. The primary axis, RDA1, was statistically significant (P<0.001). The 
secondary axis, RDA2, was statistically significant (P<0.013). 
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Figure 3.3 Photo of aquatic insect emergence trap set up in the secondary 
lagoon at the wastewater treatment facility in Dunnottar, MB. 
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Figure 3.4 Relationship between the concentration of sulfamethoxazole present and the 
concentration of SulR genes (genes/mL), (P<0.001, R2=0.397, using linear regression 
analysis) 
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CHAPTER 4: GENERAL DISCUSSION   
 

Even with the frequent detection of antibiotic resistant genes (ARGs) in 

environments like the Dunnottar Wastewater lagoons and other waterways receiving 

wastewater, the environment is often left out of research on the spread of antibiotic 

resistance. Sewage treatment has been shown to reduce the concentrations of ARGs 

(Bengtsson-Palme et al. 2016). However, many places lack basic sanitation, while other 

regions treat wastewater in other ways, such as sewage lagoons, because full scale 

systems are not economically viable for a small population (Pruden et al. 2013). In 

Manitoba specifically, ARGs have been identified in measurable concentrations in 

wastewater lagoons (Anderson et al. 2013; Anderson et al. 2015).  

 Zurek and Gosh (2014) published a review on the potential for insects to be 

vectors for antibiotic resistant bacteria and summarized numerous studies that have 

detected antibiotic resistance on insects, generally terrestrial, previously (Tian et al. 

2012; Doud et al. 2014; Allen et al. 2009). The research in this thesis built on the 

frequent detection of ARGs in wastewater lagoons in Manitoba, as well as the previous 

detection of antibiotic resistant bacteria on insects summarized by Zurek and Gosh 

(2014), to implement a proof of concept study to test whether aquatic insects emerging 

from the ARG-rich wastewater lagoons in Manitoba had quantifiable levels of ARGs in 

them.  

This thesis explored the hypothesis that first, aquatic insects emerging from 

ARG-rich water will have measurable concentrations of ARGs, and second, that there 

will be a relationship between the amount of ARGs on the insects and in the water they 

are emerging from, as well as with exposure to antibiotics in the test or field. Overall, I 
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found that the insects emerging from ARG-rich water do not have measurable 

concentrations of ARGs on them, based on the various kit and CTAB extraction 

methods employed. Therefore, I did not find a relationship between the amount of ARGs 

on the insects and in the water they were emerging from. However, I did find a 

significant relationship between the concentration of ARGs in the system and the 

concentration of associated antibiotics. I also found the lagoon systems to have 

significantly greater insect emergence than the natural wetland reference system. Below 

I discuss the wider implications and contributions of our findings, and recommendations 

for future work. 

 

4.5 Insects as vectors for ARGs 

 I was unable to quantify the abundances of 16S-rRNA or the abundances of 

sulfonamide resistant genes in the aquatic insects emerging from mesocosm and 

wastewater lagoon environments employing multiple DNA extraction methods including 

extraction kits and the CTAB method. Other studies that have been able to detect 

antibiotic resistant bacteria used non-quantifiable microbiological techniques such as 

swabbing the insect guts and growing that bacteria on media, resulting in a bias towards 

culturable bacteria and a non-quantifiable result (e.g., Tian et al. 2012; Allen et al. 

2009).  

 Not being able to measure abundances of 16S-rRNA suggests that the 

abundances of bacteria are not great enough in insects for them to be a significant 

vector of antibiotic resistance in the environment, particularly relative to greater sources 

of ARGs like untreated wastewater. However, the methods employed in this study 
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washed the insects in phosphate-buffered saline prior to extraction because I wanted to 

focus on ARGs in the insect guts, as suggested by Doud et al. (2014) to be the location 

of the majority of bacteria in black flies. There may be measurable concentrations of 

ARGs and 16S-rRNA on the outside of insects emerging from wastewater lagoons that 

were not accounted for in this study. One of the current issues with ARGs is that there 

are not defined concentrations or amounts that are considered acceptable or 

unacceptable. If all detection of ARGs is unacceptable, then perhaps it is worth putting 

resources into refining DNA extraction methods and lowering detection limits for 

quantifying what are likely very low levels of bacterial genes from insects emerging from 

these systems.  

 In Chapter 2 of this thesis I conducted a semi-controlled mesocosm experiment 

by adding sulfamethoxazole to wetland mesocosms to test our hypothesis in a more 

controlled setting than the Dunnottar field study. Field studies are often complex and 

difficult to attain true replication, with the semi-controlled mesocosms I wanted to mimic 

a natural wetland while controlling for conditions to assign causation (Solomon 1996). I 

was unable to measure concentrations of ARGs or 16S-rRNA in the water, because the 

systems were not sufficiently nutrient-rich to support a dense bacterial community. I 

were also unable to measure ARGs or 16S-rRNA on the insects emerging from the 

mesocosms, leading us to tentatively conclude that insects emerging from systems 

without dense microbial communities are likely not a significant vector of ARGs in the 

environment. However, to my knowledge, this was the first study that attempted to test 

this hypothesis in a controlled, not field-based study. Future research on insects as 
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vectors for antibiotic resistant bacteria should attempt to assign causation through more 

controlled studies like those conducted in mesocosms. 

 

4.1 ARG detection in water 

 As expected based on previous research at the Dunnottar Wastewater lagoons I 

was able to quantify the abundances of ARGs in the lagoons, receiving creek and 

reference system using DNA extraction kits and qPCR. The limit of detection I 

calculated for the field study was 0.03 x 105 genes/mL for the sulfonamide resistant 

genes and 3.53 x 105 genes/mL for 16S-rRNA. All lagoons, wastewater receiving 

waterways and the reference site had concentrations of sulfonamide resistant genes 

and 16S-rRNA greater than the detection limit, for this reason it is important when 

monitoring ARGs to have a non-impacted reference site.  

 Antibiotic resistance is a naturally occurring phenomena, that has only been 

enhanced by anthropogenic pollution sources. Most ARGs originated from bacteria 

found in the environment to resist the antibiotics that nearby fungi or bacterial 

competitors were producing (Finley et al. 2013). Therefore, when measuring ARGs it’s 

important to know what background levels are generally found in that type of 

environment, to know that the concentrations of ARGs being measured are from the 

impact of wastewater and not a natural background concentration. Unfortunately, this a 

relatively rare method employed in environmental ARG research. In this study I 

examined ARGs in wastewater lagoons, alternatively known as constructed wetlands. 

Therefore, I monitored ARGs at a local natural wetland, Oak Hammock Marsh, which 

has not been impacted by wastewater as our reference site; and employed one-way 
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ANOVA’s followed by post-hoc Dunnett’s tests to compare the concentrations at our 

impacted sites to the reference site. From these tests, were able to say that both the 

primary and secondary lagoons had statistically significantly greater concentrations of 

sulfonamide resistant genes than in a non-impacted wetland.  

 

4.2 Efficiency of wastewater lagoons at removing ARGs 

 
 Our study shows that the Dunnottar Wastewater Lagoons effectively reduced 

concentrations of ARGs to concentrations found in non-impacted wetland environments. 

Our findings were consistent with those reported by previous studies in Manitoba 

(Anderson et al. 2013, Anderson et al. 2015). Only the primary and secondary lagoons 

had statistically significantly greater abundances of sulfonamide resistant genes than 

the reference sites. There was concern that the long residency time in the sub-surface 

filtration system at Dunnottar would promote the development of ARGs because 

Anderson et al. (2015) reported concentrations of ARGs at the outflow of the subsurface 

filtration elevated relative to samples taken within the system, although not statistically 

significantly greater. Our study did not find elevated concentrations of ARGs from the 

input well to the output well, but rather the opposite. Concentrations of sulfonamide 

resistant genes declined from 0.22 x 105 genes/mL at the input well of the sub-surface 

filtration system to 0.10 x 105 genes/mL at the output well. The UV filter reduced 

concentrations of bacteria (based on concentrations of 16S-rRNA) approximately in half 

(from 10.40 x 105 genes/mL to 4.88 x 105 genes/mL), resulting in a similar reduction of 

ARGs (from 0.10 x 105 genes/mL to 0.05 x 105 genes/mL). Based off of the findings in 

this study, with support from previous research (Anderson et al. 2013, Anderson et al. 
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2015), it is unlikely that elevated concentrations significantly greater than the reference 

site are reaching Lake Winnipeg.   

 

4.3 Relationship between Sulfamethoxazole and ARGs in water 

 This study reported a statistically significant positive correlation between the 

concentration of sulfamethoxazole and the concentrations of SulR in the system. Prior 

to Knapp et al. (2008), the majority of environmental ARG research assumed that ARGs 

developed in the gut of patients on antibiotics and were released into the environment.   

However, Knapp et al. (2008) showed that low levels of antibiotics in an aquatic 

environment can result in the selection for ARGs. In summary, Knapp et al. (2008) 

recommend that along with the monitoring of ARGs, concentrations of associated 

antibiotics are also measured at the impacted sites. As recommended, this study 

sampled for concentrations of sulfamethoxazole and sulfapyridine on the same days as 

samples collection for ARGs. Concentrations of sulfamethoxazole and sulfapyridine 

were measured by Chaves-Barquero et al. (2018). Our data supports the data reported 

in Knapp et al. (2008), concentrations of sulfonamide resistant genes were significantly 

correlated to the concentrations of sulfamethoxazole (sulfapyridine was below the 

detection limit on most sample days) (r2= 0.397, P<0.001, using a linear regression 

method), suggesting that the low-levels (ng/L) of antibiotics measured in the primary 

and secondary lagoons are resulting in the development of ARGs. However, further 

research would be required to assign causation because it is also possible that the 

ARGs and corresponding antibiotics follow similar attenuation patterns once released 

into the environment. It is recommended that future research on ARGs measures 
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associated antibiotics along with the ARGs to contribute to the understanding of the 

relationship between ARGs and low concentrations of antibiotics in the environment.  

 

4.4 Insect emergence from lagoons  

 Our study showed that wastewater lagoons can have significantly greater 

abundances of emerging insects than natural wetland ecosystems. Our data supports 

the idea that because wastewater lagoons are nutrient rich and generally not acutely 

toxic to aquatic insects, there is potential for greater amounts of aquatic insect 

emergence (Walton et al. 2012). I found that the secondary lagoon had significantly 

greater chironomid emergence than the reference site, Oak Hammock Marsh; and that 

the secondary overflow lagoon had significantly greater emergence of “large and rare” 

insects than the reference site. The insect most commonly captured in the emergence 

trap was chironomids, which are known to be nuisance insects due to the swarms they 

create that can prevent outdoor activities (Broza et al. 2003). From the redundancy 

analysis, I know that chironomid emergence was positively correlated to conductivity 

and chlorophyll-a concentrations, while being negatively correlated to pH and dissolved 

oxygen concentrations, conditions generally associated with poorer water quality. The 

“large and rare” insects were positively correlated to dissolved oxygen and pH, while 

being negatively associated with chlorophyll-a and conductivity, conditions generally 

associated with better water quality. While this analysis does not assign causation, it 

provides a starting point that can be used to assess ways to control the emergence of 

nuisance insects emerging from the wastewater lagoons. Chironomid abundances were 
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also negatively correlated to emergence of “large and rare” insects, I can speculate that 

chironomids were able to proliferate in the absence of the more sensitive insects.  

 

4.6 Regulating ARGs in the environment   

 There are currently no regulations for antibiotic concentrations that select for 

resistant bacteria (Bengtsson-Palme and Larsson, 2016), but also no regulations for 

acceptable concentrations of ARGs in the environment. Previous research that 

assumed that ARGs are selected for in the gut of patients (or animals) on antibiotics 

and then released into wastewater, would likely suggest that ARGs should be regulated 

as a unique contaminant and not through the management of antibiotics in the 

environment. However, research by Knapp et al. (2008), which was supported by our 

study, suggests that ARGs are often measured in environments with low levels of their 

corresponding antibiotic. They also demonstrated that exposure to low-levels of 

antibiotics can select for and result in the proliferation of ARGs. In which case ARG 

concentrations in the environment could be managed by regulating the concentrations 

of antibiotics, which would more easily fit into a regulation framework that could be 

based on minimum inhibitory concentrations.  

 There is now a wealth of studies available that have measured ARG 

concentrations in waterways impacted by wastewater release. However, there is no 

framework to assess which concentrations of ARGs are acceptable and which are not. 

Traditionally, when studying environmental contaminants there are observed effect 

concentrations, such as no observable effect concentrations (NOEC) and lowest 

observation effect concentrations (LOEC) that can easily be studied in a lab to 
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determine a framework for which a contaminant should be regulated on. However, with 

ARGs a single resistant bacterial cell can be harmful to humans if it is associated with a 

pathogenic bacterium, conversely a site with dense concentrations of ARGs can be 

harmless if none are associated with pathogenic bacteria. Furthermore, some suggest 

that the spread of ARGs is inherently harmful regardless of concentration because 

ARGs can be transferred between bacteria and therefore increase the likelihood of a 

pathogenic bacteria becoming resistant. ARGs are different that “typical” contaminants 

and should be treated accordingly. However, more research needs to be conducted on 

developing a framework for concentrations of ARGs in the environment to contextualize 

the wealth of concentration data that has been collected.  

 

4.7 Future research recommendations  

 This study along with a wealth of others, have measured concentrations of ARGs 

in aquatic environments but are unable to come to conclusions on whether the 

measured concentrations are acceptable or potentially harmful. The development of a 

framework for ARG concentrations in aquatic environments would help put previously 

collected data into context and add value to existing data sets.  

I recommend that future studies include non-impacted reference sites whenever 

possible. With a reference site, concentrations in impacted waters can be compared to 

background levels at the non-impacted sites, enhancing the conclusions that can be 

drawn. Future research should also measure antibiotic concentrations along with the 

ARGs as a “best practice” when conducting a study on ARGs. This will add to our 

understanding of what is driving the trends in the proliferation of ARGs. I suggest that 
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future ARG studies focus on semi-controlled mesocosm studies to attempt to assign 

causation to the proliferation of ARGs.  

With regard to aquatic insects, I suggest that future studies do not wash the 

insects prior to DNA extraction to account for the bacteria on the outer surface of the 

insect. This study demonstrated that there are significantly greater abundances of 

insects emerging from lagoons and therefore it may be worth investigating insects as 

vectors of other wastewater contaminants.  
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APPENDIX A: RAW DATA FROM DUNNOTTAR, MANITOBA WASTEWATER 
LAGOON STUDY  
 
Table A1. Sulfonamide resistant and 16S-rRNA gene concentrations in the Dunnottar, 
MB wastewater lagoons and Oak Hammock,MB reference site. 

 
Site (rep) Date (yyyy-mm-dd)  Sample 

replicate  
Half  Plate 

replicate 
SulR 
(genes/mL) 

16S-rRNA 
(genes/mL) 

Primary  2015-06-10 1/1 1 1 980597.1222 723397750 
Primary  2015-06-10 1/1 1 2 1109654.495 628829875 
Primary  2015-06-10 1/1 2 1 1964117.493 103856859.4 
Primary  2015-06-10 1/1 2 2 1528296.833 240334968.8 

Primary  2015-06-30 1/3 1 1 2600325.951 610702000 
Primary  2015-06-30 1/3 1 2 2276649.212 484616281.3 
Primary  2015-06-30 1/3 2 1 2536937.019 265657875 

Primary  2015-06-30 1/3 2 2 1887939.081 290186312.5 
Primary  2015-06-30 2/3 1 1 1842939.077 472518343.8 
Primary  2015-06-30 2/3 1 2 1557886.752 302879687.5 
Primary  2015-06-30 2/3 2 1 755858.5778 102560218.8 
Primary  2015-06-30 2/3 2 2 967594.3336 120421531.3 
Primary  2015-06-30 3/3 1 1 2548082.596 254024125 
Primary  2015-06-30 3/3 1 2 2102944.895 351022875 
Primary  2015-07-14 1/1 1 1 13555524.97 113336312.5 
Primary  2015-07-14 1/1 1 2 15073293.51 104648234.4 
Primary  2015-07-14 1/1 2 1 13323400.71 143762359.4 
Primary  2015-07-14 1/1 2 2 13490207.05 113752195.3 
Primary  2015-07-28 1/1 1 1 535871.4526 10699677.73 
Primary  2015-07-28 1/1 1 2 1088676.277 12069908.2 
Primary  2015-07-28 1/1 2 1 1666022.621 20953326.17 
Primary  2015-07-28 1/1 2 2 1919265 24283343.75 
Primary  2015-08-25 1/1 1 1 648051.5812 3384736.719 
Primary  2015-08-25 1/1 1 2 1000698.474 3343763.672 
Primary  2015-08-25 1/1 2 1 1467321.99 5872198.828 
Primary  2015-08-25 1/1 2 2 1398319.516 2955510.742 
Secondary 2015-06-10 1/1 1 1 520727.1967 123434429.7 
Secondary 2015-06-10 1/1 1 2 547004.5987 161165984.4 
Secondary 2015-06-10 1/1 2 1 577470.3012 139054859.4 
Secondary 2015-06-10 1/1 2 2 586894.145 193954203.1 
Secondary 2015-06-30 1/1 1 1 37430.85976 10280655.47 
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Secondary 2015-06-30 1/1 1 2 35020.20874 11989685.16 
Secondary 2015-06-30 1/1 2 1 900969.8105 201399625 
Secondary 2015-06-30 1/1 2 2 618306.749 197116925 
Secondary 2015-07-14 1/3 1 1 8274.818063 2547608.887 
Secondary 2015-07-14 1/3 1 2 53284.54256 1639427.856 
Secondary 2015-07-14 1/3 2 1 9452.853858 4698123.047 
Secondary 2015-07-14 1/3 2 2 7241.38023 2431023.926 
Secondary 2015-07-14 2/3 1 1 26092.60678 1390780.518 
Secondary 2015-07-14 2/3 1 2 36382.3278 1122261.597 
Secondary 2015-07-14 2/3 2 1 45749.82178 1793457.764 
Secondary 2015-07-14 2/3 2 2 49169.80481 1171204.834 
Secondary 2015-07-14 3/3 1 1 65976.06802 2171150.146 
Secondary 2015-07-14 3/3 1 2 63213.63395 2159014.16 
Secondary 2015-07-14 3/3 2 1 8570.868731 3878072.266 
Secondary 2015-07-14 3/3 2 2 13249.92657 3027470.947 
Secondary 2015-07-28 1/1 1 1 71666.14246 1339878.662 
Secondary 2015-07-28 1/1 1 2 62428.30205 2229133.057 
Secondary 2015-07-28 1/1 2 1 89577.16513 1821455.078 
Secondary 2015-07-28 1/1 2 2 97501.05906 2380979.98 
Secondary 2015-08-11 1/1 1 1 138587.3237 625227.7344 
Secondary 2015-08-11 1/1 1 2 145843.1834 1049071.387 
Secondary 2015-08-11 1/1 2 1 73999.55063 1248555.859 
Secondary 2015-08-11 1/1 2 2 76410.40883 854661.3281 
Secondary 2015-08-25 1/1 1 1 36021.88096 1489868.945 
Secondary 2015-08-25 1/1 1 2 37541.37574 1774083.594 
Secondary 2015-08-25 1/1 2 1 3408.182564 2235839.648 
Secondary 2015-08-25 1/1 2 2 73193.7111 1519455.371 
Secondary 
overflow 

2015-06-10 1/1 1 1 5621.924818 5125650.391 

Secondary 
overflow 

2015-06-10 1/1 1 2 9377.472044 7222076.172 

Secondary 
overflow 

2015-06-30 1/1 2 1 12854.77742 4494129.883 

Secondary 
overflow 

2015-06-30 1/1 2 2 5806.732694 4971130.208 

Secondary 
overflow 

2015-06-30 1/1 1 1 6258.249074 1933353.19 

Secondary 
overflow 

2015-06-30 1/1 1 2 13184.57365 2336930.827 

Secondary 
overflow 

2015-07-14 1/1 2 1 11128.33729 5066191.016 

Secondary 
overflow 

2015-07-14 1/1 2 2 12177.0052 5164477.344 
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Secondary 
overflow 

2015-07-14 1/1 1 1 63333.08697 6483075 

Secondary 
overflow 

2015-07-14 1/1 1 2 9134.160233 4654227.344 

Secondary 
overflow 

2015-07-28 1/1 1 1 16722.99302 5819196.289 

Secondary 
overflow 

2015-07-28 1/1 1 2  6696036.133 

Secondary 
overflow 

2015-07-28 1/1 2 1 20021.95454 11900427.73 

Secondary 
overflow 

2015-07-28 1/1 2 2 15337.77595 9458618.164 

Secondary 
overflow 

2015-08-25 1/1 1 1 10697.98533 549265.625 

Secondary 
overflow 

2015-08-25 1/1 1 2 5561.496592 482733.5449 

Secondary 
overflow 

2015-08-25 1/1 2 1 6054.201943 528602.0996 

Secondary 
overflow 

2015-08-25 1/1 2 2 6056.456044 760103.125 

Creek 2015-06-10 1/1 1 1 17884.96536 33930949.22 
Creek 2015-06-10 1/1 1 2 22671.49144 40403531.25 
Creek 2015-06-10 1/1 2 1 16418.9142 38200953.13 
Creek 2015-06-10 1/1 2 2 21285.69165 47711160.16 
Creek 2015-06-30 1/1 1 1 10704.34049 1542066.895 
Creek 2015-06-30 1/1 1 2 8306.699451 1924448.608 
Creek 2015-06-30 1/1 2 1 3661.684347 820858.2153 
Creek 2015-06-30 1/1 2 2 4224.624991 1147906.372 
Creek 2015-07-14 1/1 1 1 5515.437606 603310.7422 
Creek 2015-07-14 1/1 1 2 2938.523619 738851.123 
Creek 2015-07-14 1/1 1 1 2224.528468 608083.4961 
Creek 2015-07-14 1/1 1 2 4071.400045 422487.6953 
Creek 2015-07-28 1/1 2 1 2742.131939 543327.7832 
Creek 2015-07-28 1/1 2 2 3514.283814 643608.2031 
Creek 2015-07-28 1/1 1 1 4300.495958 649305.957 
Creek 2015-07-28 1/1 1 2 2908.107884 696636.1328 
Creek 2015-08-11 1/1 2 1 4578.003299 518408.3984 
Creek 2015-08-11 1/1 2 2 2291.930121 682175.7813 
Creek 2015-08-11 1/1 1 1 2749.246833 592254.541 
Creek 2015-08-11 1/1 1 2 1647.12535 509859.668 
Creek 2015-08-25 1/1 2 1 2520.582313 500523.7305 
Creek 2015-08-25 1/1 2 2 1987.285988 464286.3281 
Creek 2015-08-25 1/1 1 1 2563.995534 457178.0273 
Creek 2015-08-25 1/1 1 2 1642.480544 380861.1572 
Highway 2015-06-30 1/1 2 1 13324.10628 5709386.161 
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Highway 2015-06-30 1/1 2 2 18065.09062 5669310.826 
Highway 2015-06-30 1/1 1 1 8851.78307 11523378.35 
Highway 2015-06-30 1/1 1 2 9025.546193 10922583.71 
Highway 2015-07-14 1/1 1 1 5040.650368 1141289.355 
Highway 2015-07-14 1/1 1 2 4522.307569 1462944.336 
Highway 2015-07-14 1/1 2 1 7101.778936 937538.3789 
Highway 2015-07-14 1/1 2 2 4067.285967 1036122.949 
Highway 2015-07-28 1/1 1 1 6193.459129 5836198.438 
Highway 2015-07-28 1/1 1 2 4858.033848 5004297.656 
Highway 2015-07-28 1/1 2 1 5573.484421 6602826.563 
Highway 2015-07-28 1/1 2 2 5232.554054 6373903.516 
Highway 2015-08-25 1/1 1 1 3599.8898 471014.9902 
Highway 2015-08-25 1/1 1 2 3393.167347 334620.5566 
Highway 2015-08-25 1/1 2 1 2925.047845 435186.9141 
Highway 2015-08-25 1/1 2 2 4705.061328 408679.5898 
Intake well] 2015-06-30 1/1 1 1 9962.632954 8164324.219 
Intake well] 2015-06-30 1/1 1 2 9690.319836 1555302.368 
Intake well] 2015-06-30 1/1 2 1 7129.294202 1749837.28 
Intake well] 2015-06-30 1/1 2 2 12256.42312 6472657.715 
Intake well] 2015-07-14 1/1 1 1 9378.653717 6241699.219 
Intake well] 2015-07-14 1/1 1 2 8731.052589 4058341.797 
Intake well] 2015-07-14 1/1 1 1 26601.14918 4479730.469 
Intake well] 2015-07-14 1/1 1 2 55596.85993 5821041.406 
Intake well] 2015-07-28 1/3 2 1 32261.57818 4187540.625 
Intake well] 2015-07-28 1/3 2 2 48294.8122 4855128.906 
Intake well] 2015-07-28 1/3 1 1 42227.50816 4519656.25 
Intake well] 2015-07-28 1/3 1 2 38149.20769 2739369.727 
Intake well] 2015-07-28 2/3 2 1 42965.48767 2958586.914 
Intake well] 2015-07-28 2/3 2 2  1949886.914 
Intake well] 2015-07-28 2/3 1 1 21449.89243 1811698.438 
Intake well] 2015-07-28 2/3 1 2 22888.73158 1350387.402 
Intake well] 2015-07-28 3/3 2 1 26462.83226 2288932.422 
Intake well] 2015-07-28 3/3 2 2  2112679.492 
Intake well] 2015-07-28 3/3 1 1 11896.00229 1784488.086 
Intake well] 2015-07-28 3/3 1 2 28676.54381 2284662.695 
Intake well] 2015-08-25 1/1 2 1 5170.978523 479734.9609 
Intake well] 2015-08-25 1/1 2 2 4488.628811 456510.1563 
Intake well] 2015-08-25 1/1 1 1 6568.465781 549120.2148 
Intake well] 2015-08-25 1/1 1 2 6122.455418 554552.2461 
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Oak 
Hammock 
Marsh 

2015-06-30 1/1 1 1 20771.79139 26645517.86 

Oak 
Hammock 
Marsh 

2015-06-30 1/1 1 2 13198.14416 16683033.48 

Oak 
Hammock 
Marsh 

2015-06-30 1/1 2 1 19748.42279 12922937.5 

Oak 
Hammock 
Marsh 

2015-06-30 1/1 2 2 22074.65758 10983301.34 

Oak 
Hammock 
Marsh 

2015-07-14 1/1 1 1 38324.28613 19287467.19 

Oak 
Hammock 
Marsh 

2015-07-14 1/1 1 2 125872.1935 12645785.16 

Oak 
Hammock 
Marsh 

2015-07-14 1/1 2 1 20752.21767 24083321.88 

Oak 
Hammock 
Marsh 

2015-07-14 1/1 2 2 155799.2661 16940914.06 

Oak 
Hammock 
Marsh 

2015-07-28 1/1 1 1 10156.48956 5686619.922 

Oak 
Hammock 
Marsh 

2015-07-28 1/1 1 2 23685.07214 6855261.719 

Oak 
Hammock 
Marsh 

2015-07-28 1/1 2 1 21873.25211 3298878.906 

Oak 
Hammock 
Marsh 

2015-07-28 1/1 2 2 4870.000445 3630914.453 

Oak 
Hammock 
Marsh 

2015-08-25 1/1 1 1 11645.47122 998426.8555 

Oak 
Hammock 
Marsh 

2015-08-25 1/1 1 2 11973.25232 1169024.121 

Oak 
Hammock 
Marsh 

2015-08-25 1/1 2 1 12221.92004 1310091.895 

Oak 
Hammock 
Marsh 

2015-08-25 1/1 2 2 15242.62133 848007.5195 

Output  2015-06-30 1/1 1 1 4003.955193 1157291.382 
Output  2015-06-30 1/1 1 2 3587.046698 1106542.725 
Output  2015-06-30 1/1 1 1 4486.744732 2092095.947 
Output  2015-06-30 1/1 1 2 6492.696762 1639599.609 
Output  2015-07-14 1/1 2 1 4765.817475 1165803.125 
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Output  2015-07-14 1/1 2 2 4895.863652 873929.2969 
Output  2015-07-28 1/1 1 1 4726.743984 929833.3984 
Output  2015-07-28 1/1 1 2 4941.07883 972920.2148 
Output  2015-07-28 1/1 2 1 4109.728146 1544363.867 
Output  2015-07-28 1/1 2 2 4622.539043 1236398.535 
Output  2015-08-25 1/1 1 1 3883.541602 429106.1523 
Output  2015-08-25 1/1 1 2 3579.879186 438259.8145 
Output  2015-08-25 1/1 2 1 73930.27256 451659.7168 
Output  2015-08-25 1/1 2 2 15926.77872 517393.0176 
UV shed 2015-06-30 1/1 1 1 10883.87614 562647.4609 
UV shed 2015-06-30 1/1 1 2 5446.124373 643789.856 
UV shed 2015-06-30 1/1 2 1 4051.80787 449510.6201 
UV shed 2015-06-30 1/1 2 2 5028.326369  
UV shed 2015-07-14 1/1 1 1 5017.885967 463923.5352 
UV shed 2015-07-14 1/1 1 2 2597.192086 489342.1875 
UV shed 2015-07-14 1/1 1 1 3052.627041 489018.1641 
UV shed 2015-07-14 1/1 1 2 3791.859773 457867.4805 
UV shed 2015-07-28 1/1 2 1 3931.517479 634594.4336 
UV shed 2015-07-28 1/1 2 2 3598.682228 621134.3262 

UV shed 2015-07-28 1/1 1 1 2943.588614 514666.3574 
UV shed 2015-07-28 1/1 1 2 2591.387749 384043.6279 
UV shed 2015-08-11 1/1 2 1 6344.831312 488322.2168 
UV shed 2015-08-11 1/1 2 2 5582.037061 498059.375 
UV shed 2015-08-11 1/1 1 1 3985.727686 509890.7227 
UV shed 2015-08-11 1/1 1 2 5943.035012 636017.0898 
UV shed 2015-08-25 1/3 2 1 2226.649024 404307.9834 
UV shed 2015-08-25 1/3 2 2 1606.660057 460192.8223 
UV shed 2015-08-25 1/3 1 1 1774.494269 595151.9043 
UV shed 2015-08-25 1/3 1 2 1936.478306 604377.6855 
UV shed 2015-08-25 2/3 2 1 1899.023871 600799.2676 
UV shed 2015-08-25 2/3 2 2 1482.973716 575669.2383 
UV shed 2015-08-25 2/3 1 1 2425.918347 419005.2246 
UV shed 2015-08-25 2/3 1 2 11054.69386 419937.793 
UV shed 2015-08-25 3/3 1 1 8810.641688 436240.332 
UV shed 2015-08-25 3/3 1 2 12668.09133 432894.4824 
UV shed 2015-08-25 3/3 2 1 10970.96731 485261.9629 
UV shed 2015-08-25 3/3 2 2 1760.010451 388451.8311 
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Table A2. Insect abundance from emergence trap samples from Dunnottar, MB 
wastewater lagoons 

 
 

Site	 Date	
Emergence	trap	
replicate	

Chironomid	
emergence		

“Other”	
emergence	

Oak	Hammock	Marsh	 2015-06-23	 1	 44	 0	
Oak	Hammock	Marsh	 2015-07-07	 1	 34	 2	
Oak	Hammock	Marsh	 2015-07-20	 1	 30	 0	
Oak	Hammock	Marsh	 2015-08-04	 1	 7	 0	
Oak	Hammock	Marsh	 2015-08-18	 1	 9	 0	
Oak	Hammock	Marsh	 2015-06-23	 2	 78	 3	
Oak	Hammock	Marsh	 2015-07-07	 2	 128	 4	
Oak	Hammock	Marsh	 2015-07-20	 2	 22	 0	
Oak	Hammock	Marsh	 2015-08-04	 2	 13	 0	
Oak	Hammock	Marsh	 2015-08-18	 2	 5	 0	
Oak	Hammock	Marsh	 2015-06-23	 3	 121	 3	
Oak	Hammock	Marsh	 2015-07-07	 3	 26	 1	
Oak	Hammock	Marsh	 2015-07-20	 3	 14	 0	
Oak	Hammock	Marsh	 2015-08-04	 3	 3	 1	
Oak	Hammock	Marsh	 2015-08-18	 3	 0	 0	
Primary	lagoon	 2015-06-23	 1	 193	 2	
Primary	lagoon	 2015-07-07	 1	 176	 1	
Primary	lagoon	 2015-07-20	 1	 29	 0	
Primary	lagoon	 2015-08-04	 1	 93	 1	
Primary	lagoon	 2015-08-18	 1	 109	 3	
Primary	lagoon	 2015-06-23	 2	 46	 2	
Primary	lagoon	 2015-07-07	 2	 322	 0	
Primary	lagoon	 2015-07-20	 2	 72	 0	
Primary	lagoon	 2015-08-04	 2	 107	 0	
Primary	lagoon	 2015-08-18	 2	 40	 0	
Primary	lagoon	 2015-06-23	 3	 342	 0	
Primary	lagoon	 2015-07-07	 3	 459	 0	
Primary	lagoon	 2015-07-20	 3	 69	 2	
Primary	lagoon	 2015-08-04	 3	 10	 0	
Primary	lagoon	 2015-08-18	 3	 34	 6	
Secondary	lagoon	 2015-06-23	 1	 33	 3	
Secondary	lagoon	 2015-07-07	 1	 34	 2	
Secondary	lagoon	 2015-07-20	 1	 339	 0	
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Secondary	lagoon	 2015-08-04	 1	 99	 0	
Secondary	lagoon	 2015-08-18	 1	 11	 0	
Secondary	lagoon	 2015-06-23	 2	 191	 2	
Secondary	lagoon	 2015-07-07	 2	 385	 2	
Secondary	lagoon	 2015-07-20	 2	 58	 1	
Secondary	lagoon	 2015-08-04	 2	 260	 14	
Secondary	lagoon	 2015-08-18	 2	 172	 12	
Secondary	lagoon	 2015-06-23	 3	 728	 1	
Secondary	lagoon	 2015-07-07	 3	 0	 0	
Secondary	lagoon	 2015-07-20	 3	 122	 1	
Secondary	lagoon	 2015-08-04	 3	 344	 3	
Secondary	lagoon	 2015-08-18	 3	 28	 1	
Secondary	overflow	 2015-06-23	 1	 12	 29	
Secondary	overflow	 2015-07-07	 1	 12	 47	
Secondary	overflow	 2015-07-20	 1	 22	 7	
Secondary	overflow	 2015-08-04	 1	 8	 1	
Secondary	overflow	 2015-08-18	 1	 7	 1	
Secondary	overflow	 2015-06-23	 2	 0	 0	
Secondary	overflow	 2015-07-07	 2	 4	 18	
Secondary	overflow	 2015-07-20	 2	 7	 14	
Secondary	overflow	 2015-08-04	 2	 8	 2	
Secondary	overflow	 2015-08-18	 2	 3	 6	
Secondary	overflow	 2015-06-23	 3	 31	 76	
Secondary	overflow	 2015-07-07	 3	 24	 36	
Secondary	overflow	 2015-07-20	 3	 10	 13	
Secondary	overflow	 2015-08-04	 3	 10	 0	
Secondary	overflow	 2015-08-18	 3	 14	 13	
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Table 3A. Water quality data from Dunnottar, MB wastewater lagoons.  

 

Date (yyyy-mm-
dd) Site  

Emergence 
trap 
replicate Temperature 

SpCond 
(mS/cm) pH 

Chlorophyll-
a (ug/L) DO (%) DO (mg/L) 

2015-06-23 
Oak Hammock 
Marsh 

1 
15.97 0.792 6.95 157.6 16.5 1.63 

2015-06-23 
Oak Hammock 
Marsh 

2 
17.21 0.806 7.1 36 21.5 2.07 

2015-06-23 
Oak Hammock 
Marsh 

3 
17.3 0.82 7.19 39.1 36.1 3.46 

2015-06-23 Primary 1 22.39 1.966 8.66 306.8 263.2 22.71 
2015-06-23 Primary 2 21.98 1.99 8.63 375.1 294.2 25.58 
2015-06-23 Primary 3 20.83 2.035 8.31 510.2 139.5 12.41 
2015-06-23 Secondary  1 22.17 1.982 7.95 56.4 65.5 5.68 
2015-06-23 Secondary  2 22.39 1.969 7.93 28.7 62 5.35 
2015-06-23 Secondary  3 22.53 1.97 7.91 36.6 65.3 5.62 
2015-06-23 Overflow 1 22.31 1.177 10.18 5 157.9 13.68 
2015-06-23 Overflow 2 22.15 1.181 10.32 8.7 177.7 15.44 
2015-06-23 Overflow 3 21.84 1.173 10.24 3.7 158.7 13.88 

2015-07-07 
Oak Hammock 
Marsh 

1 
16.37 0.747 7.12 47.3 9.8 0.95 

2015-07-07 
Oak Hammock 
Marsh 

2 
16.26 0.747 6.95 181.2 9.4 0.92 

2015-07-07 
Oak Hammock 
Marsh 

3 
16.51 0.762 7.07 21.3 9.5 0.92 

2015-07-07 Primary 1 21.38 1.866 8.51 551.7 65.6 5.77 
2015-07-07 Primary 2 21.36 1.856 8.73 333.1 115.8 10.2 
2015-07-07 Primary 3 21.01 1.87 8.72 483.1 97.1 8.61 
2015-07-07 Secondary  1 22.05 1.981 7.96 26.7 51.7 4.49 
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2015-07-07 Secondary  2 21.16 1.974 7.89 10.6 36.1 3.19 
2015-07-07 Secondary  3 21.24 1.974 7.89 15.1 38.9 3.43 
2015-07-07 Overflow 1 21.85 1.157 10.24 7.4 177.7 15.53 
2015-07-07 Overflow 2 20.97 1.163 10.28 4.8 172.3 15.32 
2015-07-07 Overflow 3 21.64 1.069 10.15 10.5 158.8 13.94 

2015-07-21 
Oak Hammock 
Marsh 

1 
18.24 0.755 7.12 79.7 9.5 0.89 

2015-07-21 
Oak Hammock 
Marsh 

2 
18.66 0.77 7.06 133 8.3 0.77 

2015-07-21 
Oak Hammock 
Marsh 

3 
18.86 0.757 7.29 39 24.8 2.3 

2015-07-21 Primary 1 22.48 1.991 8.27 266.9 110.9 9.55 
2015-07-21 Primary 2 23.19 1.989 8.31 193.4 120.8 10.27 
2015-07-21 Primary 3 23.85 1.987 8.4 209.4 164.2 13.78 
2015-07-21 Secondary  1 25.53 1.986 8.36 20.7 208.2 16.94 
2015-07-21 Secondary  2 23.57 2.006 8.26 9.6 143.9 12.14 
2015-07-21 Secondary  3 22.96 2.006 8.15 32.3 85.3 7.28 
2015-07-21 Overflow 1 23.57 1.208 10.08 4.9 204.9 17.33 
2015-07-21 Overflow 2 24.9 1.206 10.26 4.6 200.6 16.56 
2015-07-21 Overflow 3 24.55 1.163 10.26 3.1 202.4 16.81 

2015-08-04 
Oak Hammock 
Marsh 

1 
17.24 0.714 7.21 56.2 10.8 1.03 

2015-08-04 
Oak Hammock 
Marsh 

2 
17.8 0.719 7.1 207.7 13.4 1.27 

2015-08-04 
Oak Hammock 
Marsh 

3 
17.26 0.725 7.23 22.5 8.3 0.8 

2015-08-04 Primary 1 20.94 2.001 7.76 278.7 12.2 1.09 
2015-08-04 Primary 2 21.06 1.992 7.87 461.1 21.8 1.93 
2015-08-04 Primary 3 21.83 1.994 7.97 311.9 37.9 3.31 
2015-08-04 Secondary  1 22.27 1.874 8.56 25.7 203.9 17.64 
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2015-08-04 Secondary  2 22.7 1.855 8.77 26.4 283 24.28 
2015-08-04 Secondary  3 21.37 1.894 8.34 57.3 96.8 8.52 
2015-08-04 Overflow 1 19.66 1.261 9.61 5.6 126.4 11.53 
2015-08-04 Overflow 2 20.98 1.211 10 15 145.7 12.95 
2015-08-04 Overflow 3 20.76 1.102 9.99 14.1 148.6 13.27 

2015-08-18 
Oak Hammock 
Marsh 

1 
15.61 0.653 6.99 

 
7.8 0.77 

2015-08-18 
Oak Hammock 
Marsh 

2 
15.68 0.675 6.9 

 
6.4 0.63 

2015-08-18 
Oak Hammock 
Marsh 

3 
15.48 0.649 6.98 

 
5.5 0.55 

2015-08-18 Primary 1 21.51 1.984 8.33 
 

167.7 14.71 
2015-08-18 Primary 2 21.78 1.975 8.4 

 
153.6 13.41 

2015-08-18 Primary 3 22.98 1.98 8.32 
 

209.8 17.9 
2015-08-18 Secondary  1 21.63 1.754 9.31 

 
153.8 13.48 

2015-08-18 Secondary  2 22.25 1.76 9.22 
 

242.3 20.98 
2015-08-18 Secondary  3 22.07 1.761 9.3 

 
194.4 16.89 

2015-08-18 Overflow 1 20.73 1.295 9.79 
 

142.6 12.74 
2015-08-18 Overflow 2 21.18 1.295 10.08 

 
148.8 13.17 

2015-08-18 Overflow 3 20.02 1.17 10.04 
 

141 12.77 
 
 


