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Water safety and demand are defining issues of our time. Globally, population and water demand 

are continuously growing at a rate which will strain our current urban water systems1–3. As such, 

it is imperative that our urban water resources are engineered to meet our growing needs. While 

necessary for the continued protection of urban water sources, current policy and water treatment 

systems are focused on monitoring traditional chemical contaminants (e.g., lead) or 

microorganisms linked to fecal contamination (e.g., Escherichia coli) with limited consideration 

of other potential threats to our water systems. As a result, emerging threats such as drinking water-

associated pathogens that cause infection in immunocompromised individuals (DWPIs) which cost 

the economy billions of dollars annually are often addressed reactively or put on watch lists to be 

possibly regulated much later (i.e., United States Environmental Protection Agency’s Contaminant 

Candidate Lists). As such, more holistic evaluations of water management – both on the operation 

and design fronts – are required to revitalize our aging water infrastructure and prepare it for the 

coming challenges. Starting with wastewater treatment, I evaluated the disinfection efficacy of a 

more sustainable disinfectant on standard fecal contamination indicator organisms. Secondly, I 

examined the impacts that changes in Pittsburgh’s drinking water distribution system lead 

corrosion control procedure have on the microbial ecology and DWPI concentrations in 

hydrologically connected urban streams and in the distribution pipes to determine if public or 

environmental health impacts occurred due to operational changes.  Finally, at the resident level, 

I identified and assessed the potential risks for gastrointestinal and pulmonary infection from 



 v 

basement floodwaters, while also exploring implicit racial biases in the location and design of 

household water infrastructure. Furthermore, considering that household water infrastructure and 

climate change impacts can influence indoor air quality of confined spaces (e.g., basements), I also 

modeled resident exposures to common indoor air pollutants in basements that are often impacted 

by climate change, but rarely explored.   Overall, this body of work provides water utilities, public 

health practitioners and consumers with tangible information that will inform future operational 

and design choices in our urban water systems, ensuring continued public and environmental 

health protection as water demand and climate change impacts continue to increase.  
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1.0 Introduction 

1.1 Motivation and Scientific Significance  

As the world population continues to grow, so will the number of urban areas and systems 

needed to sustain our current way of life. Previous work has shown that the continuous 

urbanization is associated with increased water demand, negative impacts to urban water quality, 

and increased global demand for access to safe water 1–3. Particularly, it has been estimated that 

the global water demand has increased over 600% in the last century and is set to continue to 

increase significantly in three primary areas – industry, domestic use, and agriculture4. Currently, 

global water demand in all three areas represents about 4,600 km3 per year with this figure 

expected to increase by 30% in the next two decades5. Combined with an approximate 22 to 32% 

increase in global population, an increase in deteriorating water quality due to rapid urbanization6, 

and mediocre at best water systems as graded by the American Society of Civil Engineers in the 

2021 Infrastructure Report Card7, the state of water management, infrastructure and treatment as 

it currently stands in unequipped to effectively continue to provide both adequate water volume 

and quality.  

Because of the increase in need for access to safe and sustainable water, society has 

increased the availability and advanced the state of water treatment approaches to help augment 

existing water supplies to meet global demand. However, despite the growth in innovation and 

understanding of urban water management, infrastructure, and quality impacts, there are still a 

plethora of challenges that need to be addressed to ensure public and environmental health. 

Notably, regulation, policy, and treatment design have historically focused on addressing 
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widespread physical and chemical contaminants (e.g., lead, disinfection by-products) or 

microorganisms connected to fecal contamination (e.g., fecal coliforms; despite their limited 

association with pathogenic presence8). While necessary for continued public health protection our 

historical focus on only “physical-chemical-fecal” contamination in water has limited our view on 

other potential threats to all our urban water systems (wastewater, drinking water, and storm 

water), such as contaminants of emerging concern (CECs)9–11 and drinking water-associated 

pathogens that cause infection in the immunocompromised or otherwise susceptible individuals 

(DWPIs) such as Legionella pneumophila and nontuberculous mycobacteria (NTM)12.  

1.2 Urban Wastewater Treatment and Management Challenges  

With a substantial increase in water demand in the coming decades, there will inevitably 

be increases in the amount of water that will need to be effectively treated for both discharge into 

the environment and for domestic use. Additionally, with substantial increases in population, there 

will also be an increase in the number of inputs into our wastewater streams that will need to be 

treated. Wastewater compositions are variable based on the location and the activities of the 

surrounding population, but primarily consist of human waste (e.g., sewage, greywaters from 

human activities), industrial waste (e.g., heavy metals and dyes from production), and in the case 

of places with combined sewer systems, stormwater runoff from impermeable surfaces13. With a 

large variation in composition, there are often increased demands for current treatment processes 

to meet regulatory effluent standards, especially when treatments are not fine-tuned to specific 

waste streams. Ineffective upstream treatment can cause problems for downstream processes such 

as disinfection and discharge. Conventional wastewater processes (e.g., disinfection by 
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chlorination) may not always be sufficient to deal with emerging contaminants, microbiological 

threats and the factors that surround their proliferation. Recent work has highlighted the increase 

in emerging threats including the persistence of antibiotic resistance genes (ARGs) and antibiotic 

resistant bacteria (ARB)14–16, increased nutrient loadings (primarily from agricultural 

applications)17, and most recently the presence of viruses and other microorganisms that have 

devastating impacts on the public health sector (e.g., COVID-19, norovirus)18–20. Moreover, 

alongside these emergent threats there is still the ever-present concern of the production of toxic 

halogenated disinfection by-products (DBPs) from the chlorination of wastewaters and the general 

concerns with transport and delivery of chlorination. To date, most wastewater treatment plants 

utilize chlorine, ozone, and ultraviolet (UV) light radiation to disinfect secondary effluents, with 

chlorine and chlorinated alternatives being the most widely used due to their effectiveness21. 

However, due to increasing regulations surrounding DBP concentrations and other effluent quality 

concerns, many wastewater systems have focused on utilizing advanced oxidation processes and 

nutrient removal processes to return permit compliant water back to the environment before further 

use22. Despite advancements in wastewater treatment, the use of the advanced and innovative 

techniques is not widespread likely due to concerns of cost, lack of data on efficacy and 

implementation, and strict regulatory guidelines on wastewater effluents.  

1.3 Urban Drinking Water Treatment and Management Challenges 

In the drinking water sector, there has been great emphasis on the detection and mitigation 

of DWPIs and CECs. As such, there has been a recent shift in identifying, assessing, and 

combatting emerging threats particularly in drinking water distribution systems (DWDS). Most 



 4 

recently, the United States Environmental Protection Agency (EPA) published contaminant 

candidate list (CCL) 5 that include contaminants of emerging concern (e.g., per- and 

polyfluoroalkyl substances, Carbamazepine, Sulfamethoxazole) and microorganisms related to 

public health outcomes (e.g., L.  pneumophila, Mycobacterium avium, Pseudomonas aeruginosa) 

that are not yet regulated under the Safe Drinking Water Act23–25. Furthermore, work in urban 

water infrastructure assessment has suggested the need for more holistic evaluations of drinking 

water management throughout the entire water usage cycle (e.g., treatment, distribution, 

discharge)26. Specifically, evaluating the impacts of full-scale operational changes in treatment is 

critical to understanding how downstream microbial communities, and in turn public health, will 

be affected. Previous works have examined variation in microbial communities in drinking water 

treatment and drinking water distribution systems (DWDS) across differing treatment regimes27–

32. However, there are still broad knowledge gaps with respect to the impacts on aquatic 

microbiomes from operational changes made to address emerging permitting requirements and 

stricter regulations. 

1.4 Urban Stormwater Treatment, Management, and Climate Challenges 

In addition to better evaluations of current operational and design choices in the built 

environment, considerations of how to better manage and handle climate change and its impacts 

on urban water infrastructure are necessary. Historically, as society has urbanized, thousands of 

miles of pipes (e.g., concrete, iron, lead) were constructed to transport both waste- and stormwater 

from urban centers. Due to economic constraints and the state of construction technology at the 

time, many of these pipe systems were often connected33,34, forming what we know as combined 
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sewer systems. However, as urbanization and technical advances have increased and changes in 

climate have become more profound (e.g., increased drought and precipitation events), full-scale 

system changes have not been made at the same rate causing increased consequences such as 

flooding and possible exposure to pathogenic organisms from combined sewer overflows. 

Additionally, in areas where the threat of water scarcity is increasing, there has been a push to 

capture and use stormwaters as alternate water sources. However, due to a lack of information on 

the presence and risk from microbial contaminants, stormwater use (both potable and non-potable) 

has seen limited implementation. Generally, monitoring of stormwater microorganisms includes 

monitoring for standard fecal indicator bacteria (e.g., Escherichia coli), although they do not often 

correlate well with the presence of pathogens in environmental waters35. Without an understanding 

of the presence of common stormwater pathogens and mechanisms driving how they proliferate in 

residences impacted by climate change events (e.g., urban flooding), assessments of exposure 

cannot be made. Furthermore, when considering the impacts of flooding in the built environment, 

other factors such as air-exchange rates and relative humidity in buildings must be considered to 

assess exposure. As such, holistic evaluations of the operational and design parameters associated 

with stormwater treatment and conveyance and their impacts are imperative to advancing urban 

water quality and management. 

1.5 Thesis Objectives and Hypotheses 

Given that increased urbanization will expand the potential for the dissemination of 

waterborne pathogens in the environments36, there is a need for us to better understand how 

changes in the built environment impact microorganisms that are relevant to public and 
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environmental health. Information on the concentrations of pathogenic microorganisms, as well as 

the impacts on the microbiome from changes in the built environment will be needed for further 

evaluation and assessment to protect the public and environment alike. Understanding these 

impacts will allow us to inform current and future design and operational choices (e.g., disinfection 

methods, corrosion control, etc.) in urban water infrastructure (Figure 1) allowing for proactive 

rather than reactive management of microbial quality issues. Moreover, understanding how 

operational and design choices influence water system microbiology enables us to optimize the 

built environment, enhancing the safety, reliability, and usability of our constrained water 

resources.  

 

Figure 1: The urban water cycle as mapped to Thesis Specific Aims 
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The following specific aims were pursued to evaluate and assess the impacts of operational 

and design changes in urban water infrastructure to provide insight on the impacts to the urban 

water microbiome: 

1. Assess the antimicrobial efficacy of on-site generated peracetic acid (PAA) in urban 

wastewaters.  It was hypothesized that on-site generated PAA would have a 

comparable antimicrobial efficacy to that of commercially used PAA in wastewater 

matrices.  

2. Examine the impacts of full-scale distribution system orthophosphate addition on 

the microbial ecology of hydrologically connected urban stream networks. It was 

hypothesized that the addition of excess orthophosphate into an aging and leaking 

DWDS would change the microbial community composition and nutrient limitation 

status of surrounding urban stream networks.  

3. Examine the impacts of full-scale distribution system orthophosphate addition on 

the microbial ecology and abundance of DWPIs in the drinking water distribution 

system. It was hypothesized that the addition of excess orthophosphate into a 

phosphorus limited DWDS would change the microbial community composition 

and increase the density of DWPIs such as NTM, L. pneumophila, and P. 

aeruginosa in the drinking water DWDS.  

4. Identify and assess the risk of gastrointestinal and pulmonary infection from 

basement floodwaters. Recent studies have identified stormwater exposure as being 

associated with an increase in gastrointestinal-infection related hospital visits, 

however waterborne disease outbreaks are increasingly being attributed to DWPIs 

without identifying the source of exposure. It was hypothesized that basement 
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floodwaters (infiltrated stormwaters and sewage backup) was an exposure route to 

both gastrointestinal (e.g., Salmonella, Norovirus) and pulmonary DWPIs.  

5. Examine the impacts of pollutant exposure in newly evolving, but often not 

considered living spaces that are susceptible to climate change. The relationship 

between water and air is intertwined, with frequent interactions observed between 

the two. In energy-efficient residences with tight building envelopes, indoor air 

pollutants can become trapped, leading to elevated concentrations exacerbated by 

increased moisture infiltration. However, mainstream indoor air quality models 

typically neglect exposure scenarios occurring in spaces such as basements which 

are now being used as primary living spaces for various activities and are the first 

places in a residence to encounter the impacts of climate change (e.g., increased 

moisture). It was hypothesized that human exposure to pollutants in basements was 

driven by both the frequency of the occupant activity in the space and the type of 

activity the occupant performs in the space.  

 

Overall, this body of work assesses changes in the urban water microbiome and potential 

environmental and public health risks posed by operational and management choices in urban 

water systems (Figure 1). By examining microbial impacts in multiple water sources (e.g., urban 

wastewaters, urban streams, DWDS, infiltrated stormwater), more effective design and operational 

choices can be made to not only preserve the quality of our water, but to also protect the 

environment and public health better. Understanding the impacts from operational changes will 

allow water professionals to make more informed and proactive decisions surrounding the design 

of future treatment schemes, management strategies, and policy or legislation.  
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2.0 Specific Aim 1.0: Assessment of On-Site Generated Peracetic Acid Antimicrobial 

Efficacy in Urban Wastewaters 

Specific Aim 1.0 was funded by The Lubrizol Corporation, who supplied the 

tetraacetylethylenediamine and sodium percarbonate to generate the TAED-PAA and played no 

role in data collection or interpretation. The results of Specific Aim 1.0 have been published in 

one journal publication and two conference proceedings. In addition, knowledge gained from this 

work aided in the creation of a book chapter: Nontraditional Disinfection in Wastewater Treatment 

Fundamentals III.  

Journal Article 

Isaiah Spencer-Williams, Allister Theobald, Christopher C. Cypcar, Leonard W. Casson, and 

Sarah-Jane Haig. (2022). Examining the Antimicrobial Efficacy of Granulated 

Tetraacetylethylenediamine Derived Peracetic Acid and Commercial Peracetic Acid in Urban 

Wastewaters. Water Environment Research, 94(2), p.e10688. doi: 10.1002/wer.10688 

Book Chapter 

Gary Hunter, Leonard Casson, Bernadette Drouhard, Isaiah Spencer-Williams. (2022). 

Nontraditional Disinfection. In Wastewater Treatment Fundamentals III – Advanced Treatment. 

Water Environment Federation, (pp 185 – 203). Virginia. 

Peer Reviewer Conference Proceedings 

1. Spencer-Williams, I., Theobald, A., Cypcar, C., Casson, L., Haig, S.J. (2020, October 5 -

9). A Comparative Study on the Antimicrobial Efficacy of Granulated TAED 
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(Tetraacetylethylenediamine) Derived Peracetic Acid and Commercial Peracetic Acid in 

Urban Wastewaters. WEFTEC Connect 2020 (Virtual Conference).  

2. Spencer-Williams, I., Hunter, G., Theobald, A., Burks, P., Mathews, J., Osta-Ustarroz, P., 

Hugill, J., Hillock, K.A., Drouhard, B., Casson, L., Haig, S.J. (2019, September 21 – 25). 

A New Disinfectant Formulation: Using Granulated TAED Derived Peracetic Acid for 

Wastewater Disinfection. WEFTEC 2019, Chicago, IL. 

 

2.1 Introduction 

Many wastewater treatment plants (WWTPs) discharge their effluents into the environment 

via surface waters which may also function as recreational or drinking water sources. As such, the 

effluents discharged by WWTPs are federally required to be disinfected to reduce microbiological 

loads37–40, typically via the use of cost effective powerful disinfectants such as chlorine and 

chlorinated alternatives21,41,42. However, the use of typical disinfection methods (e.g., chlorination) 

may produce disinfection by-products (DBPs) that pose carcinogenic and genotoxic environmental 

concerns (e.g., trihalomethanes, haloacetic acids) 43. Due to the health and environmental concerns 

surrounding DBP production, state and federal regulations mandate the maximum allowable 

concentrations for these by-products; however, these allowable concentrations continue to 

decrease, putting pressure on utilities to seek alternative disinfection methodologies that provide 

low capital and operational costs while ensuring public and environmental safety37,43–45.  

Today, there are several emerging alternative disinfectants that are available to disinfect 

wastewater, however, peracetic acid (PAA) has become more relevant as a wastewater disinfectant 
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over the last 40 years due to its ease of implementation and relatively low capital costs42. Typically 

sold as a concentrated liquid product, PAA is an organic peroxide that exhibits a wide range of 

antimicrobial properties, produces limited non-toxic DBPs, and has been widely utilized in a 

number of industries for sterilization and disinfection46–64 (Figure 2), where it has been effective 

in reducing fungal and bacterial contamination. Compared with traditional chlorine-containing 

disinfectants, PAA has a stronger oxidizing ability, higher disinfection efficiency65–67, can directly 

oxidize organic compounds (e.g., ibuprofen) using its high redox potential68,69, and can also be 

activated by various methods (e.g., ultraviolet light, transition metal ions) to degrade organic 

pollutants in urban wastewater69–72. In its municipal wastewater uses, PAA has been used alone 

and in combination with other water treatment processes (namely UV) to achieve better 

disinfection efficiency73,74, while it has seen less use in industrial applications likely due to more 

uniformity in pollutant degradation in low COD waters51,75 and the potential for system corrosion 

with high PAA dosage76. Likewise, PAA has seen limited use in drinking water treatment as 

maintaining a residual for drinking water distribution purposes could be challenging for an 

exponentially decaying disinfectant. Another reason for PAA’s limited use in drinking water is 

likely due to the potential for enhancing biofilm formation, as biofilms formation can increase in 

the presence of carboxylic acids (one of the potential PAA DBPs)76. However, due to the oxidizing 

capability of PAA, there has been work done to examine PAA pre-oxidation in chlorinated surface 

water treatment systems77.   
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Figure 2: Global PAA Usage in 2022 from Market.US 

 Despite its use in other sectors and even in the wastewater market, PAA still has been less 

widely used than common chlorinated options to disinfect wastewater in the United States (~1% 

of the market in 2020) likely because of physical-chemical constituent interference concerns78, 

implementation and procurement costs, and variability in disinfection permitting requirements for 

PAA42. To address the issue of procurement, it is thought that as PAA usage increases more 

economical methods of producing and delivering PAA will be explored (i.e., on-site generation). 

Currently, there are no known WWTPs that produce PAA on-site, likely due to on-site generated 

PAA stability concerns, and a lack of data on on-site produced PAA disinfection efficacy. As such, 

it is imperative that on-site generated PAA is examined for differences in disinfection efficacies 

tested to ensure that adverse changes to microbial loads are not created, thus ensuring public health 

safety. One method that is under consideration is on-site generation of PAA from granulated 

tetraacetylethylendiamine (TAED) and sodium percarbonate (TAED-PAA).  

TAED is an important component of laundry and automatic dishwasher detergents, where 

it is used as an activator for improving bleaching performance when it is reacted with a hydrogen 

peroxide source in the detergent (Human & Environmental Risk Assessment, 2002). Compared 
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with commercially available PAA, TAED-PAA generated peracetic acid has a much lower total 

oxidant concentration (total amount of oxidizing agent in solution i.e., the peracetic acid and 

hydrogen peroxide level combined). The lower total oxidant concentration is due to the lack of 

hydrogen peroxide present in solution as it is not needed to stabilize the peracetic acid equilibrium, 

therefore leading to the needed validation of its performance as a possible wastewater disinfectant. 

Additionally, traditional comparisons of different disinfectant efficacies are performed by 

assessing log reductions of fecal water quality indicator organisms with the same disinfectant 

exposure (disinfectant concentration (C) x time of exposure (t) – Ct). Namely, many practitioners 

use the conventional end-point disinfectant concentration multiplied by the time of exposure 

(Figure 3). Unfortunately, this approach may lead to misrepresentations of true Ct values when 

working with exponentially decaying disinfectants such as PAA (Figure 3). In practice, this may 

lead to underdosing of PAA, leaving the true dose required to achieve regulatory permits unknown, 

and ultimately having an impact on operational and capital costs.   
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Figure 3: Simulated representation of the a) single point (conventional) and b) integral Ct approaches in 

wastewater disinfection. The line represents the residual concentration of the disinfectant, and the shaded 

regions represent the Ct achieved under each Ct approach.  

  

Given the limited used of commercially available PAA as a wastewater disinfectant in the 

United States likely due to transportation and cost concerns, potential disinfection efficacy 

interference from physical and chemical parameters, and concerns surrounding misrepresentations 

of disinfection efficacy, the work done in Specific Aim 1.0 aims to assess the disinfection efficacy 

of TAED-PAA compared to that of commercially available PAA to ensure no adverse changes to 

achievable microbial reductions, to identify and confirm the physical and chemical parameters that 

may interfere with PAA disinfection efficacy, and to compare PAA disinfection efficacy under 

two distinct Ct approaches in urban wastewater effluents.   
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2.2 Research Approach 

2.2.1 Sample Collection 

10 L samples of secondary wastewater effluent (i.e., pre-disinfection) were collected from 

six wastewater treatment plants with different treatment trains in three different states in the United 

States of America (Table 1). Once collected, the 10 L samples were stored on ice for up to 24h 

before being characterized and used in disinfection efficacy experiments. 

 

Table 1: WWTP locations, Treatment trains, and Plant capacity 

Plant Name Plant Location Treatment Train 
Plant Capacity 

(MGD) 

Plant A KS Conventional, Trickling Filter 17.0 

Plant B KS Conventional 1.5 

Plant C MO Industrial 3.0 

Plant D PA Activated Sludge 7.0 

Plant E PA Sequencing Batch Reactor 1 

Plant F PA 
Trickling Filter, Nitrification 

Tower, Anerobic Digester 
4.9 

 

2.2.2 Water Quality Analysis 

The water chemistry of all samples was characterized both pre- and post-addition of 

TAED-PAA and Commercial PAA. Eleven water quality parameters were measured according to 

standard methods79. Temperature and pH were measured using a lab-grade 3-in-1 benchtop pH 

meter (Fisher Scientific, Waltham, MA, USA). Dissolved oxygen (DO) was measured at both day 
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zero and day five using a P20 BOD US Pro 20 BOD kit (YSI Inc., Yellow Springs, OH, USA). 

Total nitrogen and total phosphorous were measured using Test ‘N Tube vials (Hach, Loveland, 

CO, USA) and analyzed using a portable DR900 spectrophotometer (Hach, Loveland, CO, USA). 

Total and dissolved iron, copper, and manganese concentrations were determined using a Nexion 

300x inductively coupled plasma mass spectrometer (PerkinElmer, Waltham, MA, USA) with a 

limit of detection of 0.002 mg/L for copper and 0.02 mg/L for manganese and iron. 

2.2.3 PAA Preparation 

A 500 mg/L stock of TAED-PAA (Lubrizol Advanced Materials, Inc, Cleveland, OH, 

USA) was prepared using granulated TAED and granulated sodium percarbonate with a final pH 

of 6.0 following Lubrizol laboratory procedures (Appendix A Figure 1) and stored in the dark to 

prevent light degradation. A 1000 mg/L commercial PAA solution was prepared from an ~15% 

PAA equilibrium sample (Jet Harvest Solutions, Longwood, FL, USA) on the day the samples 

were analyzed. Before use in the disinfection efficacy experiments, the concentration of peracetic 

acid in the TAED-PAA and the commercial PAA stock solutions were measured using the DPD 

(N,N-diethyl-pphenylenediamine) colorimetric method for measuring total chlorine in drinking 

and wastewaters80. The final PAA concentration was determined using equation (1-1): 

 
𝑚𝑔

𝐿
𝑃𝐴𝐴 = 1.07 ∗

𝑚𝑔

𝐿
𝑇𝑜𝑡𝑎𝑙 𝐶ℎ𝑙𝑜𝑟𝑖𝑛𝑒 ∗ 𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟  (1-1) 

2.2.4 Disinfection Efficacy Experimentation 

Wastewater samples from each WWTP (Plants A – E) were treated using the 500 mg/L 

stock solution of TAED-PAA or the 1000 mg/L stock solution of PAA to achieve a final 



 17 

concentration 2.5 mg/L PAA for 20 min. (Ct = 50 mg-min/L, not considering PAA demand or 

decay). For quality assurance, negative controls (no PAA added) were run alongside membrane 

and media blanks. Both the negative controls and treated samples were diluted using phosphate 

buffered saline (PBS) (Fisher Scientific, Waltham, MA, USA) and immediately processed using 

USEPA Method 1604 to determine the concentration of fecal indicator organisms (e.g., E. coli and 

total coliforms)81. All collected membrane filters were plated on MI agar (Fisher Scientific, 

Waltham, MA, USA) and incubated for 24 h at 35°C. After 24 h, filters were analyzed under 

ambient light and 366 nm UV light to differentiate and elicit colonies of E. coli and other coliforms. 

To evaluate differences in total and fecal coliform removal efficacy between the 

conventional and integrated Ct approach, experiments were conducted under both conventional 

and integrated Ct approaches. In the conventional approach, enough PAA was added to each 

wastewater to achieve a 2.5 mg/L concentration of PAA in solution, not considering demand and 

decay effects. No further PAA was added during the 20-min experimental period. In the integrated 

Ct approach, the time (t) until the original dose of PAA was depleted by 40% was calculated using 

the equation 2 (decay and demand constants were estimated by averaging the range of values from 

existing literature82) and at that point additional PAA was added to maintain 2.5 mg/L of PAA in 

each wastewater.  

 
𝑚𝑔

𝐿
𝑃𝐴𝐴 𝑖𝑛 𝑊𝑊 = (

𝑚𝑔

𝐿
𝑃𝐴𝐴0 − 𝐷) ∗ 𝑒−𝑘𝑡  (1-2) 

2.2.5 Statistical Analyses 

Significant differences between the log reductions in the control samples, TAED-PAA 

treated samples, and commercial PAA treated samples under both Ct approaches were determined 
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using the non-parametric Wilcoxon test. Linear regression models were created to visualize the 

relationships between the achieved log reductions and the water quality parameters, and 

MANOVA was used to analyze significance. All statistical analyses and figures were performed 

and made in R with significance set at a p-value < 0.05. 

2.3 Results and Discussion 

2.3.1 TAED-PAA Efficacy in Urban Wastewaters (Plants A–E) 

Significant differences (p-value < 0.05) in the concentrations of E. coli and total coliforms 

were observed across all samples treated with TAED-PAA. Average reductions across all five 

WWTPs were 2.1 ± 0.2 log-units and 2.3 ± 0.1 log-units for E. coli and total coliforms, respectively 

(Figure 4). While these results concur with previous studies’ success in total coliform and E. coli 

reduction46,47,83,84 using commercial PAA, other factors must be considered before a plant would 

consider switching over to TAED-PAA. Given the increasing need for alternative water sources 

and innovative water reclamation approaches, the U.S. EPA 2012 Guidelines for Water Reuse state 

that wastewaters should be disinfected to no detectable fecal coliforms per 100 mL of water for 

unrestricted usage and less than or equal to 200 fecal coliforms per 100 mL for restricted usages38. 

Under a 2.5 mg/L TAED-PAA treatment, Plants C and D were unable to reach 200 total coliforms 

per 100 mL wastewater possibly due to elevated suspended and dissolved solid levels, thus a higher 

dose of TAED-PAA would be needed to meet regulation (Appendix A Figure 2). Previous studies 

comment on the impact of elevated suspended and dissolved solid concentrations on PAA 

disinfection efficacy, showing adverse effects85–88. Overall, across the five urban wastewaters 
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disinfected, TAED-PAA application did achieve a 2 log-unit reduction for both total coliforms and 

E. coli, making it a viable option for wastewater disinfection that should be fine-tuned for specific 

applications. 

 

Figure 4: Average (n = 9) ± standard deviation a) total coliform and b) E. coli log reductions after TAED-PAA 

application across five urban WWTPs. 

2.3.2 Comparison of TAED-PAA and Commercial PAA Disinfection Efficacy (Plants D–F) 

Overall, significant decreases in the concentrations of both E. coli and total coliforms were 

observed in samples treated with TAED-PAA and commercial PAA, respectively. The average E. 

coli log reduction across all three WWTPs were 1.9 ± 0.4 log-units and 2.5 ± 0.6 log units for 

TAED-PAA and commercial PAA, respectively, while the average total coliform log reductions 

were calculated to be 2.2 ± 0.5 log-units under both PAA treatments (Appendix A Figure 3). 
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Individually, disinfection efficacy testing revealed instances where TAED-PAA exhibited higher 

log removals than the commercial PAA, and vice versa, however only one significant difference 

was observed between the log removals at Plant D under the conventional Ct approach (Figure 5).  

Under the integrated Ct approach, significant decreases in both E. coli and total coliform 

concentrations were observed for samples treated with 2.5 mg/L of PAA (either TAED-PAA or 

Commercial PAA). The average E. coli log reductions were 2.5 ± 0.7 and 2.7 ± 0.3 for TAED-

PAA and commercial PAA, respectively, while the average total coliform log reductions across 

all plants were 2.3 ± 0.5 and 2.1 ± 0.2 for TAED-PAA and commercial PAA (Appendix A Figure 

4). While an average of at least 2.0 log-unit reduction was achieved under both PAA treatments, 

it is important to note that no significant differences in performance between the two PAAs were 

observed in any of the urban wastewater matrices under the integrated Ct approach. However, 

when comparing the disinfection efficacy between the conventional Ct and the integrated Ct 

approaches for each disinfectant, significant increases in log reduction were observed for both 

disinfectants at Plant D. The lack of significant differences in performance could be a factor of 

PAA-specific and time-dependent demands (D) and decay (k) rates in solution. Both D and k were 

set at a constant for all wastewaters and were calculated as the average of the range of D and k 

values found in literature, 0.61 mg/L and 0.00875 min-1, respectively82. In practice, mechanistic 

studies would have to be conducted to properly fit decay and demand coefficients based on each 

individual wastewater, resulting in a better representation of the true disinfection potential.  Under 

the integrated Ct approach using these values, 0.75 ± 0.76 mL of PAA was added after 14 minutes 

to experimental reactors to maintain a PAA concentration of 2.5 mg/L. This resulted in a final 

PAA Ct of 34.67 mg-min /L, as compared to a conventional Ct of 31.73 mg-min/L. The lack of 

significant differences in disinfection efficacy between the two Ct approaches could also be 
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explained by the similar Ct, however, it is important to note that this work was done assuming a 

set value for D and k based off literature. To investigate and better understand the potential impacts 

D and k have on efficacy further, future work should include conducting mechanistic studies to 

examine TAED-PAA concentration at different time intervals and properly fit demand and decay 

coefficients, monitoring TAED-PAA decay and inactivation rate kinetics in solution and should 

be performed using a continuous stirred-tank reactor to better simulate full-scale operation. 

 

Figure 5: Average (n = 9) total coliform log reductions after PAA application across WWTPs under a) single 

point residual and b) integral Ct approach. * designates a statistically significant (p-value < 0.05) difference in 

log reductions between TAED-PAA and Commercial PAA. 

2.3.3 TAED-PAA Impacts on Water Quality 

Like commercially available PAA, it is hypothesized that TAED-PAA decay rate and 

disinfection 284 efficacy are strongly tied to standard water quality parameters42,46,50,51,87–91. 

Previous studies have disagreed on the effects of PAA addition on finished water BOD levels with 

several reporting a decrease in BOD levels after PAA treatment49,51 and others showing no 

significant change86,92. Under both Ct approaches examined here, BOD5 measurements varied 
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between PAA treatment and plant. For example, Plant D exhibited a 15% increase in BOD5 after 

TAED-PAA treatment, but a 24% decrease after treatment with the Commercial PAA under the 

conventional Ct approach (Appendix A Table 1). Conversely, Plant F exhibited a decrease in 

BOD5 levels under both Ct calculation methods (Appendix A Table 2). Increases in BOD make 

sense due to PAA generating a BOD due to the acetic acid in solution42. Overall, the variation in 

BOD observed poses a potential concern when thinking about receiving water quality and 

permitting violations for WWTPs as increased BOD levels result in decreased oxygen availability 

for other organisms and can cause microbial regrowth over time. However, it has been suggested 

that PAA formulations can also generate elevated levels of dissolved oxygen (DO), which could 

offset any elevation in BOD that  it may cause 42. Thus, further experiments should be conducted 

to fully elucidate the impacts of PAA addition on BOD and DO concentrations prior to full-scale 

use and discharge into receiving streams.  

With respect to suspended solids and turbidity in wastewaters, previous literature has 

shown that an elevated presence of TSS can adversely impact the consumption of PAA in 

wastewater46,50,85–88,93–95. The lack of TSS data in this study makes it difficult to assess the impacts 

of PAA addition (all wastewaters were characterized for TSS, however, complications in 

measuring (i.e., filter tears) rendered the data unusable). It has been suggested that the primary two 

mechanisms by which TSS affects PAA disinfection efficacy is by increasing the oxidative 

demand (thus reducing the disinfecting dose) and by creating a protective shield for 

microorganisms87. Referring to the microbial data (Figures 4, 5), the plants that had the highest 

TSS (or turbidity in the cases where TSS data was not available) showed no reduced disinfection 

efficacy, but further testing would need to be done to confirm these results. In terms of TDS, there 

was a consistent trend of reduced levels across all WWTPs and between both Ct approaches. The 
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reduction in TDS levels could be explained by the fact that the decay of PAA is driven by the 

initial oxidative demand required by dissolved transition metals82,96. Furthermore, no significant 

difference in reduction of was observed between the two Ct approaches. This could be due to the 

initial oxidative demand for PAA being satisfied; thus, no further reduction would be achieved in 

the presence of more disinfectant.  

Previous studies have documented the various effects that transition metals in water have 

on PAA decomposition46,76,89,91,97,98. Metal ions such as iron (Fe2+), manganese (Mn2+), and copper 

(Cu2+) catalyze PAA decomposition through complex redox reactions. It has also been stated that 

Cu2+ and silver (Ag+) can also promote the formation of free radicals, thus enhancing PAA 

disinfection efficiency42. Across WWTPs, there were varying results in the concentration of total 

transition metals pre- and post-disinfection with PAA (Appendix A Figures 5 and 6), however few 

significant differences were observed. Looking at all WWTPs D-F collectively, total manganese 

concentrations were found to be significantly increased (11% increase; 0.07 ± 0.04 mg/L to 0.08 

± 0.04; p-value < 0.05) after being treated with TAED-PAA. Comparatively, manganese 

concentrations were not found to be significantly affected after commercial PAA addition. To 

determine the reason for increase, TAED-PAA was also analyzed via inductively coupled plasma 

mass spectrometry (ICP-MS) to quantify manganese concentrations in the stock solution; however, 

results did not indicate any additional manganese in the stock solution. Although manganese 

concentrations were increased, it is important to note that since manganese is thought to act as a 

catalyst in solution with PAA, changes in concentration would not be expected. As such, the 

increase observed in this study could have been an artifact of a previous run on the ICP-MS. 

Moreover, manganese concentrations were found to have a significant positive correlation with 

log  E. coli and total coliform reductions (i.e., as log reduction increases, total manganese 
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increases) which is expected as manganese is thought to catalyze PAA decomposition in aqueous 

solutions76,91,96,97. Hypothetically, it is possible that the manganese in solution could be catalyzing 

PAA to form acetyl(per)oxyl radicals, which may be responsible for disinfection and increased 

disinfection efficacy72,76. Further examination should be conducted to better understand the role 

manganese plays in TAED-PAA disinfection of secondary effluents. 

2.4 Conclusions 

In summary, the work done under Specific Aim 1 demonstrated the antimicrobial efficacy 

of TAED-PAA in urban wastewater matrices and suggests that TAED-PAA performs comparably 

to commercially available PAA as a wastewater disinfectant. On average, wastewater samples 

treated with 2.5 mg/L of TAED-PAA or commercial liquid PAA achieved similar log-unit 

reductions of E. coli (1.9 ± 0.4, 2.5 ± 0.6, respectively) and total coliforms (2.2 ± 0.5, both). 

Additionally, performance differences were observed between the different disinfection exposure 

(Ct) methods at Plant D, where an increase in antimicrobial performance and decreases in 

parameters such as BOD and total phosphorus were noted. The increase in antimicrobial 

performance coupled with the changes in water quality parameters suggest that water matrix 

parameters are critical in determining what Ct approach is used and should be investigated further 

in the future. The similarity between the antimicrobial efficacies of TAED-PAA and commercial 

PAA provides WWTP operators with a new option for disinfection that has no perceived adverse 

microbial effects. However, before TAED-PAA could become more widely adopted for 

wastewater disinfection, further testing should be completed to fully elucidate its efficacy in 
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different urban water matrices to ensure consistent permitting requirements for standard fecal 

indicator organisms (126 cfu / 100 mL) 99.  

Future testing of TAED-PAA should include the determination of the instantaneous 

demand and decay coefficient in a variety of wastewaters to ensure accurate dosing and 

antimicrobial efficacy. At pilot and full scale, the averaging of common demand and decay 

coefficients may not be sufficient in dosing the system correctly, leading to decreased disinfection 

efficacy in the effluent and receiving stream. Additionally, the microbial inactivation kinetics of 

TAED-PAA should be elucidated on both standard fecal indicator organisms, but also other 

pathogenic organisms (e.g., Norovirus, Clostridium perfringens) and on the growing threat of 

antibiotic resistant bacteria (ARBs) in receiving waters. In particular, the minimum dose, time 

intervals needed to achieve varying regulatory permits and public health requirements, and 

synergies with other disinfection methods will be required for further consideration at full scale. 

In practice, it will be necessary to conduct mechanistic studies that collect and fit different water 

quality parameters into a PAA decay curve to better understand the best case-scenarios for PAA 

usage. It will be critical for wastewater permit applicants (especially those with no regulation on 

PAA usage) to collect as much information as possible and conduct site-specific testing to ensure 

compliance and receiving stream protection. As of 2018, PAA usage in the United States has been 

regulated for water reclamation purposes in six states, with regulation pending in others100. 

Furthermore, with many WWTPs shifting to resource recovery practices, there may also be 

promise in recovering TAED components from wastewaters to circularly use in TAED-PAA 

production. 

Lastly, cost will also be an important factor in elevating both PAA and TAED-PAA to the 

forefront of wastewater disinfection. Several key design factors will have significant impact on the 
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financial viability of PAA at a given WWTP. Namely, the ability to retrofit the existing 

infrastructure and PAA chemical procurement (chemical procurement for commercial PAA, dry 

powders for on-site generation) will be determining economic factors. Other factors such as 

equipment, construction, operation and maintenance, safety and training, and stakeholder buy-in 

will also be important to consider. Due to the limited use of PAA (and TAED-PAA), it currently 

is more expensive than chlorinated disinfection options, and will continue to be until it becomes a 

more established and widely used wastewater disinfectant. Theoretically though, compared to 

conventional chlorine disinfection PAA and TAED-PAA could potentially have lower capital costs 

in the long term due to not needing to quench the residual PAA (i.e., no need to procure extra 

chemicals and storage) and the ability to dose in the exact amount of PAA needed at any given 

time due to integral Ct. Work done by Manoli et al., has discussed the advantages of using the 

integral Ct approach at the pilot scale and found that overall PAA usage in kg is halved as 

compared to conventional Ct approaches101. Additionally, one plant in New Jersey that currently 

employs PAA as its primary disinfectant recorded a 10 – 12 % reduction in costs in 2018 from 

using PAA and expected an even bigger savings as they continued to use it78. Overall, while PAA 

may have its limitations as a one-size-fits-all wastewater disinfectant, its upside as a targeted 

disinfectant should continue to be explored in laboratory, pilot, and full-scale settings. This 

continued exploration will allow operators to identify primary PAA applications and help them 

continue to meet their regulatory requirements, while also promoting environmental safety and not 

causing problems for downstream processes such as drinking water treatment.  
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3.0 Specific Aim 2.0: Examination of the Impacts of Distribution System Phosphate 

Addition on the Microbial Ecology of Hydrologically Connected Local Urban Streams 

Specific Aim 2.0 was funded by The National Science Foundation (grant number: 

1929843). The results of Specific Aim 2.0 have been published in one journal publication, with 

one additional paper under review and results shared in four conference proceedings: 

Journal Article 

1. Isaiah Spencer-Williams, Anusha Balangoda, Richard Dabundo, Emily Elliott, and 

Sarah-Jane Haig. (2022). Exploring the Impacts of Full-Scale Distribution System 

Orthophosphate Corrosion Control Implementation on the Microbial Ecology of 

Hydrologically Connected Urban Streams. Microbiology Spectrum, 10(6). 

https://doi.org/10.1128/spectrum.02158-22. 

2. Anusha Balangoda, Emily Elliot, Richard Dabundo, Isaiah Spencer-Williams, and Sarah-

Jane Haig. (2023). Assessing Nutrient Limitation in Urban Streams Following the Addition 

of Orthophosphate-Based Corrosion Control to Drinking Water. In Revision, 

Biogeochemical Dynamics in Urban Systems: Interactions, Feedbacks, and Cumulative 

Impacts.  

Conference Proceedings 

1. Spencer-Williams, I., Balangoda, A., Dabundo, R., Elliott, E.M, Haig, S.J. Investigating 

the Impacts of Orthophosphate Lead Corrosion Control on Urban Stream and Distribution 

System Microbial Ecology. AEESP Annual Conference 2022. June 28 – 30, 2022.  

2. Spencer-Williams, I., Balangoda, A., Dabundo, R., Elliott, E.M, Haig, S.J. From 

Corrosion Control to Ecological Influence: Examining the Impacts of Orthophosphate 

https://doi.org/10.1128/spectrum.02158-22
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Corrosion Control on Urban Stream and Distribution System Microbial Ecology. Gordon 

Research Conference: Microbiology of the Built Environment. June 19 – 24, 2022.  

Peer Reviewed Conference Proceedings 

3. Balangoda, A., Dabundo, R., Spencer-Williams, I. Haig, S., Elliott, E.M. Assessing the 

Impacts of Nutrient Limitation on Algal Growth and Ecosystem Health. AGU Annual 

Meeting. December 14, 2021 

4. Balangoda, A., Dabundo, R., Spencer-Williams, I., Haig, S., Elliott, E.M. Effects of large-

scale drinking water orthophosphate addition on urban stream nutrient dynamics and 

eutrophication potential. SFS Annual Meeting. Virtual, May 23-27, 2021. 
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3.1 Introduction 

Many drinking water utilities source their water from large freshwater sources (e.g., surface 

water, ground water) that receive treated wastewater effluents. As such, typical drinking water 

treatment is done by a multibarrier approach in which the source water is treated in series through 

several processes in order to reliably produce drinking water which meets federal and state 

regulations 23,24,102,103. However, once the treated water goes out into the DS and subsequently into 

building plumbing, it is subject to several interactions with different piping materials. Historically 

in the United States, lead has been used as a piping material due to its long usable life span and 

malleability compared with iron104,105. However, concerns about the potential for lead 

contamination in water and it’s toxicity were widespread even before lead was a commonly used 

piping material104. In 1859, a collection of chemists, engineers, and other public health officials’ 

opinions on the introduction of lead service pipes into drinking water infrastructure was published 

where objections were raised given the various health concerns106. Later, an article published in 

1889 detailed instances of lead-poisoning from drinking water infrastructure and its relation to 

sterility in women, while another in 1914 discussed 120 different observations of lead absorption 

into the body and its effects on human health107,108. Despite efforts from public health officials and 

engineers, lead use for piping materials continued as plumbing codes for cities still mandated lead 

pipes be used104. Then in the early 1980s through the 2000s the use of lead piping was heavily 

scrutinized, most notably with the 2001 lead crisis in Washington DC, and more recently the 2014 

lead crisis in Flint, Michigan109–111. Since then, cities across the nation have been required to 

implement new strategies into their treatment trains to continue to meet regulated levels of 

contaminants such as lead.  
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The City of Pittsburgh, like many other cities in the United States, experienced its own lead 

crisis in its drinking water as lead levels were elevated above the EPA Lead and Copper Rule of 

15 ppb in over 10 percent of homes sampled in 2016. However, the problem dates back even 

earlier, with lead levels consistently on the rise since 1998112. This rise has been attributed to the 

changing of corrosion control methods from soda ash to caustic soda112 to save money. While this 

change was beneficial to the utility economically, they did not assess the impacts on the water 

chemistry, which led to even further increases in lead concentration. To address the elevated lead 

levels in drinking water, Pittsburgh’s drinking water utility opted for lead service line (LSLs) 

replacement, however, economic and time constraints make complete LSL replacement a slow and 

expensive process. Given the urgency of lead mitigation, Pittsburgh like many other water utilities 

chose to introduce orthophosphate (PO4
3-) corrosion control, which forms a protective scale on 

pipe surfaces, to provide a quicker and more economical solution to control lead release while 

awaiting completed LSL replacement110. Phosphate-based corrosion inhibitors, namely 

polyphosphates and orthophosphates, have been widely used by drinking water utilities for decades 

and have had varied success in inhibiting corrosion from copper, lead, and iron plumbing 

materials113–120. Successful implementations of phosphate-based corrosion inhibitors have 

considered the system water quality, namely pH and alkalinity, to ensure adherent scales in the 

pipes. Specifically, in the city of Pittsburgh, success has been observed over the last few years as 

the pH in the system was adjusted to fall within the target pH range of 8.8 – 10 121 (DWDS tap 

average of 8.4 before PO4
3- addition into system). 

Although orthophosphate is successful in preventing further corrosion in our DWDS, aging 

pipelines are prone to leaks and breaks that may leach treated drinking water into our natural 

environment122. With many of our DS pipes running underground, the addition of up to 1.8 mg/L 
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of phosphorus into a system with previously non-detectable phosphorus could potentially have 

adverse impacts on hydrologically connected (surrounding) water bodies including urban streams 

and rivers and groundwater sources123,124. In particular, increased phosphorus addition may lead 

to increased growth of taxa related to eutrophication (e.g., Cyanobacteria)125,126, or polyphosphate 

utilization (e.g., Candidatus Accumulibacter, green algae)127, and more holistically a shift in 

nutrient limitation status of aquatic communities which could results in irreversible changes to 

aquatic food webs128–136. The work presented in Specific Aim 2 aims to assess for the first time if 

an operational change in the DWDS (e.g., orthophosphate addition) impacts the microbiome of 

surrounding urban streams that may receive water from pipe breaks, leaks, etc.  

 

3.2 Research Approach 

3.2.1 Sample Collection 

Urban stream samples were collected monthly from five above-ground urban stream 

locations in Pittsburgh, PA (Figure 6, Table 2). Under this collection regime, 15 samples (3 time 

points, 5 urban streams) were collected before PO4
3- addition in the DS and 70 samples (14 time 

points, 5 urban streams) were collected after PO4
3- addition. Water samples were collected and 1L 

was filtered within an hour of collection through 0.2 µm polycarbonate filters. DNA was then 

extracted from the filters the FastDNA Spin Kit (MP Biomedicals, Solon, OH) and used in 

subsequent microbial analyses.  
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Table 2: Urban Stream Population Density and Land Development Type 

 

Urban Stream Population Density (person / km2) Land Development Type 

Shades Run (S1) 534.3 Mixed Forest 

Negley Run (S2) 2604.6 Developed, Medium Intensity 

Fern Hollow (S3) 1514.7 
Mixed Forest; Developed, Medium 

Intensity 

Panther Hollow (S4) 2822.5 Developed, Medium Intensity 

Phipps Run (S5) 0.00 Developed, Open Space 

 

 

Figure 6: Map of Urban Stream (green) and Distribution System (blue) sampling locations for Aims 2 and 3. 

Five urban streams and seven distribution system sites were sampled for the work presented in Objectives #2 

and #3. 
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3.2.2 Water Chemistry Analyses 

1 L of urban stream water was collected from the surface of each stream and filtered 

withing 24h of collection through a 0.45 µm polyvinylidene fluoride membrane syringe filter 

(Thermo Fisher Scientific, Waltham, MA). Filtered water samples were used for the measurements 

of nitrate, nitrite, ammonium, and soluble reactive phosphorus, while unfiltered samples were used 

for total nitrogen, total phosphorus, and total reactive phosphorus concentrations (Appendix B 

Tables 1 and 2). Total nitrogen, total phosphorus, total reactive phosphorus, soluble reactive 

phosphorus, nitrate, nitrite, and ammonium were all measured using a Lachat QuickChem 

Analyzer (HACH, Loveland, CO). Silica was found to interfere with phosphate measurements, so 

a modified version of QuickChem method 10-115-01-1-Y that is equivalent to EPA method 365.1 

was used. Temperature and pH were monitored on site using a multiparameter sonde (Yellow 

Spring Instruments, Yellow Springs, OH, USA). 

Nitrate/nitrite nitrogen (15N/14N) and oxygen (18O/16O) isotope ratios were measured 

using the denitrifier method described in Sigman et al. 2001 and Casciotti et al. 2002. Briefly, 

nitrate and nitrite were converted into nitrous oxide and the N and O isotopic composition was 

then measured using an IsoPrime isotope ratio mass spectrometer interfaced with a Micromass 

Trace Gass Pre-concentrator system (Thermo Fisher Scientific, Waltham, MA). 

3.2.3 Nutrient Addition Bioassay 

Nutrient addition bioassays were also conducted by our colleagues in the Department of 

Geology and Environmental Science to examine changes in nutrient limitation and the effects on 

cyanobacterial and algal species. Briefly, 4L of both DS and urban stream water were collected 
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for the nutrient addition bioassays, with the first bioassay done shortly before PO4
3- addition into 

the DS, the second three months after PO4
3- addition, and the last twelve months after PO4

3-

addition. Samples were inoculated with either green algae or Cyanobacteria and treated with 

varying ratios of phosphorus and nitrogen. Nutrient treatments were administered in triplicate and 

following treatments, samples were incubated in a fume hood for seven days under a 16h:8h light-

dark cycle using grow lights. After incubation, absorbance was measured as a proxy for algal 

biomass at 678 nm using a spectrophotometer (Thermo Fisher Scientific, Waltham, MA). 

3.2.4 Molecular Analyses 

3.2.4.1 Droplet Digital PCR 

DNA was extracted from the stored filters using the FastDNA Spin Kit (MP Biomedicals, 

Solon, OH) and stored at -20℃ until use. The abundance of total bacteria was determined using 

droplet digital PCR (ddPCR) targeting the 16S rRNA gene using primers described in 137. Absolute 

quantification of Cyanobacteria and the polyphosphate accumulating genus Candidatus 

Accumulibacter were determined using previously published primers targeting their specific 16S 

rRNA genes 138 139 (Appendix B Table 3). 

ddPCR reactions were performed for all DNA samples (n = 90), alongside negative 

controls (ddPCR negative controls, filtration controls and extraction controls) and positive controls 

(gblocks of the target amplicons, Integrated DNA Technologies, Inc., Coralville, IA, USA). 

Droplets were generated to a 20 µL reaction volume in a 96-well plate that was heat sealed. PCR 

was then performed on the C1000 TouchTM Thermal Cycler (Bio-Rad Laboratories, Inc., 

Hercules, CA, USA) within 15 min of droplet generation using the reaction conditions presented 

in Appendix B Table 4. Plates were run on the droplet reader within 1 h of PCR completion and 
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thresholds (Appendix B Table 5) were set for each ddPCR assay using Quantasoft v1.0.596 to 

determine the absolute abundance of the target taxa using the method described by Lievens et al.140 

3.2.4.2 16S rRNA Amplicon Sequencing 

16S rRNA gene amplicon library preparation and sequencing were performed on all 

samples at the Argonne National Laboratory following the Illumina Earth Microbiome Protocol141. 

Samples were sequenced on an Illumina HiSeq2500 with a total of 5,063,434 raw reads generated 

from the samples. After quality assurance and control, the average quality score was 94% with a 

median of 29,000 reads per sample. Microbiome analysis was performed using QIIME2 with 

quality filtering performed using the method described in Bolyen et al.142. Reads were assigned to 

operational taxonomic units (OTUs) using a 97% cutoff using the closed reference OTU-picking 

protocol in QIIME2 (version 2020.2) using the Silva (version 132.5) and Greengenes (version 

13.5) databases. The OTUs generated from the Silva database were used in microbiome analysis 

while the OTUs from the Greengenes database were used specifically in BugBase143 to predict 

phenotypes present in the samples. 

3.2.4.3 Phenotypic Prediction using BugBase 

Predicted phenotypes were assigned to all OTUs using BugBase’s default nine common 

traits (aerobic and anaerobic respiration, gram-negative and gram-positive delineation, pathogenic 

presence, and stress tolerance) and additional traits relating to phosphate and nitrogen metabolism. 

All traits used with BugBase were compatible Kyoto Encyclopedia of Genes and Genomes 

(KEGG) pathways (Appendix B Table B6). 
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3.2.5 Statistical Analyses 

Taxonomic and OTU tables generated for the samples were transformed using the 

Hellinger transformation due to the dataset having many zeros and or low relative abundances144. 

The transformed OTU data was then used to calculate pairwise dissimilarities between samples 

based on the Bray-Curtis dissimilarity index, with the resulting matrices examined for temporal 

and spatial patterns in the bacterial community structure by Non-metric Multidimensional Scaling 

as implemented in the Vegan package in R145. Significant differences in the microbial community 

compositions of the urban streams before and after PO4
3- addition were determined by 

nonparametric permutational analysis of variance (PERMANOVA) using adonis as implemented 

in the Vegan package in R146. Alpha diversity indices (Shannon diversity index, Chao’s richness, 

Pielou’s evenness) were also calculated and examined before and after PO4
3- addition. The 

relationships between environmental parameters and patterns in bacterial community structure 

were examined by canonical correspondence analysis (CCA) with significance tested by ANOVA 

after reducing the overall suite of environmental variables with a stepwise Akaike information 

criterion model. Additionally, significant differences in the absolute bacterial abundance before 

and after PO4
3- addition were determined by non-parametric Wilcoxon testing and the functional 

relationships between water quality parameters and bacterial groups were analyzed by stepwise 

multivariate forward / reverse regression analysis. All statistical analyses were performed in R 

(version 4.0.2)147 with significance set at a p-value < 0.05.   
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3.3 Results and Discussion 

3.3.1 Impacts of PO4
3- Addition on Urban Stream Phosphorus and Nitrogen 

Concentrations 

After PO4
3- addition into the DWDS, a significant increase in the average total phosphorus 

concentration in the urban streams was observed (Figure 7) while no significant change was 

observed in total nitrogen (Appendix B Figure 1). The significant increase in the average total 

phosphorus concentration was driven by a significant increase in stream S2. Stream S2 exists in 

an area of medium development intensity (Table 2) and has the highest human population density 

surrounding it out of all five streams, which would increase the likelihood of a hydrological 

connection to urban water infrastructure. While there are a range of inputs to urban stream 

networks (e.g., stormwater runoff, nutrient and metal mobilization from sediments), previous work 

has looked at the spatial distribution of potential deteriorating water infrastructure in Pittsburgh 

and documented that 71% of existing streams across the City of Pittsburgh are located in a potential 

leakage zone148. Therefore, the increase in average total phosphorus could be indicative that these 

urban streams are receiving PO4
3- from leaking DWDS infrastructure and are hydrologically 

connected, but further spatial and sensor analysis would be needed to confirm this. Additional 

supporting evidence of these urban streams being hydrologically connected to urban water 

infrastructure comes from the water isotope data examined by Balangoda et al, which found the 

predominant source of nitrogen in the urban streams is urban wastewater inputs (Appendix B 

Figure 2).    

Further work was also done to examine the impacts of PO4
3- addition on phosphorus and 

nitrogen limitations in the five urban streams149 (Table 3, Appendix B Tables 7 – 12). Four of the 
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five streams (S1, S3, S4, S5) were either phosphorus limited or nitrogen-phosphorus co-limited 

prior to PO4
3- addition into the DWDS, however two months after PO4

3- addition into the DS four 

streams shifted completely to phosphorus-nitrogen co-limitation (S1, S3, S5) or nitrogen limitation 

(S4). Interestingly, twelve months after PO4
3- addition, nutrient limitations had shifted back to 

phosphorus limited or nitrogen-phosphorus co-limited, suggesting that PO4
3- addition in the 

DWDS caused a temporary shift in urban stream nutrient limitations, but not a holistic shift. It’s 

worth noting that the temporary shift in nutrient limitations could be indicative of the resilience of 

stream microbial community as there are many microorganisms that can occupy the same niche 

and have the same functional roles.     

 

Table 3: Urban Stream Nutrient Limitations Before and After PO4
3- Addition into the DWDS 

 

Urban Stream Before PO4
3- 

Two months After 

PO4
3- 

Twelve months After 

PO4
3- 

Shades Run (S1) P limitation PN colimitation P limitation 

Negley Run (S2) PN colimitation PN colimitation PN colimitation 

Fern Hollow (S3) P limitation PN colimitation P limitation 

Panther Hollow 

(S4) 
P limitation PN limitation P limitation 

Phipps Run (S5) P limitation PN colimitation P limitation 
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Figure 7: Average (n = 15) total phosphorus concentration in each urban stream before and after PO4
3- addition 

into the DWDS. Error bars represent the standard deviation. Significant differences (p-value < 0.05) in 

concentration are indicated by an asterisk.  

3.3.2 Impacts of PO4
3- Addition on Urban Stream Microbial Community Composition 

3.3.2.1 Non-Metric Multidimensional Scaling Analysis 

NMDS and PERMANOVA analyses showed significant seasonal (r2 = 0.08, p-value < 

0.001) and pre- and post-PO4
3- addition (r2 = 0.035, p-value < 0.001) variation in the urban stream 

microbial community structures (Figures 8a, b).  Interestingly, however, no significant differences 

were observed in the microbial community structure between the five urban steams (Appendix B 

Figure 3) despite differences in land development types, population densities, and chemistries. 

Previous work has observed seasonal differences in urban stream microbial community 
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composition150–152, but this is the first work to the authors knowledge that has observed the impacts 

of DWDS PO4
3- addition on stream microbial ecology. 

 

Figure 8: Nonmetric Multi-Dimensional Scaling plots of Bray-Curtis distances for the five urban stream sites 

sampled (a) seasonally and (b) before and after PO4
3- corrosion control addition. The ellipses represent the 95% 

confidence interval of the distribution from the centroid of the cluster points. 

3.3.2.2 Alpha Diversity and Relative Abundance Analysis 

Microbial alpha diversity analysis revealed significant increases in the three alpha diversity 

indices measured in stream S4 and a significant increase in Chao’s species richness in stream S5 

after PO4
3- addition into the DWDS (Table 4). This result is not surprising given the locations of 

streams S4 and S5, since one of these streams receives water from a neighboring suburb, and the 

other receives water from a neighboring golf course, and stream S4 has the second highest 

population density of all the streams studied (Table 2).  
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Table 4: Urban Stream alpha diversity indices before and after PO4
3- addition into the 

DWDS 

Streams 
Shannon Diversity Chao’s Richness Pielou’s Evenness 

Before PO4
3- After PO4

3- BeforePO4
3- After PO4

3- Before PO4
3- After PO4

3- 

S1 5.92 6.48 460 805 .97 .98 

S2 6.31 6.62 797 940 .98 .98 

S3 6.44 6.34 773 738 .98 .98 

S4 5.92 6.4* 456 756* .97 .98* 

S5 5.99 6.39 488 732* .97 .97 

* signifies a significant difference in the alpha diversity metric (p-value < 0.05) 

 

Examining community membership, the collective urban stream network (all five streams) 

microbial community was primarily comprised of Acidobacteria, Actinobacteria, Bacteroidetes, 

Epsilonbacteraeota, Firmicutes, Omnitrophicaeota, Patescibacteria, Planctomycetes, 

Proteobacteria, and Verrucomicrobia, with Proteobacteria dominating in all urban stream 

networks, making up 52 to 66% of the community (Figure 9). The presence and abundances of 

these phyla are consistent with previous work which has highlighted their ubiquitous presence in 

both urbanized and forested stream networks153–155. Previous studies of streams and rivers have 

found that in-stream microbial populations are related to taxa typically found in lakes and other 

freshwater environments154,156. Proteobacteria, Bacteriodetes, Verrucomicrobia, and 

Actinobacteria are all considered typical freshwater lake phyla and have been studied 

extensively156. Of the remaining phyla, members of the Planctomycetes, Acidobacteria, and 

Firmicutes phyla are commonly found in freshwater sediments156, while more recent work has 

shown the abundance of both Omnitropicaeota and Patescibacteria in fresh- and groundwater 

systems157. Overall, significant changes in the relative abundances 
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of Actinobacteria, Bacteroidetes, Omnitrophicaeota, Planctomycetes, Verrucomicrobia, and less-

abundant phyla, such as Chlamydiae, were observed after PO4
3– addition into the DWDS (Figure 

9). Previous work has observed an association between each of these phyla and phosphorus uptake 

or utilization in sediment and marine environments158–160, however no study has detailed an 

association with phosphorus in freshwater environments. Future work should focus on assessing 

potential impacts of PO4
3- addition on these six taxa given their importance in decomposition of 

organic matter and nutrient cycling as changes to their abundance may result in negative ecosystem 

impacts.   

 

Figure 9: Top 10 most abundant phyla in all five urban streams before and after PO4
3- addition in the 

distribution system. Proteobacteria dominated the urban stream microbial communities under both conditions. 

Significant differences (p-value < 0.05) in phyla after PO4
3- addition in the DWDS are indicated by an asterisk. 
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Examining each stream individually, streams S1, S3, and S5 (Appendix B Figure B4)  all 

had the same top ten phyla present over the course of the study, with limited significant differences 

in Acidobacteria, Planctomycetes, and Verrucomicrobia in S1 and none in S3 and S5. Both 

Planctomycetes and Verrucomicrobia belong to the Planctomycetes-Verrucomicrobia-

Chlamydiae (PVC) superphylum which is an amalgamation of members of the three 

aforementioned phyla and four others, including Omnitrophicaeota (also known as OP3, 

Omnitrophica)161. Members of the PVC superphylum are widely distributed in the environment, 

occurring in soils, marine and freshwaters, and even human and animal intestinal tracks42,43. 

Furthermore, previous works have observed an association between Planctomycetes and 

Verrucomicrobia abundance and phosphorus uptake or turnover in soils or algal masses158–160. 

Similarly, previous work has also associated the abundance of members of the Acidobacteria 

phylum with phosphorus turnover in soil samples159, however no study has examined the 

association between the aforementioned taxonomical abundances and phosphorus uptake in 

aquatic environments.  The observed changes in PVC superphyla and Acidobacteria relative 

abundances could be indicative of phosphorus from the DWDS making its way into the urban 

stream networks, however further work would need to be done to confirm this. 

Streams S2 and S4 differed in their top ten phyla (Appendix B Figure B5) with 

Elusimicrobia significantly increasing and replacing Actinobacteria in stream S2 and Chlamydiae 

replacing Epsilonbacteraeota in stream S4 after DWDS PO4
3- addition.  Limited studies162–164 have 

examined Elusimicrobia (now known as Elusimicrobiota), however they have been found in a 

variety of environments (e.g., groundwater, freshwater, intestinal tracts of animals and insects, 

sediments) and are predicted to possess nitrogenase (enzyme responsible for catalyzing biological 

nitrogen fixation) analogs that could be responsible for their nitrogen fixation abilities. 
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Furthermore, it is suggested that some lineages of Elusimicrobiota may have other nitrogen related 

enzymes (e.g., nitrite/nitrate oxidoreductase) that are used in energy conservation, but not much is 

known about this phylum in that case. As there were changes in nutrient limitation in the urban 

streams, the response and increased abundance of Elusimicrobiota may have been due to more 

favorable conditions for that taxa as opposed to Actinobacteria. Chlamydiae is a part of the PVC 

superphylum and contain both environmentally ubiquitous species and human pathogens165, with 

recent studies in urban streams finding increased Chlamydiae after rainfall events driven by 

combined sewer overflow discharges166. Although this phylum appeared in low proportions (1-

4%) in S4, it is important to note that a combined sewer overflow outfall exists in the immediate 

vicinity of this stream and could be a potential source for this taxa, further highlighting the 

connection between the urban streams and urban water infrastructure. Furthermore, although not 

studied in the context of surface waters extensively, recent work in the marine space has identified 

one lineage of the Chlamydiae phylum that could uptake inorganic phosphate167.  As such, the 

prospect of phosphate impacts on the Chlamydiae phylum (and other members of the PVC-

superphylum) are interesting for future consideration as potential eutrophication biomarkers in 

aquatic systems. 

No significant changes in Cyanobacteria or C. Accumulibacter relative abundance were 

observed after PO4
3- addition into the DS, nor were they present in the top ten taxa of any stream 

compared with urban stream samples collected before PO4
3- addition into the DS. Members of the 

C. Accumulibacter genus are commonly found in wastewater treatment plants that perform 

enhanced biological phosphorus removal168, so the low relative abundance in more dynamic 

freshwater systems, where parameters affecting their survival can vary depending on hydrologic 

conditions, is expected. The lack of significant changes in Cyanobacteria however was an 
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unexpected result as increased abundance of Cyanobacteria and other eutrophication- related taxa 

have been associated with an increase in the availability of phosphate due to its role in cell growth 

and maintenance125,126. Certain Cyanobacteria are known to have a high affinity phosphate uptake 

system, called the “phosphate-specific transport system”169, however, many of these functional 

traits are only induced under low phosphate concentration conditions (<0.1 mg/L170); which were 

not displayed in the streams in this work. Collectively between the five urban streams studied, 

Cyanobacteria had an average relative abundance of 0.87% ± 1.1% before PO4
3- addition into the 

DS, and 0.65% ± 0.62% after PO4
3- addition. Combined with the results from the eutrophication 

assays149, it is likely that the low abundance of Cyanobacteria is a combination of elevated 

phosphorus requirements and a natural occurrence in this set of urban streams. Likewise, the low 

abundance of Cyanobacteria could also be a result of the functional resiliency of the community 

(i.e., other organisms occupied the functional space that cyanobacteria usually do, therefore 

leaving it outcompeted) Future studies should include continued examination of Cyanobacteria 

and specific taxa including known contributors to harmful algal blooms such as Microcystis. 

 Overall, the lack of significant changes in the relative abundance of both Cyanobacteria 

and C. accumulibacter could be due to the dynamic nature of urban streams171. For example, 

seasonal changes in hydrologic conditions (e.g., streamflow, groundwater table) and 

environmental parameters can impact necessary (or inhibitory) nutrients for certain organisms172, 

which in turn would impact and shift microbial growth rates. As such, future studies should 

consider and explore the impacts of seasonal and event based hydrological dynamics on microbial 

nutrient availability. Furthermore, it is known that PO4
3- binds with lead in pipe networks, so 

although DWDS pipe leaks could contribute additional phosphorus to urban stream networks, the 
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amount may not have been enough to cause significant changes in Cyanobacterial or C. 

Accumulibacterial abundance given other temporal and seasonal changes in the streams. 

3.3.2.3 Absolute Abundance Analysis 

No significant difference in the absolute abundance of total bacteria (Figure 10), 

Cyanobacteria (eutrophication indicator phylum), or C. Accumulibacter (polyphosphate 

accumulating genus) was observed in any urban stream after PO4
3- addition into the DS (Appendix 

B Figures B6, B7). The lack of significant differences in absolute abundance combined with the 

significant changes in the relative abundance of different taxa in the urban streams suggests that 

PO4
3- may be causing urban stream microbial communities to respond differently rather than 

changing the total number of organisms present in the urban streams. Different microorganisms 

have different nutrient requirements and as such, the amount of PO4
3- reaching the streams from 

the DS may be enough for some members, while not enough for others. This conclusion is also 

supported by the observation of increased phosphorus requirements for Cyanobacteria in these 

urban streams from eutrophication assays conducted by Balangoda et al.149. As such, it is 

imperative that future studies examine the impacts of long-term PO4
3- addition on urban streams 

as lower dosages are used for scale maintenance in the DS and continued infiltration occurs. 
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Figure 10: Total bacteria absolute density in urban streams before and after PO4
3- addition into the DWDS. No 

significant differences were observed in any stream after PO4
3- addition. 

3.3.2.4 Impacts of Environmental Parameters on Urban Stream Microbial Community 

Composition 

Canonical correspondence analysis (CCA) of the urban streams microbial community 

composition revealed that 21% of the variance in composition could be explained by the 

geographic location of the streams, season, the presence, or absence of PO4
3- addition into the 

DWDS, total and dissolved iron concentration, nitrogen concentration, phosphorous 

concentration, and human population density (Table 5). The presence or absence of PO4
3- in the 

DWDS and the total phosphorus concentration of the streams were significant factors in explaining 

community composition likely due to these two parameters being related. Combined with the 

significant increase in the average total phosphorus concentrations after PO4
3- addition into the 
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DWDS (Figure 7), this result provides further evidence that PO4
3- may be reaching the urban 

streams via leaks from the DWDS. Additionally, iron is an important biogeochemical element that 

can serve as a co-factor in several biological processes171,172, thus its significance in explaining 

variance in the microbial community is understandable. Microbial iron reduction has been shown 

to play a critical role in several nutrient cycles including nitrogen and phosphorus173 and iron-

oxidizing bacteria are often abundant in urban streams where groundwater infiltration occurs174. 

Overall, with only 21% of the variance explained by parameters that were collected, there is still 

a large amount of variance unaccounted for in the microbial community. Other parameters that 

have been observed to be microbially relevant in urban stream systems include stream flow and 

residence time172, differences between community compositions of sediments and bulk stream 

waters175,176, and climate and extreme weather impacts177. Future studies of urban stream 

microbiomes should plan to include measurements for these parameters to better explain major 

drivers in community composition. 

 

Table 5: Linear effect model for the stream community composition (OTUs) using all the 

stream water samples collected (n = 85) over the course of one year 

 

Data 

Transformation Model componentsa 

Explained 

by 

Modelb 

hellinger(x) 
Stream Location6.37% ± Season5.18% ± DWDS PO4

3- Addition1.70% 

+ Total Phosphorus1.96% - Total Nitrogen1.68% + Human 

Population Density1.55% + Total Iron2.97% -  
21% 

aSuperscript numbers proceeding each component in the models show their relative percent contribution to the 

overall model. bPercentage explained pertains to the adjusted R2 for the overall model. All models were significant 

at p-values <0.001 
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3.3.3 Predicted Impacts of PO4
3- Addition on Urban Stream Microbial Function 

3.3.3.1 Default Phenotypes 

Of the default phenotypes assessed by BugBase, there were no predicted significant 

changes observed after PO4
3- addition into the DWDS, however, significant differences in 

phenotypic traits in urban stream have been observed seasonally178–180 and spatially153. 

3.3.3.2 Phosphorus Related Functional Traits 

Predicted significant differences in phosphate uptake phenotypic traits including bacterial 

two-component regulatory systems (e.g., CreB-CreC, UhpB-UhpA) were observed in the urban 

streams after PO4
3- addition (Figure 11, Appendix B Figures 8, 11, 12). Changes in two-component 

regulatory systems are not surprising given that they are bacterial response mechanisms to changes 

in environmental conditions181 and they result in a cascade of different gene expressions181,182. A 

predicted significant decrease in the relative abundance of the CreC-CreB phosphate regulation 

system (CreBC) was observed in the urban streams S1, S4, and S5 (Figure 11 and Appendix B 

Figures 8, 11, 12, respectively). The CreBC system is a conserved regulatory system that has been 

observed in a myriad of gram-negative bacteria, including Escherichia coli and Pseudomonas 

aeruginosa183. In these microorganisms, CreBC is responsible for the global regulation of gene 

expression184 for nine genes dealing with mediation of growth, adaptation, and biofilm formation, 

however, in environmental conditions (i.e., limited nutrients) it is directly related to carbon source 

and energy metabolism184.  Additionally, a predicted significant increase in the relative abundance 

of the UhpB-UhpA hexose phosphate system was observed (Figure 11), which has been linked to 

the ability to uptake a broad range of organic phosphates185. As temporal and spatial fluctuations 

occur in stream waters, it is expected that nutrient sources for microbial communities likewise 
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change, therefore as phosphorus concentrations in the urban streams were elevated after PO4
3- 

introduction into the DWDS (Figure 7), it is possible that the Carbon:Nitrogen:Phosphorus (CNP) 

ratio changed impacting the relative abundance of microorganisms that express these systems and 

could be suggestive of PO4
3- leaching from the DWDS. As such, total nitrogen – total phosphorus 

ratios (TN:TP) were calculated (Appendix B Table 13) and compared before and after PO4
3- 

addition in the DS149. No significant difference in TN:TP ratios were observed after PO4
3- addition 

into the DS, however a seasonal pattern was observed. The lack of significant differences in TN:TP 

ratios could be due to the complex dynamics of phosphorus species in streams149. As such future 

studies should also measure the carbon concentration to gain a better understanding of nutrient 

dynamics and the interactions between microbial communities as the CNP ratio can vary vastly in 

planktonic communities depending on a number of environmental factors186,187.  

 

Figure 11: Predicted relative abundance of phosphorus- and nitrogen-related phenotypes in urban streams 

before and after PO4
3- addition into the DWDS. Predicted significant differences in bacterial two-component 

regulatory systems and nitrogen fixation were observed across three of the five urban streams examined (*, 

P < 0.05; **, P < 0.01). 
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3.3.3.3 Nitrogen Related Functional Traits 

Of the phenotypes relating to nitrogen utilization and uptake, there were predicted 

significant changes in the relative abundances of the NtrY-NtrX nitrogen two-component 

regulation system (NtrYX) and nitrogen-ammonia fixation after PO4
3- addition into the DWDS 

(Figure 11), with overall predicted significant changes driven by stream S4 (Appendix B Figure 

11). The NtrYX system is found in a variety of Proteobacteria and has been observed to be linked 

to several cellular processes including responses to oxygen stress, biofilm formation, and nitrogen 

fixation in the environment188–191. This significant change in predicted functional profile alongside 

a significant increase in relative abundance of the nitrogen fixing taxa Planctomycetes192 (Figure 

9), which have been observed to express the NtrYX system191 suggests the stream microbiome is 

responding to increased total phosphorus loading (Figure 7) This observation matches with the 

results from a previous study in which the NtrX gene was upregulated in an high phosphate 

environment193, however, future studies should also confirm this change in the presence of 

extended PO4
3- use in the DWDS.  

Similarly, there was a predicted significant decrease in the functional trait for dissimilatory 

nitrate reduction, which could also be a response to the increased phosphorus loading in the urban 

streams. Furthermore, the predicted decrease in dissimilatory nitrate reduction could also be a 

result of a shift in nitrogen uptake in the urban stream network. Since there was an increase in the 

relative abundance of microorganisms that could fix atmospheric nitrogen and express the NtrYX 

system, there would be less of a need for those microorganisms who could reduce nitrate to satisfy 

overall nitrogen needs.  

Overall, while predicted significant changes in both functional traits relating to phosphorus 

and nitrogen utilization were observed, these results should be interpreted with caution. To better 
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assess the active expression of functional traits in the urban stream microbial community, future 

studies should consider examining the impacts of prolonged PO4
3- addition in the DWDS on the 

active microbial community by utilizing RNA-based approaches rather than DNA. Additionally, 

conducting RT-ddPCR on specific functional traits (e.g., nifH – indicator gene for nitrogen fixing 

bacteria) of interest over time would be a helpful addition to elucidating the impacts of PO4
3- 

addition into the DWDS on urban stream microbial community functionality.  Furthermore, as 

PO4
3- continues to be added into the DWDS as a form of corrosion control, future studies should 

also examine the impacts of extended low dosages of PO4
3- on urban stream microbial community 

functionality to ensure no adverse effects occur.  

3.4 Conclusions 

The addition of PO4
3- as a DWDS lead corrosion control mechanism is a widely utilized 

and effective option, however the effects it can have on the microbial ecology of hydrologically 

connected urban streams were not previously documented. As many cities draw water from and 

release water to freshwater sources, this work examined the potential impacts of increasing the 

amount of phosphorus in the DWDS and its residual effects in surrounding urban stream networks. 

A significant increase in the total phosphorus concentration in the urban streams was observed 

after PO4
3- addition into the DWDS and isotope analysis suggests the dominant source of nitrogen 

in these streams is urban wastewater. Collectively, these two observations suggest that the streams 

are hydrologically connected to the DWDS, and more generally urban water infrastructure. 

Additionally, varying changes in the urban stream’s microbial community composition and 

predicted changes in nitrogen and phosphorus functional traits were observed after PO4
3- addition 
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into the DWDS. The observations presented in this study suggest that while phosphate-based 

corrosion inhibitors are an effective tool in mitigating lead corrosion, their infiltration into local 

water bodies through leaks and breaks may result in changes in the existing stream microbial 

community. It should, however, be stressed that the impacts of such changes are unknown, but due 

to the degree of microbial functional redundancy in aquatic ecosystems it is possible that 

ecosystem impacts would not occur or would only be apparent over a longer timeframe than the 

year of study discussed here. Future work should carefully monitor how the microbial ecology of 

hydrologically connected urban streams change over longer periods of time when using phosphate-

based corrosion inhibitors to ascertain the true urban stream impact. 
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4.0 Specific Aim 3.0: Examination of the Impacts of Drinking Water Distribution System 

Phosphate Corrosion Control Addition on the Distribution System Microbiome 

Specific Aim 3.0 was partially funded by The National Science Foundation (grant number: 

1929843). The results of Specific Aim 3.0 have been published in one journal publication and 

results shared in four conference proceedings: 

Journal Article 

Isaiah Spencer-Williams, Mitchell Meyer, William DePas, Emily Elliott, and Sarah-Jane Haig. 

Assessing the Impacts of Lead Corrosion Control on the Microbial Ecology and Abundance of 

Drinking-Water-Associated Pathogens in a Full-Scale Drinking Water Distribution System. 

Environ. Sci. Technol. 2023, 57, 48, 20360–20369. https://doi.org/10.1021/acs.est.3c05272 

Peer Reviewed Conference Proceedings 

Spencer-Williams, I., Meyers, M., DePas, W., Elliott, E., Haig, S.J. A Delicate Balance: 

Addressing Lead Contamination and Drinking Water-Associated Pathogen Abundance in a Full-

Scale Drinking Water System. PA-American Water Works Association Southwest District Spring 

Meeting 2023. April 14, 2023 

Spencer-Williams, I., Haig, S.J. Exploring the Impacts of Full-Scale Distribution System Lead 

Corrosion Control on Drinking Water-Associated Pathogens. Pennsylvania Water Environment 

Association Annual Technical Conference. June 7, 2022.  

Conference Proceedings 

https://doi.org/10.1021/acs.est.3c05272
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Spencer-Williams, I., Meyers, M., DePas, W., Elliott, E., Haig, S.J. PO4
3- Corrosion Control: The 

Unintended Consequences on Nontuberculous Mycobacteria in a Full-scale Drinking Water 

Distribution System. AEESP Annual Conference 2023. June 20 – 23, 2023.  

Spencer-Williams, I., Mohammadshafie, N., Haig, S.J. Assessing the Impact of Orthophosphate 

Corrosion Control on Microbial Abundance in a Full-Scale Drinking Water Distribution System. 

AEESP Annual Conference 2019. May 14 – 16, 2019. 

4.1 Introduction 

As discussed in the introduction of the previous chapter, it is the responsibility of drinking 

water utilities to provide reliable access to potable drinking water. Therefore, it is vital that any 

operational changes made in the DWDS are holistically evaluated to ensure that negative public 

health impacts will not occur. Holistic evaluations of DWDS changes should include examinations 

of chemical contaminants that are already regulated (e.g., lead) and observations of contaminants 

on the CCLs, the impacts on total concentrations of different microorganisms connected to 

infrastructure issues (e.g., sulfur reducing bacteria), and any other risks that may be associated 

with the change. Many utilities often depend on microbial results obtained from standard organism 

measurements (i.e., fecal coliforms) or heterotrophic plate counts (HPCs) as their proxy for overall 

microbial water quality194. However, previous work has shown that both standard fecal indicator 

organisms and HPCs often do not correlate with pathogen presence in aquatic systems8. Although 

useful methods in their respective rights, only relying on these types of measurements limit us 

from understanding other facets of microbial water quality risk assessment such as the presence of 

DWPIs. Pulmonary infections resulting from DWPIs that predominately cause infections in 
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immunocompromised individuals are a leading cause of morbidity and mortality195–198in the 

United States197 and are estimated to cost the United States economy 2.39 billion annually199. 

Although all bacteria have the potential to cause human infection198, DWPIs are typically referred 

to as organisms that pose little threat to healthy individuals but can cause infection in 

immunocompromised people (e.g., individuals with AIDS, cancer, cystic fibrosis12). Today, the 

incidence of waterborne disease outbreaks in the United States attributed to DWPIs that are not 

regulated by the U.S. EPA (e.g., L. pneumophila, and NTM) are increasing, far exceeding the 

traditionally monitored fecal-borne pathogens200–203. Furthermore, recent evidence has suggested 

that even otherwise healthy people can become infected with NTM after repeated exposure204.  

DWDS’s are a microbially diverse aquatic ecosystem that can be altered by several factors 

including source water quality, temperature, treatment processes, disinfection methods, piping 

materials, and nutrient limitations27,155,205. Furthermore, the DWDS is an oligotrophic environment 

where diverse microbial communities containing DWPIs compete for limited nutrient availability. 

Thus, the introduction of up to 1.8 mg/L of PO4
3- as a lead corrosion control agent into a DWDS 

which previously had non-detectable PO4
3- will likely result in increased microbial growth and 

changes in microbial community composition in the DWDS. Specific Aim 2.0 examined the 

impacts of full-scale DWDS PO4
3- lead corrosion control addition on hydrologically connected 

urban streams (which receive some of their water from the leaking and aging drinking water DS), 

with results suggesting that PO4
3- addition impacted the microbial community composition of 

some urban streams, but this taxonomic change did not translate to immediate functional 

differences stressing the need for more long-term surveillance.  Likewise, it is important to 

examine the impacts of prolonged PO4
3- addition on the microbial ecology of the DWDS to 
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understand if excess phosphate will change nutrient limitation status in the DWDS and in turn lead 

to changes in the concentration and types of microbes present which could impact public health.  

Despite the vast improvement in our understanding of the drinking water microbiome in 

the last decade206,207, we still know relatively little about the impacts that large scale utility changes 

(e.g., the addition of PO4
3- corrosion inhibitors) have on the drinking water microbiome. The 

addition of excess phosphorus into a DWDS with previously non-detectable phosphorus could 

potentially have various impacts on the DWDS microbial community composition (adverse for 

some microorganisms due to the change in nutrient availability and beneficial for others allowing 

increased microbial regrowth DWDS208,209). In particular, recent metagenomics studies in a UK 

DS found an increase in microorganisms related to enhanced phosphate metabolism (e.g., 

Candidatus Accumulibacter)208,210,211 after increased phosphate addition. Furthermore, the 

importance of phosphate to the growth of DWPIs has been indicated in previous studies. For 

example, L. pneumophila have been shown to cause hypophosphatemia (low phosphate blood 

serum levels) during infections212, and phosphate water softeners have been shown to enrich for 

Legionella213. Furthermore, drinking water appropriate levels of phosphate for corrosion control 

(1 – 3 mg/L) have been shown to reduce the biocidal effects of copper ions on culturable 

Legionella214,215, increase the amount of Legionella and Mycobacteria present in source waters216, 

and phosphorus presence in a model DWDS has been shown to correlate with Mycobacterium 

relative abundance217,218. It is also important to note that DWPIs are often found in complex biofilm 

communities that can be affected by nutrient fluctuations and availability219,220. Therefore, given 

that infections associated with DWPIs annually cause >145,000 infections12, costing the economy 

>$62 billion in losses due to deaths based on a value of statistical life calculation using the 

Department of Health and Human Services central value221,and are resident microbes of the 
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DWDS, it is essential that any operational changes in the DWDS also involve proactive DWPI 

monitoring. The work presented in Aim 3 assesses the impacts of PO4
3- corrosion control addition 

on the microbiome and DWPI density in the DS. It is hypothesized that the addition of excess PO4
3- 

into a phosphorus limited DWDS will change both the total bacterial abundance and microbial 

ecology of the drinking water DWDS, with an increase in L. pneumophila and NTM density 

expected.  

4.2 Research Approach 

4.2.1 Sample Information and Orthophosphate Addition Details 

From February 2019 to March 2020, samples were collected from seven routine monitoring 

sites in a DWDS in Pittsburgh, PA, USA, all of which received water from the same drinking water 

treatment plant (Figure 6). This plant treats surface water by using coagulation, sedimentation, 

filtration, and disinfection by chlorination. After disinfection, the treated water is pumped to a 

storage reservoir and then treated at a smaller treatment plant (microfiltration, UV light, and 

chlorination) before transport through the DWDS. The seven sites are in six different pressure 

districts representing residence times ranging from 59 to 229 h as estimated by a tracer study222. 

Prior to April 2019, soda ash was used as the corrosion control agent in the DWDS. After 

a year-long model pipe loop study conducted with the Pennsylvania Department of Environmental 

Protection, the drinking water utility decided to switch their corrosion control over to PO4
3–, as it 

was the more effective option given the water chemistry of the system. Prior to 

PO4
3– implementation, the utility conducted a 7-month DWDS flushing campaign beginning in 
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September of 2018. PO4
3– was applied at three different locations throughout the DWDS: once 

directly after treatment in the treatment plant, once at a DWDS pump station, and once after treated 

water was distributed from one of the storage reservoirs. PO4
3– was applied into the DWDS in a 

step-down methodology over the course of 6 months, with a starting dosage of 3.0 mg/L PO4
3– in 

April 2019 to help ensure proper scale formation. As of September 2019, orthophosphate has been 

dosed at 1.8 mg/L PO4
3– for scale maintenance (Appendix C Figure 1). 

4.2.2 Sample Collection 

1L water samples from the seven distribution system monitoring sites were collected after 

flushing the faucet for at least five minutes and waiting for both the temperature and chlorine 

residual to stabilize223. All samples were filtered within one hour of collection through a 0.2 m 

polycarbonate filter (Isopore Membrane Filters, EMD Millipore, Billerica, MA, USA) and the 

resulting filters were stored at -20 C for DNA extraction. In reviewing the preliminary results, we 

observed a significant 2-log10 increase in NTM density and determined that further testing would 

need to be done to understand what caused this increase. As such, 12L water samples were 

collected at the treatment plant and used for our NTM bench-scale reactor assays. Two separate 

sampling bottles (Nalgene, Waltham, MA) were filled with 6L of water pre- and 6L post- PO4
3- 

addition, stored on ice after collection and their chlorine residual was quenched using sodium 

thiosulfate before use. 
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4.2.3 Water Quality 

Fourteen water quality parameters were measured (Appendix C Tables 1 and 2) following 

standard methods224. Temperature and pH were monitored on site using a portable pH and 

temperature meter (Hanna Instruments, Ann Arbor, MI, USA) (Appendix C Figures 1 and 2).  Free 

and total chlorine, and PO4
3- concentrations at the tap were measured onsite using a portable 

DR900 spectrophotometer (Hach, Loveland, CO, USA) (Appendix C Figure 2). ATP was also 

measured onsite using an AquaSnap Total ATP meter (Hygiena, California, USA). Total and 

dissolved concentrations of iron, manganese, copper, and lead were measured by inductively 

coupled plasma mass spectrometry (PerkinElmer NexION 300 ICP-MS, Waltham, MA). Prior to 

analysis, all dissolved metal samples were prepared by passing water through a 0.45 µm nylon 

syringe filter (Thermofisher, Waltham, MA) primed with 5 mL of sample.  All analyses, except 

pH, temperature, and ATP were performed in triplicate.  

4.2.4 Microbial Analyses 

4.2.4.1 Droplet Digital PCR 

DNA was extracted from the stored filters using the FastDNA Spin Kit (MP Biomedicals, 

Solon, OH) and stored at -20 ℃ until use. The density (number of gene copies per unit volume of 

sample) of total bacteria and Cyanobacteria was determined using digital droplet PCR (ddPCR) 

as previously described225. Additional ddPCR assays for L. pneumophila (Lmip gene)226, P. 

aeruginosa (Orpl gene)227, and NTM (atpE gene)228 were conducted using previously published 

primers (Appendix C Table 3) following the approach outlined in Section 3.2.4.1. 
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4.2.4.2 16S rRNA Amplicon Sequencing 

16S rRNA gene amplicon (V4-V5 hypervariable region) library preparation and 

sequencing were performed on all samples (collected DWDS samples and negative controls)  at 

Argonne National Laboratory following the Illumina Earth Microbiome Protocol141. Samples were 

processed following the procedures detailed in Section 3.2.4.2.  

4.2.4.3 Bench-Scale NTM Reactor Experiments 

Eight 1.5L glass batch reactors (Fisherbrand, Houston, TX) were set up to contain 1L of 

drinking water obtained from the DWDS within an hour of sample collection. Four reactors 

contained DWDS water pre- PO4
3- injection, and the remaining four contained DWDS water post-

PO4
3- injection. All reactors were kept in dark conditions and placed on individual stir plates 

(Corning, Corning, NY) set to 300rpm and run in parallel for 12 weeks until the reactors were out 

of water due to sample collection. To examine direct impacts on NTM growth, three different 

species of NTM that are found in the DWDS and have clinical or laboratory relevance were 

injected into the reactors: Mycobacterium abscessus (collected from a hospital ice machine, PA), 

Mycobacterium avium (collected from a monochloramine DWDS, MI223), and Mycobacterium 

smegmatis (strain  mc2155229, provided by the DePas lab, University of Pittsburgh). Each 

mycobacterial species was grown in liquid R2A media with growth measured via optical density 

and plate counts prior to inoculation. Once grown, equal concentrations of all three liquid cultures 

were mixed achieving a final concentration of 1x108 cfu/L (representative of the DWDS NTM 

average) which was injected into each reactor. Biweekly samples were collected from each reactor 

and processed for culturable NTM (evaluated by plate counts on Middlebrook 7H11, following 

standard procedures) and total NTM, M. smegmatis, M. abscessus and M. avium absolute density 

by ddPCR using previously published primers (Appendix C Table 4).   
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4.2.4.4 NTM Aggregation Assays 

To determine the impacts of PO4
3- addition on NTM aggregation (biofilm formation), an 

assay developed by DePas et al.230 was utilized to distinguish and quantify aggregated cells and 

planktonic cells over time. Briefly, NTM cultures were grown in Tryptone-Yeast-Extract-

Magnesium Sulfate (TYEM) nutrient broth prior to starting the experiment to ensure the same 

starting concentration. Once grown, liquid culture replicates (n = 3 in each experiment, 3 total 

experiments for n = 9 for each NTM species) were grown in fresh TYEM nutrient broth for 35hr 

(as previous work230 shows peak NTM dispersal within 35hr) with different concentrations of 

PO4
3- (0, 1, 20, and 100 uM). Cultures were then harvested by passing the culture through a 10 μm 

(M. smegmatis) or 5 μm cell strainer (M. abcessus, M. avium) and the optical density (OD600) of 

both the planktonic fraction (i.e., cells that passed through the strainer) and the aggregates collected 

on the strainer were recorded. The OD600 of the planktonic fraction was immediately recorded, 

while aggregates that collected on the strainer were resuspended in phosphate-buffered saline 

(PBS) with 6% Tween20 (Sigma-Aldrich, St. Louis, MO, USA). This suspension was then 

sonicated to resuspend remaining aggregates before recording the OD600. OD600 readings were 

used to calculate the planktonic to aggregate ratios. Average planktonic/aggregate ratios were then 

compared across phosphate concentrations using non-parametric Wilcoxon testing (significance 

denoted at p-value < 0.05).  

4.2.5 Statistical Analyses 

Taxonomic and OTU tables generated for the samples were transformed using the 

Hellinger transformation due to the dataset having many rare OTUs (present in a few samples), or 

low abundance OTUs (i.e., less than 10% relative abundances144). The transformed OTU data was 
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then used to calculate pairwise dissimilarities between samples based on the Bray-Curtis 

dissimilarity index. Resulting matrices were examined for temporal and spatial patterns in the 

bacterial community structure by Non-metric Multidimensional Scaling as implemented in the 

Vegan package (version 2.5-7) in R (version 4.0.2)145. Significant differences in the microbial 

community compositions (Hellinger transformed OTUs) before and after PO4
3- addition were 

determined by nonparametric permutational multivariate analysis of variance (PERMANOVA) 

and differential abundance analysis using DESeq2231. Relationships between environmental 

parameters and patterns in microbial community composition were examined by canonical 

correspondence analysis (CCA) with significance tested by ANOVA after removing collinear 

variables (variance inflation factor analysis value <10) and reducing the overall suite of 

environmental variables with a stepwise Akaike information criterion model. Additionally, 

significant differences in the relative and absolute bacterial density before and after PO4
3- addition 

and differences in NTM species aggregation were determined by non-parametric Wilcoxon testing, 

while the functional relationships between water quality parameters and bacterial groups were 

analyzed by stepwise multivariate forward / reverse regression analysis. All statistical analyses 

were performed in R (version 4.0.2)147 with significance set at a p-value < 0.05.   
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4.3 Results and Discussion 

4.3.1 Impacts of PO4
3- Addition on DWDS Microbial Community Composition 

4.3.1.1 Non-Metric Multidimensional Scaling Analysis 

For the 98 samples collected from the DWDS over the course of 1 year, NMDS (Figure 

12a and 12b) and PERMANOVA analysis on the 16S rRNA gene amplicon sequencing data 

showed significant seasonal (r2 = 0.08, p-value < 0.001) and pre- and post-PO4
3- addition (r2 = 

0.035, p-value < 0.001) variation in the DWDS microbial community structures. The observed 

seasonal differences in microbial community composition in the DS are consistent with previous 

studies27,232 and the observed differences in communities based on PO4
3- dosing corresponds with 

results found in Douterlo et al.208. Additionally, significant spatial differences were observed (r2 = 

0.07, p-value < 0.001), which is to be expected as each DWDS site has a different residence time 

and differing hydraulics and plumbing materials, however these spatial differences were only 

driven by temporary differences at one or two sites.  
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Figure 12: Non-metric Multi-Dimensional Scaling plots for all DS samples separated by a) season and b) 

orthophosphate addition into the DS (stress values = 0.26).  

The percentage contribution of each parameter as determined by Canonical Correspondence Analysis is 

displayed at the top of each graph. The ellipses represent the 95% confidence interval of the distribution from 

the centroid of the cluster of points.  

4.3.1.2 Alpha Diversity and Relative Abundance Analysis 

Overall, few significant differences were found in community alpha diversity (e.g., 

Shannon diversity, Chao’s richness, Pielou’s evenness) one year after PO4
3- addition despite the 

fact that previous work has found DS microbial communities to have temporal fluctuations due to 

differing flow patterns, season, location, and treatment processes27,205,232–234. After one year of 

PO4
3- addition, the average Chao’s richness significantly increased (before: 52 ± 23, after: 172 ± 

190, p-value = 0.037), which coincides with previous work detailing that environmental factors 

such as PO4
3- concentration can act as a selective force in DWDS systems208. However, in 

Douterelo et al., they found that increased PO4
3- decreased the richness of the microbial 

community. The contradiction in findings could be a result of DWDS differences including source 

water communities, DWDS pipe materials, and PO4
3- dosing schemes. PO4

3- was dosed into the 
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DWDS in Douterelo et al. at 1.2 mg/L, while in the DWDS examined here, the utility started 

dosing PO4
3- into the DWDS at 3.0 mg/L and then lowered the concentration to 1.8 mg/L over 

time. The inclusion of a step-down approach for PO4
3- dosing in the DWDS is likely a critical step 

in shaping the microbial membership within the pipe systems and its impact should be clarified in 

future studies. While richness significantly increased after one year of PO4
3- addition, it is 

important to note that diversity is a combination of both richness and relative abundance of 

organisms. Therefore, while there can be an increase in the total number of organisms, if the 

relative abundances do not shift (i.e., in the case of an increase in a myriad of rare taxa at low 

abundances) then it is likely that community diversity will not change. Given this, the lack of 

significant differences in alpha diversity metrics could also be attributed to the shifting of 

functional or ecological niches, the varying C:N:P ratio requirements of different 

microorganisms186,187, or a result of the duration of the study.   

Examining community membership, the top ten phyla present in all DWDS sites were 

predominately composed of: Acidobacteria, Actinobacteria, Bacteriodetes, Chloroflexi, 

Cyanobacteria, Dependentiae, Firmicutes, Planctomycetes, Proteobacteria, and Verrucomicobia. 

Proteobacteria and Actinobacteria dominated across all DS sites (Figure 13), comprising up to 

98% of the community at times throughout the study. These results are consistent with other 

DWDS studies that examine community membership at the phylum level235–237. Furthermore, the 

Acinetobacter, Pseudomonas and Sphingomonas genera were the only three genera within the top 

10 most abundant taxa present both before and after PO4
3- addition (Figure 13), while a mix of 

smaller proportioned genera dominated across the sites.  
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Figure 13: a) Top 10 most abundant phyla and b) top 10 most abundant genera across all DWDS sites before 

and 1-year after full-scale PO4
3- addition (n = 14 in each condition).  

To control for seasonality, only the matching months before and after PO4
3- application were compared. 

 

Apart from Cyanobacteria, differential abundance analysis revealed no other significant 

changes in the relative abundance of typical drinking water phyla. At the genus level, there were 

multiple significant changes in the abundance of rare drinking water taxa (e.g., Nevskia, 

Stenotrophomonas) and other uncultured organisms that could not be identified further. 

Cyanobacteria (particularly non-photosynthetic relatives such as Melainabacteria, which made up 

a third of the Cyanobacteria present in the DWDS) generally represented 10% or less of the DS 

microbial community and appeared to significantly decrease (9% before PO4
3- addition, 2% one-

year after PO4
3- addition, p-value = 0.02) after PO4

3- addition into the DWDS. This observed 

significant decrease in Cyanobacteria relative abundance is consistent with results from nutrient 

limitation assays conducted using water from the DWDS by Balangoda et al149. Specifically, it 

was observed that green algae and Cyanobacteria grown in PO4
3- treated DWDS waters collected 

a year after PO4
3- addition only grew when provided with additional nitrogen treatment, as 
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compared green algae and Cyanobacteria in DWDS waters prior to PO4
3- treatment that needed 

both phosphorus and nitrogen supplement. This observation suggests that nutrient limitations 

shifted for Cyanobacteria in the DWDS, going from nitrogen-phosphorus co-limitation to strict 

nitrogen limitation. In previous studies125,238 conducted in lake systems, similar observations of 

inhibited cyanobacterial growth in the presence of specific elevated nutrients have been observed, 

while a recent study suggests that inorganic phosphate can act as an inhibitor for energy storage 

enzymes, thus reducing the amount of energy available for use under nutrient limited conditions239. 

As such, the decrease in the relative abundance of Cyanobacteria in the DWDS could suggest a 

shift in the nutrient limitation in the DWDS and be used as a potential indicator to evaluate nutrient 

limitations in situ.  However, further work is warranted to understand, evaluate, and better maintain 

nutrient limitations in the DWDS to control microbial presence and to better evaluate impacts on 

Cyanobacteria and related organisms abundance in drinking water such as Melainiabacteria like 

Vampirovibrio spp.,.  

The few significant changes in typical drinking water taxa observed in the DWDS 

microbial relative abundance in this study could be a result of the short duration of the study, as 

one year may not have been enough time to see any drastic impacts in microorganism abundance. 

Furthermore, although all DWDS monitoring sites receive water from the same treatment plant, 

the residence time varies widely between them, which could also have an impact on the types of 

organisms present240. The response in only a few typical taxa and many more rare (i.e., < 1% 

abundant or detected in a few samples) could also be indicative of shifts in microbial niches and 

function in response to elevated phosphate concentrations (and in turn, changes in nutrient 

limitations, C:N:P ratios, etc.), rather than shifts in taxonomic composition.  
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4.3.1.3 Impacts of Environmental Parameters  

CCA revealed that 16.4% of the variance in the microbial community composition could 

be explained by a combination of factors including: the geographic location of the DWDS sites, 

the season samples were collected in, pH, total copper concentration, total iron concentration, and 

total phosphorus (Table 6). Spatiotemporal (i.e., season and site location) variation was expected 

as previous work has highlighted the impacts of spatial27,205,232, temporal205,233, and seasonal 

effects27,234 on the drinking water microbial community processes. Likewise the impacts of pH, 

phosphorus and dissolved metals have been shown to impact the DS microbiome 208,210,211,213,219,232. 

Other parameters that are important include water temperature, disinfectant residual, and residence 

time within the pipe. Water temperature was a significant confounding variable (determined by 

variable inflation factor analysis) when included in the model with season, which is expected as 

water temperature is often a function of the season. Similarly, residence time within the pipe was 

also a confounding factor with DWDS site location. Disinfectant residual not contributing to the 

variance in the community composition is interesting because it has been observed that both 

community composition and functional potential are impacted by the presence of disinfectants in 

a DWDS27,241,242. Due to the relationships between disinfectant residual, residence time, water 

temperature, pipe material and corrosion, and inherent biofilm kinetics in the DWDS, it is likely 

that the impacts of disinfectant concentration were masked by site. Overall, to better examine this 

in the future, studies should consider collecting additional information including pipe material and 

disinfection byproduct measurements at the sampling point in the system, as well as conducting 

long terms studies at specific sites.    



 70 

Table 6: Linear effect models for the whole distribution system community composition, and 

absolute density of NTM and L. pneumophila using all the distribution system water samples 

collected (n=98) over the course of one year 

 

4.3.2 Predicted Impacts of PO4
3- Addition on DWDS Microbial Function 

4.3.2.1 Default phenotypes 

Throughout the DWDS, there were significant differences in the default phenotypic traits 

(e.g., aerobic, anerobic, biofilm formation) at two of the seven monitoring sites after PO4
3- addition 

into the DWDS. At site DS2 there was a decrease in the average predicted relative abundance of 

organisms that contained mobile genetic elements (MGEs), while at site DS6 there were increases 

in the predicted abundance of aerobic organisms and organisms capable of forming biofilms 

(Figure 14). MGEs (e.g., plasmids) are responsible for the meditation of horizontal gene transfer 

in bacteria, provide an important source of genetic diversity in microbial communities243, and are 

most often linked with the transmission of antibiotic resistance genes (ARGs)244. The observed 

Taxa 
Data 

Transformationa 
Model componentsb 

Explained by 

Modelc 

Community 

Composition 

(OTUs) 

hellinger(x) 

DWDS Site Location6.38% ± Season3.57% -

pH1.41% + Total Copper1.32% + Total 

Iron1.25% - Total Phosphorus2.46% 

16% 

NTM x-0.3 

Season29% + Total Phosphorus17% - L. 

pneumophila16% - pH6% - Total Iron3% 

+Turbidity3% + Cyanobacteria1% 

75% 

L. 

pneumophila 
x0.2 

Season36% - NTM16% - Total 

Phosphorus12% + Total Iron4% - Total 

Chlorine4% + pH3% - Turbidity1% 

76% 

aNTM and L. pneumophila concentrations were transformed using the Box-Cox method in R to ensure normal 

distributions of the data for the models. bSuperscript numbers proceeding each component in the models show their 

relative percent contribution to the overall model. cPercentage explained pertains to the adjusted R2 for the overall 

model. All models were significant at p-values <0.001 
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decrease in organisms containing mobile elements after PO4
3- addition into the DWDS could be 

indicative of increased microbial community adaptation to the environment. Many DWDSs are 

phosphorus limited216,245 and often many organisms must utilize mechanisms like horizontal gene 

transfer to improve stress tolerance or gain a competitive advantage. In the presences of elevated 

phosphorus from PO4
3- addition, it is possible that the C:N:P ratios at this site were favorable for 

organisms to not need to inherit genes or other mobile elements to keep a competitive advantage. 

However, more work over a longer period would need to be done to confirm this and identify if 

the increased MGEs correlates with increased ARGs. The increase of organisms capable of aerobic 

respiration and biofilm formation after PO4
3- addition at site DS6 could be indicative of adaptive 

responses to keep the community stable. Specifically, it has been reported that increasing 

phosphorus concentrations can result in a reduction in extracellular polymeric substance (EPS) or 

an increase in the amount of pores present in the biofilm, thus weakening biofilms and making 

them more susceptible to detachment under drinking water pipe flows208,246. If there were to be a 

huge detachment event, other organisms that may have been outcompeted in biofilm formation 

might have a new niche to fill in absence of those organisms lost to detachment; however, more 

work would need to be done to confirm this. Additionally, it is also important to mention that these 

differences were not observed site wide, suggesting that there may be more complex interactions 

at each specific site at play that were not captured in the sampling campaign. As such, it is 

imperative that long-term and site-specific monitoring be conducted to better understand the 

impacts of PO4
3- on a per site basis to help inform what level of PO4

3- dosing is needed to prevent 

lead leaching and adverse impacts to microbial communities.  
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Figure 14: Significant changes in predicted relative abundance of default phenotypes at sites 710 and 773 in the 

DWDS, significant difference at a p-value < 0.05 are denoted by * 

To control for seasonality, only the matching months before and after PO4
3- application were compared. 

4.3.2.2 Phosphate utilization phenotypes 

Of the phenotypes relating to phosphate uptake, significant increases in the UhpBA two 

component regulatory system and the NAD(P)H quinone oxidoreductase were observed after PO4
3- 

into the DWDS (Figure 15). The predicted significant increase in the UhpBA system is 

understandable as the UhpBA system has been linked to phosphate uptake185. The increase could 

be indicative of a shift in microbial community function as the application of phosphate would 

apply a selective pressure to the current community, but further work using RNA-based or genomic 

approaches would need to be done to confirm this. Additionally, a predicted significant decrease 

in the NAD(P)H quinone oxidoreductase in chloroplasts and cyanobacteria was observed. The 
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NAD(P)H quinone oxidoreductase (NQR) is a flavoenzyme that helps in detoxifying water soluble 

quinones (i.e. ubiquinones) via two-electron reduction, preventing cell death from the oxidative 

stress that results from the single-electron reduction of quinones247. In cyanobacteria, NQR plays 

a role in the respiratory electron transport chain. Given the significant decrease in cyanobacteria 

and its non-photosynthetic relatives in the DWDS, a decrease in the NQR would be expected. The 

decrease in NQR could also be indicative of the downregulation of genes such as the drgA gene, 

which control cell resistance to bactericidal agents247. Furthermore, the decrease in NQR could 

simply be a result of the excess phosphorus present, and as such, the microorganisms have adapted 

to producing more NADH, rather than NAD(P)H.  

4.3.2.3 Nitrogen utilization phenotypes 

Of the phenotypes relating to nitrogen utilization, the observed decreases in ammonia 

nitrification and nitrate denitrification may be a result of the increased phosphorus concentration 

in the distribution system, and as such, an attempt to keep the N:P ratio stoichiometrically 

favorable in an already nutrient limited environment. Likewise, the observed decrease in ammonia 

nitrification and nitrate denitrification could be connected to the results from Balangoda et al, as 

the DWDS switched from N:P co-limitation to strict nitrogen limitation one year after PO4
3- 

addition. Nitrogen utilization in the DWDS is often important in systems where chloramines are 

deployed as a supplementary disinfectant in response to poor free chlorine stability in the system. 

Chloramination can provide ammonia into the system which can then in turn promote the growth 

of nitrifying organisms, such as Nitrosomonas spp27,248. Although not the case here, the observed 

changes in nitrogen utilization after PO4
3- into the DWDS generate further questions about how 

PO4
3- addition would impact the microbial communities of chloraminated systems.  As such, future 
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studies should consider incorporating the examination of changes in community functional traits 

after making operational changes in a wide range of systems to ensure no adverse effects occur.  

 

Figure 15: Predicted relative abundance of phosphorus & nitrogen related phenotypes in the DWDS, significant 

difference at a p-value < 0.001 are denoted by ***  

A p-value of 0.001 was selected as the significance threshold because the functional trait prediction analysis 

was conducted on DNA samples rather than RNA samples. To control for seasonality, only the matching 

months before and after PO43- application were compared. 

4.3.3 Impacts of PO4
3- on Bacterial density and DWPI density 

As expected, the absolute density of total bacteria significantly increased one year after 

PO4
3- addition into the DWDS with a 50-fold increase in observed density (Figure 16a, Appendix 

C Figure 3). This change was likely driven by a 2-log10 increase in NTM density at all DWDS sites 

(Figure 16b). Interestingly, during this same timeframe a significant decrease in L. pneumophila 

density was observed across all DS sites (Figure 16a), likely due to a significant decrease in the 
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frequency of detection (100% detected before PO4
3-, 62% detected after PO4

3-, p-value < 0.001). 

Previous work has discussed the negative correlation between Legionella spp. and Mycobacterium 

spp.234 that may be due to both DWPIs competing for the same nutrients and niche. Further 

regression analysis revealed 76% of the variance in L. pneumophila density was explained by a 

combination of factors including NTM density (Table 5), further suggesting their proposed 

antagonistic relationship. However, it is also important to note that the significant decrease in the 

frequency of detection could be due to L. pneumophila density falling below the limit of detection 

of our method (this seems unlikely given the detection limit is one organism) or L. pneumophila 

entering protozoan hosts, which is often observed during times of stress249–251. 

 

 

Figure 16: a) Geometric average (n = 14) of absolute density of DWPIs, total bacteria, Cyanobacteria, and C. 

Accumulibacter in the DWDS before and one year after PO4
3- addition. Error bars represent the standard 

deviation. *** signifies a significant difference in measured density at p-value < 0.001. b) Boxplot of NTM 

absolute density at each DWDS site before and one-year after PO4
3- addition.  
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In both graphs, the pairwise data (i.e., February & March 2019 - before and February & March 2020 - one-year after 

PO4
3- addition) was used to control for seasonal fluctuations in density. 

 

Interestingly, sequencing results (relative abundance) of both Actinobacteria (3% decrease, 

p-value = 0.073) and Mycobacterium (1.5% increase, p-value = 0.483) do not reflect this 

significant increase, suggesting that community changes were driven at the subgenus level as 

reflected by ddPCR results.  It is also important to note that since our sequencing assays targeted 

the 16S rRNA gene which can vary between organisms, another possibility is that Actinobacteria 

and Mycobacterium differences may be masked by biasing towards changes in organisms with 

higher 16S rRNA copies (Mycobacterium have 1 copy of the 16S rRNA gene compared to the 

average 5.3 copies in bacteria in general). Possibly with metagenomics or more sampling, we may 

have observed changes in the Mycobacterium genus and future studies should take this into 

consideration when designing and planning to analyze these organisms. It is also important to note 

that the differences in assay target can make it challenging to analyze and compare these 

organisms. When doing amplicon sequencing (typically 16S rRNA), the data is generally reported 

as the relative abundance of the 16S rRNA gene copies present, while in ddPCR assays your gene 

target can be more specific (i.e., the atpE gene, the hsp65 gene). This could also account for 

differences in assay results and should be considered when evaluating changes in taxa at lower 

order taxonomic levels (e.g., genus, species). 

Previous work has detailed the ability of actinobacterial species to solubilize and uptake 

phosphorus in soil, freshwater, and marine environments252–254 and as such the observed significant 

increase in NTM density could result from the freshwater origins of the drinking water. 

Additionally, other work has shown a positive correlation between Actinobacteria abundance in 

drinking water systems and total phosphorus concentration255 while previous metagenomic work 
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has suggested that Actinobacteria may have a key role in phosphorus sequestration256 in the 

environment. Regression analysis on the NTM density data revealed that 74% of the variance in 

NTM density was explained by a combination of seasonality, total phosphorus concentration, L. 

pneumophila density, pH, total iron concentration, and turbidity (Table 5). Previous work has 

highlighted that NTM are impacted by factors such as season257, turbidity258, pH, nutrient 

availability, and metal concentrations259–261. Interestingly, however, the observed increase in NTM 

(Figure 17) also coincided with a decrease in water temperature (Appendix C Figure 1). This 

observation was counterintuitive as previous NTM work has reported seasonal increases in NTM 

during warmer times of the year257 and positive correlations with warmer water temperatures262. 

As such, the observed increase could have been due to a change in the biofilm population of NTM 

or potentially a response to a shift in ecological niches.  

Similar to Legionella, the genus Methylobacterium is also thought to have an inverse 

relationship with Mycobacterium, as previous work has highlighted the absence of Mycobacterium 

avium in showerheads colonized with Methylobacterium spp200,263,264 and a more recent study 

highlights that Methylobacterium spp. presence can impact Mycobacterium biofilm formation265. 

In the DWDS examined, Methylobacterium had an average relative abundance of < 1% in samples 

collected before PO4
3- addition and an average relative abundance of 2% in samples collected one 

year after PO4
3- addition into the system. Furthermore, no significant relationship between 

Methylobacterium and Mycobacteria was observed in the examined system, so it is unlikely that 

changes in NTM were due to Methylobacterium presence. Given the observed increase in NTM 

density after PO4
3- addition was not associated with other microbiome members it was important 

to determine whether the addition of PO4
3-increased NTM growth or altered biofilm processes.  
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Figure 17: a) ATP, b) absolute NTM density and c) total bacterial density in the DWDS throughout the study 

duration and comparison three years later.  

Note: only six samples were collected in 2022, as one of the routine monitoring sites has been shut down. No 

ATP measure was taken in the 2022 samples. 

4.3.4 Impacts of PO4
3- on NTM growth and aggregation potential 

Since the two-log10 increase in NTM density was observed suddenly across all DWDS sites 

seven months after PO4
3- addition (November 2019; Figures 17, Appendix C Figure 4), further 

bench-scale experimentation to understand the mechanism driving this were performed. More 

specifically impacts on NTM growth and aggregation (biofilm formation) potential in the presence 
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and absence of PO4
3- were assessed. Both viability (plate counts) and ddPCR analyses revealed no 

significant differences in total NTM or NTM species (M. smegmatis, M. avium, and M. abscessus) 

density between samples treated with or without PO4
3- (Appendix C Figure 5). Interestingly, M. 

smegmatis was only detected in 9% of the samples taken, possibly because the laboratory mc2155 

strain was outcompeted by the environmental M. abcessus and M. avium strains and other DWDS 

microbiota. It should also be noted that while all NTM were quantified (as identified by the atpE 

gene) in the DWDS, both M. avium and M. abcessus were present in the system at the time of the 

increase, albeit at lower densities (Appendix C, Figure 6). Given the sudden increase in the total 

NTM density in the DWDS and the lack of significant differences in batch reactor NTM growth 

(Figure 17, Appendix C Figure 5), it was unlikely that the PO4
3- addition caused a significant 

impact on NTM growth. Instead, it is possible the PO4
3- addition impacted NTM biofilm processes 

(formation and sloughing). 

  

Biofilm formation is a complex, dynamic, and a continuous process that has several stages, 

some of which are dependent on nutrient concentrations266,267 and specific to the type of bacteria 

present268. Generally, the process is divided into three major stages: adherence, proliferation, and 

dispersal268. As nutrient concentrations shift and as biofilms begin to reach full maturity (i.e., 

maximum volume), it is possible for organisms within biofilms to disperse into the planktonic 

phase and recolonize in areas where conditions are more suited to biofilm growth267. Previous 

studies have shown the impact of phosphate concentration on the production of extracellular 

polymeric substance (EPS, an important component in bacterial adhesion in biofilms)210,269,270 and 

biofilm structural mechanics246,271,272. Specifically, it has been reported that increasing phosphorus 

concentrations can result in a reduction in EPS or an increase in the amount of pores present in the 
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biofilm, thus weakening biofilms and making them more susceptible to detachment under drinking 

water pipe flows208,246. With respect to Mycobacteria, previous work has suggested that a lack of 

phosphate triggers the expression of genes and metabolic pathways relating to mycobacterial cell 

aggregation273, while a clinical study mentioned use of PBS to keep mycobacterial cultures in 

suspension274. Given these considerations, it was hypothesized that increasing phosphate 

concentrations could impact the aggregation potential of NTM species and the stepdown in PO4
3- 

dose in the DWDS (starting dose = 3.0 mg/L, scale maintenance dose = 1.8 mg/L) could likely be 

an explanation for the observed increase.  

To elucidate the impact of phosphate on NTM aggregation, a comparison of planktonic 

and aggregate fractions of NTM cultures grown at varying phosphate concentrations was 

conducted following the protocol developed by Depas et al. In nutrient rich media (primarily C:N 

dominated), DePas et al. observed initial aggregation with aggregate dispersion and planktonic 

growth occurring around 35 hours and beyond230. In the presence of phosphate-augmented media, 

M. smegmatis behaved similarly to what was observed by DePas et al., however, M. abcessus and 

M. avium behaved differently (Figure 18).  
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Figure 18: Planktonic vs aggregate NTM ratios (ranges in parentheses) for M. smegmatis (0 – 245) and M. abcessus (0 – 122) at different concentrations 

of phosphate (each tile is one technical replicate, for a total of n = 9 per species x phosphate concentration x time).  

Blue colored cells represent a smaller ratio, signifying a larger proportion of aggregated NTM cells while white/red colored cells represent a higher ratio, 

signifying a larger proportion of planktonic NTM cells. The white cells represent the 50th percentile of each specific species dataset. The ratios were 

obtained by dividing the planktonic OD600 measurements by the aggregate OD600 measurements. 
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The impacts of different phosphate concentrations on NTM species dispersal seem to be 

species dependent, as the results of the NTM aggregation assay on M. abcessus revealed an 

increased ratio with higher phosphate concentrations, while the same trend was not observed with 

M. avium. The NTM aggregation assays for M. abcessus revealed significantly (p-value < 0.001) 

lower average ratios (more aggregate or fractions) in the 0µM and 1µM phosphate conditions 

compared to the 20µM and 100µM conditions (Figure 18, Appendix C Figures 7, 8). The increased 

ratio in the presence of elevated phosphate suggests that increased phosphate concentrations may 

cause disaggregation (potentially biofilm sloughing) for M. abcessus. In the M. avium assays, 

elevated ratios were present regardless of phosphate concentration (Figure 18), suggesting that 

phosphate concentration had less impact on M. avium than other NTM species.  

The differences observed in NTM species could be attributed to differences in nutrient 

requirements between rapid- and slow-growing NTM, as one study posits that slow growing 

mycobacteria (e.g., M. avium) may not benefit from elevated phosphorus concentrations when 

compared with rapidly growing mycobacteria273. Additionally, previous spatial work has 

demonstrated NTM are late colonizers of biofilms in drinking water275. Therefore, it is possible 

that NTM could be on the outer surface of drinking water biofilms making detachment easier, 

however, more work is needed on the localization of NTM in drinking water biofilms. 

Furthermore, it is also possible that phosphate interacts with the constituents of the outer 

membrane of mycobacterial cells and causes a change in the cell hydrophobicity, however to the 

authors knowledge this has not been explored.  

Given the data presented, it is possible the sudden increase in NTM in the DWDS was due 

to a large biofilm sloughing event, an interaction between phosphate and the NTM cell walls, or a 
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combination of both. Moreover, given what appears to be a gradual decrease to a new increased 

baseline NTM density (Figure 17), it is also important to consider the timescales of impact. 

Previous work has examined the impact of nutrient starvation on biofilm formation and suggests 

that prolonged nutrient starvation can lead to increased biofilm detachment276. In the presented 

system, the shift from excess PO4
3- dosed in at 3.0 mg/L down to 1.8 mg/L could have been enough 

of a shift to trigger a starvation response from the biofilm. It could also be possible that the length 

of the elevated NTM concentrations were a delayed response to the change in DWDS PO4
3- 

concentration (Figures 17, Appendix C Figure 5).  Future studies should identify the drivers of 

NTM disaggregation in the presence of elevated phosphate concentrations, create a more 

normalized process for examining disaggregation that captures robust species dynamics and 

elucidate the species differences in biofilm formation potential, as well as determine the timescale 

of sloughing events in the DWDS.    Additionally, connecting these results back to the sequencing 

results, future studies should also examine the potential antagonistic interactions with other 

organisms such as Methylobacterium to better understand how those interactions also shape and 

contribute to biofilm formation in a complex environment like the DWDS.   
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4.4 Conclusions 

Overall, the results presented here suggest PO4
3- addition into the DWDS temporarily 

increased the total number of bacteria present in the DWDS and altered community structure with 

respect to an increase in NTM and decrease in L. pneumophila density. The findings presented 

provide an interesting basis for the continued monitoring of DWPIs in nutrient-limited water 

treated with PO4
3- corrosion control and demonstrated the need for surveillance during operational 

changes. Furthermore, as PO4
3- addition has been shown to elicit a 2-log10 increase in NTM density 

in a full-scale DWDS, likely driven by biofilm disaggregation from the results of the aggregation 

assays, more work is needed to understand the mechanisms driving this process. Future studies 

should consider using enhanced set-ups (e.g., pipe, continuous flow, or biofilm reactors with 

DWDS materials) to (1) conduct more targeted analysis (ddPCR and sequencing of different genes 

e.g., hsp65), (2) to determine what specific types of NTM or other DWPIs are present in a full 

scale DWDS, and (3) to continue to develop our understanding of the impacts of nutrients on these 

organisms and biofilm formation. Likewise, although no changes in NTM pulmonary disease 

incidence have been observed to date, additional longitudinal studies are required to ensure no 

adverse health impacts arise. 

 

 

 



 85 

5.0 Specific Aim 4.0: Identification of Basement Floodwater Source and the Links to 

Resident Health 

Specific Aim 4.0 was funded by The Pittsburgh Foundation (grant number: UN2021-121327) and 

the Center for Healthy Environments and Equity Research (CHEER) through the University of 

Pittsburgh’s School of Public Health. At the time of writing, sample collection and water quality 

analysis for Specific Aim 4.0 is still ongoing. As such, only a subset of the data will be presented 

for the purposes of this document. Further commentary is given in Chapter 7 on future directions 

for this work. The presented results have been shared with faculty, staff, students, and community 

partners at university held forums. These results have not yet been published in any peer reviewed 

journals or presented at any confe 

rences.  
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5.1 Introduction 

Among all natural hazards (e.g., earthquakes, heat waves, etc.), flooding has the greatest 

economic and social impacts across the entire United States, with said impacts increasing with 

time277. Historically, most flooding research, mitigation strategies, and policies have been targeted 

at coastal regions threatened by rising sea levels, hurricanes, and climate change278. However, 

flooding in urbanized areas presents an emerging issue in urban water management. In particular, 

flooding due to heavy rainfall events can overwhelm aging and deteriorating water infrastructures, 

thus releasing pathogens and chemical contaminants from untreated wastewaters back into the 

environment279,280 by way of combined sewer systems. In the United States, approximately 40 

million people are served by combined sewer systems in which stormwater and sewage are both 

conveyed in the same pipe281.  

In the City of Pittsburgh, recent shifts in precipitation patterns (15% increase in average 

annual rainfall levels from 2016-2020 compared to 2010-2015) combined with other geological, 

topographical, and environmental factors (e.g., percentage of impervious pavements) have 

contributed to increased flooding patterns and events (e.g., flash floods). As a result of increasing 

precipitation and stormwater volumes, Pittsburgh releases 34 billion liters of combined sewer 

overflow (mixed wastewater and stormwater) into local surface waters annually282, which results 

in violations of the Clean Water Act and can result in complications in downstream water 

processing (e.g., drinking water treatment). Likewise, the increase in precipitation and subsequent 

flooding also has impacts on urban environments. Many urban residents often experience the 

effects of flooding through sewer backups and basement inundation283.  

As such, it is imperative to identify and better understand the potential public health risks 

associated with basement floodwaters that could potentially contain untreated wastewater and 



 87 

sewage. Urban floodwaters originating from backflow from combined sewer overflows may 

contain human enteric pathogens such as norovirus or other gastrointestinal (GI) pathogens. Non-

foodborne gastroenteritis causes diarrheal disease, is most often associated with nausea and 

abdominal pain, and is estimated to cause 135 million infections each year in the United States, 

with Salmonella spp., Campylobacter, and norovirus as the leading causes of hospitalization284,285. 

Previous studies286–289 have identified high levels of pathogenic waterborne microorganisms 

including E. coli, Enterococci, Salmonella spp., Campylobacter, Cryptosporidium spp., and 

norovirus after flooding or in contaminated water events, and recent work has suggested that 

stormwater exposure is related to an increase in GI-infection related hospital visits290–295. Previous 

work has also explored the relationship between urban flooding events and microbial 

exposures286,289,296,297, but there is still a relative lack of understanding about how infection risks 

can be attained from and incorporated into hydrologically based flood models. Recently an urban 

flooding study (sewage backflow)297 calculated the combined infection risk of 

Campylobacter, Cryptosporidium, Giardia, norovirus, and enterovirus using quantitative 

microbial risk assessment (QMRA) using the dose response approach described in de Man et al.  

(2014)286. In this study, assumptions of floodwater volume exposure, duration of exposure and 

homogeneous pathogen distribution were made and while this is a good start to addressing this 

issue, more information is needed regarding the pathogens present, distribution of pathogens, and 

exposure volumes298 to urban floodwaters). 

Moreover, while more recent incorporations of QMRA into urban flooding models has 

resulted in more useful estimations of microbial risks associated with GI pathogens, there are still 

constraints with pathogen concentrations both for typical GI pathogens and other water relevant 

organisms not yet examined (e.g., DWPIs). Although human exposure to DWPIs can occur 
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through many pathways (e.g., ingestion of contaminated drinking water), inhalation of drinking 

water associated aerosols has been linked to pulmonary infections12,299,300 and studies have found 

that incidence of pulmonary infections caused by DWPIs are higher in rainy seasons301–303. Despite 

these observations, DWPI transmission by aerosolization, aerosolization risks, and mitigation 

strategies are still poorly understood. Furthermore, the majority of DWPI outbreaks have not been 

linked back to specific water sources, further highlighting the need for both biogeographical 

surveys and quantitative risk assessments. Without both tools working in tandem, a more holistic 

understanding of exposure and risk assessments in our living spaces cannot be achieved and the 

development of proper mitigation strategies will be further delayed.  

As much as it is important to identify and assess public health risks associated with 

basement flood waters in residential settings, it is equally important to evaluate and assess whether 

racial inequities exist with respect to said public health risks. In Pittsburgh, like many other cities 

around the nation, there are neighborhoods in which predominantly Black, indigenous, and people 

of color live where infrastructure maintenance has been deferred or delayed, potentially making  

cumulative flooding impacts more severe281,304,305. To date, this is the first body of work that 

examines both non-disaster related basement floodwaters and floodwater related aerosols as a 

potential exposure route for these microorganisms. The work presented in Specific Aim 4 aims to 

determine the source of basement floodwaters in Pittsburgh and to characterize racial disparities 

in GI and DWPI exposure and incidence of basement flooding. It is hypothesized that residents in 

Black neighborhoods will be more exposed to GI pathogens and DWPIs due to increased sewage 

backup from dilapidated infrastructure. 
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5.2 Research Approach 

5.2.1 Participant Recruitment and Survey Data Collection 

Working alongside Women for a Healthy Environment (WHE), 25 residents who 

experience varying degrees of basement flooding were recruited to participate in the study. The 25 

residents were distributed throughout the city of Pittsburgh, with samples collected from 13 homes 

of Black residents and 12 homes of White residents to compare differences in exposure by race. 

After successful recruitment, participants called the sampling team during basement flooding 

events and the sampling team responded within the hour. Upon arrival at the home, residents were 

administered a survey to collect information about the house, frequency of flooding, incidence of 

asthma and diarrheal events, and demographic information. Survey responses were then 

deidentified and stored in an encrypted online folder for later use. After sampling was completed, 

each resident was sent a $50 to a store of their choosing as a token of appreciation for participating 

in the study. Each home was only sampled once, and the survey was only conducted once in each 

household.  

5.2.2 Sample Collection 

Water samples (up to 1L where applicable) were collected into sterile 1L sampling bottles 

(Nalgene, Waltham, MA) using a portable Masterflex peristaltic pump (Cole-Parmer, Vernon 

Hills, IL, USA). Directly after collection, the floodwater was filtered through a 0.2 m 

polycarbonate filter (Isopore Membrane Filters, EMD Millipore, Billerica, MA, USA) for up to 20 

minutes (to ensure maximum mRNA survival) and the resulting filters were stored at -80C for 
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RNA extraction. Both the filtered water and remaining unfiltered water were saved and used for 

subsequent water quality analyses. Aerosol samples were collected for 20 minutes using the TE-

BC251 NIOSH 2-stage Bioaerosol Cyclone sampler (Tisch Environmental, Cleves, OH) 

connected to a Gillian 5000 air pump (TISCH Environmental, Cleves, OH) running at the 

maximum speed of 2500 cc/min. The aerosol sampler and pump were set up on a stand at resident 

height at least six feet away from where water samples were being collected to minimize chances 

of human interference. Additionally, water fixtures or humidifiers in the space were turned off as 

source control for the aerosols. Directly after aerosol sample collection, RNAlater (Invitrogen, 

Waltham, Massachusetts, USA) was added to preserve RNA and the resulting samples were stored 

at -80C until used for RNA extraction.  

5.2.3 Water Quality 

Ten water quality parameters were measured (Appendix D Table 1) following standard 

methods224. Temperature and pH were monitored on site using a portable pH and temperature 

meter (Hanna Instruments, Ann Arbor, MI, USA). Turbidity was measured using a Hach Portable 

Turbidimeter (HACH, Loveland, CO, USA). Nitrate/nitrite nitrogen (15N/14N) and oxygen 

(18O/16O) isotope ratios were measured using the denitrifier method described in Sigman et al. 

2001 and Casciotti et al. 2002. Briefly, nitrate and nitrite were converted into nitrous oxide and 

the N and O isotopic composition was then measured using an IsoPrime isotope ratio mass 

spectrometer interfaced with a Micromass Trace Gas Pre-concentrator system (Thermo Fisher 

Scientific, Waltham, MA, USA). Total and dissolved concentrations of iron, manganese, copper, 

and lead were measured by inductively coupled plasma mass spectrometry (PerkinElmer NexION 

300 ICP-MS, Waltham, MA, USA). Prior to analysis, all dissolved metal samples were prepared 
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by passing water through a 0.45 µm nylon syringe filter (Thermofisher, Waltham, MA, USA) 

primed with 5 mL of sample.   

5.2.4 Microbial Analyses 

5.2.4.1 Fecal Coliform Analysis 

200 mL of unfiltered floodwaters were collected for fecal coliform analysis using the 

Colilert18 coliform test kit (IDEXX, Westbrook, ME, USA). Duplicate 100 mL samples were 

aliquoted into sterile bottles (IDEXX, Westbrook, ME, USA) and the Colilert18 Reagent (IDEXX, 

Westbrook, ME, USA) was added. Each sample was shaken until the reagent fully dissolved, 

poured into a QuantiTray2000 plate (IDEXX, Westbrook, ME, USA), and sealed using a Quanti-

Tray Plate Sealer (IDEXX, Westbrook, ME, USA). Once sealed, the plates were incubated at 

44.5C for 18 hours and then examined against the control sample to determine fecal coliform 

presence. For the detection of fecal-borne E. coli, plates were examined in the dark using a 366nm 

UV light. The number of positive wells for both fecal coliforms and E. coli were then counted and 

compared against the included MPN table to determine concentrations of fecal coliforms and 

E.coli in the sample.  

5.2.4.2 Droplet Digital PCR 

RNA was extracted from the stored filters and aerosol samples using the PowerWater Kit 

(Qiagen, Germantown, Maryland) using methodology developed by Pitell et al.306   The resulting 

RNA extract was then DNAse treated using TURBO DNAse Treatment (Invitrogen, Waltham, 

Massachusetts, USA) and converted to cDNA using the iScript cDNA Synthesis kit (Bio-Rad 

Laboratories, Inc., Hercules, CA, USA) for downstream analyses. All cDNA was stored at -20 ℃ 



 92 

until use. The density of total bacteria, L. pneumophila, P. aeruginosa, NTM, Salmonella spp., and 

norovirus was determined using digital droplet PCR (ddPCR) as previously described225 using 

previously published primers (Appendix D Table 2) targeting the 16S rRNA137, Lmip226, Orpl227, 

atpE228, ttrC296, and ORF1307 genes, respectively.  

ddPCR reactions were performed for all cDNA samples (both water [n = 2] and aerosol [n 

= 5] to date), alongside negative controls (RNA extraction, ddPCR, and filtration controls) and 

positive controls (gblocks of the target amplicons provided by Integrated DNA Technologies, Inc., 

Coralville, IA, USA), both of which were negative and positive respectively. ddPCR was 

performed as described in Section 3.2.4.1 with specific assay reaction conditions and thresholding 

information presented in Appendix D Table 3 and Table 4.  

5.3 Results and Discussion 

5.3.1 Assessment of Racial Disparities through County Health Data 

To assess the racial disparities in exposure and disease incidence in Pittsburgh, deidentified 

data from the Allegheny Health Department on the incidence of non-foodborne GI illness caused 

by Salmonella, Campylobacter, and Cryptosporidium from 2016 - 2018 were gathered. These data 

were then binned by neighborhood and each neighborhood was classified as either majority Black 

(Black was the biggest racial group in the neighborhood, regardless of percentage) or majority 

White (Table 7). The data suggests that there is a racial inequity in non-foodborne GI illness 

incidence in Pittsburgh as the average incidence in Black neighborhoods was nearly double that of 

the White neighborhoods, despite there only being three majority Black neighborhoods examined. 
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Additionally, the data were binned based on socioeconomic status (greater or less than the median 

household Pittsburgh income of $42,500) of the neighborhood and compared. In this comparison, 

incidences of GI illness were comparable, suggesting that the driver of the differences in 

neighborhood incidences was likely race.  

It is important to note however that using these data as a proxy for racial inequity in illness 

comes with several caveats. The Allegheny County Health Department only collects information 

on notifiable infections (i.e., infections that require healthcare workers to report them to public 

health officials), which means that infections from norovirus or the DWPIs are not tracked at the 

county level. Additionally, these data do not state whether the people from each neighborhood 

contracted the illness in their neighborhood nor does it state anything about where the patient was 

infected, making it difficult to ascertain if there are racial differences due to housing infrastructure 

design, maintenance, and age. Regardless, the stark difference in the incidence of reportable GI 

diseases provides enough context for future research to examine what drives the increased 

incidence in majority Black neighborhoods and populations.  
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Table 7: 2016-2018 Incidence of Notifiable non-foodborne GI infection caused by 

Cryptosporidium, Campylobacter, and Salmonella in the City of Pittsburgh 

 

 

Neighborhood 
Racial Breakdown Incidence per 1000 people [95% CI] 

%Black %White Cryptosporidium Campylobacter Salmonella 

Homewood 95.3 4.16 0.16 [0, 0.001] 0.8 [0, 0.002] 1.2 [0, 0.002] 

Perry South 64.6 26.54 0.00 [0, 0] 0.65 [0, 0.002] 0.91 [0, 0.003] 

East Liberty 58.5 25 0.17 [0, 0.001] 0.51 [0, 0.002] 0.51 [0, 0.002] 

Mount Oliver 40.6 40.4 0.00 [0, 0] 0.00 [0, 0] 0.4 [0, 0.002] 

Perry North 39.9 62.67 0.15 [0, 0.002] 0.38 [0, 0.002] 0.38 [0, 0.002] 

Sheraden 38.9 49.86 0.00 [0, 0] 0.19 [0, 0.001] 0.38 [0, 0.002] 

Hazelwood 33.9 54.34 0.00 [0, 0] 0.00 [0,0] 0.93 [0, 0.002] 

Bloomfield 25.2 81.57 0.00 [0, 0] 0.00 [0,0] 0.59 [0, 0.001] 

Troy Hill 15.5 81.21 0.00 [0, 0] 0.37 [0, 0.003] 1.11 [0, 0.003] 

Crafton 9.10 66.28 0.00 [0, 0] 0.00 [0,0] 0.36 [0, 0.002] 

Downtown 9.00 74.57 0.00 [0, 0] 0.19 [0, 0.002] 0.56 [0, 0.002] 

Mt. 

Washington 
8.60 85.93 0.11 [0, 0.001] 0.23 [0, 0.001] 0.45 [0, 0.001] 

Elliot 7.60 65.52 0.00 [0, 0] 0.23 [0, 0.003] 0.23 [0, 0.003] 

Lawrenceville 6.60 86.17 0.00 [0, 0] 0.22 [0, 0.002] 0.89 [0, 0.002] 

Banksville 5.30 88.10 0.21 [0, 0.002] 0.87 [0, 0.003] 1.20 [0, 0.003] 

Brookline 4.10 91.43 0.00 [0, 0] 0.76 [0, 0.001] 0.23 [0, 0.001] 

Squirrell Hill 

South 
3.40 82.03 0.13 [0, 0.001] 0.40 [0, 0.001] 0.53 [0, 0.001] 

Southside 3.30 88.54 0.00 [0, 0] 0.68 [0, 0.002] 0.68 [0, 0.002] 

Averages 
Combined 

Incidence 
Cryptosporidium Campylobacter Salmonella 

City of 

Pittsburgh  
1.08 [0, 0.001] 0.07 [0, 0.0001] 0.41 [0, 0.001] 0.60 [0, 0.001] 

Predominately 

Black 
1.70 [0.001, 0.002] 0.12 [0, 0.0004] 0.69 [0, 0.001] 0.91 [0.001, 0.002] 

Predominately 

White 
0.96 [0, 0.001] 0.06 [0, 0.0001] 0.36 [0, 0.001] 0.54 [0, 0.001] 



 95 

5.3.2 Absolute Abundance and Coliform Analysis 

Examining the two water samples collected, NTM was detected in both with small amounts 

of P. aeruginosa also detected (Appendix D Figure 1). No viable L. pneumophila, S. enterica, or 

norovirus were detected in either of the water samples collected (Appendix D Figure 1). While 

there are not enough samples to make any representative conclusions, the presence and detection 

of NTM were expected in the water samples as the stormwater collected is presumed to have come 

through the walls in each residence. In general, NTM are ubiquitous in water and soil 

environments257, with positive associations with water quality parameters like turbidity and 

dissolved metal concentrations258 that can be increased from precipitation events. Likewise, not 

detecting L. pneumophila, S. enterica, or norovirus was also expected for these samples. 

Stormwaters are thought to have different microbial profiles from surface or treated drinking 

water, and while previous work308 has found L. pneumophila in harvested rainwaters, it was in low 

densities. Similarly, the absence of both S. enterica and norovirus - organisms associated with 

combined sewage overflows or fecal contamination296,307,309,310 is not a surprise given both water 

samples collected were reported to come from stormwater runoff through the walls and other 

openings in their basement rather than from sewage backup.  

Fecal coliform analysis revealed an average of 2000 MPN / 100 mL, which is remarkably 

less than the average fecal coliform concentration in secondary clarification effluent from the three 

Pittsburgh WWTPs examined in Specific Aim 2 (Figure 19). The presence of fecal coliforms 

suggests that the floodwaters came in contact with a fecal source at some point, however, the true 

source of the floodwaters cannot be ascertained until isotope analysis is conducted.  
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Figure 19: Average fecal coliform concentration from PA WWTPs in Specific Aim 1.0 and the stormwater 

samples (n = 2) collected for this study.  

 

Like the water samples, the aerosol samples (n = 5) collected from each home had NTM 

and low concentrations of P. aeruginosa, with one home having detectable L. pneumophila (Figure 

20). Additionally, neither S. enterica nor norovirus were detected in the aerosol samples collected 

from any of the homes. Generally, the assumed exposure route for both S. enterica and norovirus 

are thought to be ingestion of water, rather than inhalation, so being below the limit of detection 

in the aerosol samples makes sense. However, it’s also important to note that occurrence of a 

hazard is often independent of inhalation likelihood in QRMAs, so further work would need to be 
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done to identify the inhalation likelihood if found in aerosols. One potential reason for the lack of 

occurrence in the aerosol phase is that these two organisms do not partition into the aerosol phase 

(or survive less if they do) like many DWPIs do311, however more samples would need to be 

collected to justify this suggestion and further experimentation would need to be done to determine 

specific mechanisms that control the partitioning. To better understand and assess what a resident 

would be exposed to, the observed densities of each organism were normalized to the amount of 

time daily the average American spends in their basement to do laundry (10 minutes)312. 

Additionally, since all the residents who I collected aerosol samples from were Black women, I 

used the average at-rest inhalation rate of 11.3 m3/day for women313 to better contextualize the 

data. On average, in a 10-minute laundry event these residents would be exposed to 105.62 16S 

rRNA gene copies with ~30% of the total microbial exposure being composed of potentially 

pathogenic NTM, and 100% of the exposure being respirable (< 5µm), viable organisms. This is 

comparable to the results of a study done in a library storage room and university dormitories314.  

It is also noteworthy to mention that in one of the homes where there was standing floodwater, the 

density of total bacteria was higher than in the houses with little to not standing floodwater 

suggesting a possible interaction. However, while there is not enough data to say whether this is a 

statistically significant risk or increase in exposure, this observation provides further justification 

to continue to collect both water and aerosol samples in basements to better understand the 

potential exposures associated with going down into or spending time in those spaces. Particularly 

in the case of those who may use their basement for other purposes such as home office, home 

gym, or as is the case in some of the homes I sampled, a daycare / playroom for children, it is 

imperative to assess the linkages between floodwaters and over all indoor air exposures to ensure 

continued public health safety.  
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Figure 20: Boxplots of the log10 transformed viable total bacteria, L. pneumophila, NTM, P. aeruginosa, S. 

enterica, and norovirus absolute gene copies within bio-respirable aerosols (< 5um) that could be inhaled during 

a 10 minute laundry event (n = 5 homes). Samples with no detects had their densities set at half of the limit of 

detection for the assay prior to normalization. Absolute densities (calculated originally as gene copies / L of air) 

were normalized to an average time of 10 minutes per visit to the basement to do something like laundry. The 

average daily inhalation rate of a woman was used to calulate how much air would be inhaled during 10 minutes 

due to all the residents I samples from being Black women.  

 



 99 

5.3.3 Lessons Learned and Future Considerations 

5.3.3.1 Resident Participation and Recruitment 

Conducting community based participatory research is rewarding, yet challenging because 

active participation can be difficult to obtain without the proper engagement strategies. From the 

onset, partnering with Women for a Healthy Environment and their community health workers 

lowered the entry barrier that many researchers face. However, there were still challenges faced in 

resident recruitment, which may be improved by the identification of additional community 

partners to extend the reach of the study. In future, a suite of community organizations should be 

approached and consulted to help recruitment go as smoothly as possible. Especially in 

neighborhoods that may have strained relationships with large research entities like a university, 

relying on more than one avenue to recruit and work with community members will be critical.  

Likewise, when conducting research that requires community members to call a sampling 

team directly, it is important for future researchers to consider the lived experience of the 

community they are working with. Many people who experience basement flooding or generally 

wet basements typically have some process that they go through to alleviate the problem so that 

their space is usable again. To best consider this in future work, it is recommended that researchers 

themselves help with resident recruitment alongside any community organizations that they are 

working with to inform the residents of what exactly is needed for the sampling campaign. The 

presence of the researcher or research team in these spaces can help to turn that lived experience 

into an actionable outcome in favor of both parties. Of the five houses I have sampled, the 

likelihood of the resident calling me to come sample or in some cases referring me to another 

resident significantly increased when I was able to have direct conversation and connect with them 

beyond science. Beyond this, I was also able to glean much more information about the specific 
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impacts that their basement flooding had on the house, but also on them socially and emotionally. 

Few studies detail the social-emotional impacts of flooding315,316, however, there is a need to better 

attune our scientific methods to incorporate lived experience and community capital, as they are 

the foundation for engaging and creating knowledge with community stakeholders. 

5.3.3.2 Sample Collection 

Thus far, only one fifth of the samples intended to be collected in this aim have been 

collected and analyzed. As such, no statistical analysis has been conducted as there is not enough 

statistical power to make any claims about the differences in microbial densities between homes. 

Likewise, with all the samples collected coming from the homes of Black residents, a fair 

comparison about the microbial densities experienced between racial groups cannot be made at 

this time. While average annual rainfall in Pittsburgh has increased over the last five years, 2023 

marked a new record for the lowest total precipitation. A news article from the summer of 2023 

remarked that in the first four months of 2023, Pittsburgh had received its lowest total rainfall since 

the first four months of 2019317. As a result, even when it did rain, it either rained in small quantities 

or infrequently enough to saturate the groundwater table and cause the excessive flash flooding 

that many residents experience. Combined with the lived experience of those who consistently 

deal with wet basements, the lack of rainfall made the sampling campaign challenging and 

something noteworthy for others trying to conduct similar studies.  
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5.4 Expected Results and Preliminary Conclusions 

Overall, though only a small number of samples have been collected to date, much was 

learned from the process of conducting community-based research like this. Namely, the best 

strategies for working with community partners and residents were identified through trial and 

error.  From a scientific perspective, fecal coliforms NTM and P. aeruginosa were all identified 

in the water samples collected and the latter two in the aerosol phase. While no determination of 

the source of the floodwaters sampled can be made yet, the observations presented here provide 

preliminary evidence that basement floodwaters should be an area of future public health and 

environmental engineering research, especially when combined with the fact that climate change 

will continue to impact precipitation rate in urban areas. Also, with an almost doubled incidence 

of GI disease in Black neighborhoods in Pittsburgh where infrastructure maintenance is often 

delayed, it is imperative that future research addresses the reasons for this and highlights any 

influence that the built environment could play in making this a reality. Furthermore, I also believe 

that this work is necessary to ensure that all the spaces that people occupy are better understood 

from both a public health and engineering context so that overall quality of life can be improved. 

I expect that the completion of this work will provide the field with a foundation to build upon for 

future research in the intersections of public health and environmental engineering, particularly as 

shifts in housing trends and climate are pushing people to change how they view their basements 

and their use. 
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6.0 Specific Aim 5.0: Development of a Basement Indoor Air Quality Modeling Tool to 

Assess Physical, Chemical, and Biological Contaminant Pollution Exposure 

Specific Aim 5.0 was conducted alongside the work done in Aim 4.0, which was funded by The 

Pittsburgh Foundation (grant number: UN2021-121327) and the Center for Healthy Environments 

and Equity Research (CHEER) through the University of Pittsburgh’s School of Public Health. At 

the time of writing, results from Aim 5.0 have been submitted for review in a peer reviewed journal 

(Science of the Total Environment). Special acknowledgements are given to Joey Engelmeier, a 

MPH student in the School of Public Health who collaborated with me in the development of the 

indoor air quality (IAQ) tool, scenarios modeled in CONTAM, and for the expertise and discussion 

surrounding IAQ and exposure.  
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6.1 Introduction 

Considering the discussion regarding potential exposure to pathogenic microorganisms 

originating from basement floodwaters and associated aerosols in the preceding chapter, it is 

imperative to incorporate an analysis of indoor air quality (IAQ) within basements (and other 

habitable spaces) to achieve a comprehensive evaluation of contaminant (physical, chemical, and 

biological) exposure and to delineate potential health outcomes. In the USA, many people spend 

upwards of 90% of their time in indoor environments318,319. While about two thirds of this time is 

spent in residential settings, the bulk of our time is spent in primary living spaces (e.g., living 

rooms, bedrooms, kitchens)320. As such, much of the IAQ research conducted to date has focused 

on examining the important factors to maintain air quality in those spaces.  

As public interests, building codes, and the housing market have changed over the last few 

decades, IAQ research has become more robust in the types of analyses available and in the 

parameters of interests. Namely, parameters such as ventilation, air exchange rates, and building 

location and layout have been studied321–324. As well, target pollutants such as PM2.5325–328, 

radon329–331, and mold spores323,332,333 have also been evaluated in common use spaces. While these 

analyses are important and necessary to uphold public health safety, it is important to recognize 

that there are other spaces within residential settings that could contribute to the overall IAQ and 

exposures to airborne contaminants that residents experience. Basements are important, but 

understudied residential microenvironments that fall into this category334. In recent years, 

basements have increasingly served as primary living spaces in the USA, with many homeowners 

converting these areas into functional rooms for various purposes such as bedrooms, home offices, 

or recreational spaces335,336. This trend has been driven by factors such as rising housing costs and 

the desire for additional living space. In addition, the COVID-19 pandemic has prompted 
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significant shifts in basement use patterns337–339. With remote work becoming more prevalent, 

basements have seen heightened utilization as home offices and study areas. Additionally, the need 

for designated spaces for quarantine or isolation has led some households to repurpose basements 

to accommodate these requirements. Because historical IAQ research has primarily concentrated 

on traditional primary living spaces, neglecting basements334, it is imperative that IAQ analysis is 

performed in these dynamic spaces to inform amendments to basement building code and design 

to ensure public safety.  

 

Basements are important yet challenging to model residential spaces due to their variable 

ventilation and air exchange rates (AERs), dynamic use patterns, and unique pollutant risks. In 

general, AERs depend on several building characteristics (e.g., number of floors, building 

envelope tightness, season), however few studies have quantified both the IAQ and airflows in 

basements despite their airflows being coupled with other residential spaces. In a 2009 study on 

three houses in Pennsylvania, basement AERs ranged from 0.03 to 0.36 h-1 340while a more robust 

and recent study found AERs of 0.1 to 2.94 h-1 321, with AERs being higher in the winter and lower 

in the summer. Seasonal variation in AERs is expected, particularly in residences that use natural 

ventilation techniques; whereas in residences that employ other ventilation strategies, AERs are 

more dependent on occupant activity341. The variable use of basement spaces and occupant 

activities can also shape the IAQ of the basement itself, and subsequently other areas of the home. 

Occupant behavioral patterns have been shown to greatly impact factors such as building energy 

performance and the overall IAQ within personal spaces342. Therefore, if basement use is an 

established and regular part of a resident’s routine it is important to include it when trying to 

capture a resident’s total home exposure.  



 105 

Variable use patterns in basement settings can increase the variability in pollutant exposure. 

Trends in housing markets show that house-flipping older homes, particularly finishing peripheral 

spaces such as basements and garages, is becoming a popular method of increasing living space 

and real estate value335. By finishing spaces like basements, there is the potential for increased 

exposure to potent chemicals in construction that linger in basements as they off gas from the 

building materials343,344. Furthermore, extreme shifts in precipitation have led to increased flood 

frequency and intensity, causing increased potential for water damage and microbial exposure, 

with basements being the first and most commonplace location for water damage. Homes affected 

by flooding exhibit elevated concentrations of bacterial endotoxins and mold spores, as 

documented in several studies345–352, with these heightened levels beings associated with 

respiratory issues such as allergies and asthma. As discussed in the previous chapter, the 

relationship between urban flooding events and microbial exposures286,289,296,297has been studied, 

but rarely considered in basements, leaving microorganisms’ influence on the basement IAQ under 

explored. In addition, radon, a naturally occurring radioactive gas which has a maximum 

contaminant level of 4pCi/L353 and is the second biggest cause of lung cancer in the USA329,330,354 

is known to accumulate in basements due to its heavy density and tendency to seep through 

foundation cracks355,356. While radon is typically assessed in basements, it has not been assessed 

in the context of new usage patterns. While housing markets in regions like the West Coast and 

the Gulf Coast are dominated by slab foundations, most single-family homes in areas such as the 

Northeast and Upper Midwest United States have some form of basement357,358. Considering that 

extreme flooding is annually increasing in areas like the Northeast United States, microbial 

influenced IAQ will likely continue to be a research topic of interest, particularly in basements 

where there is an increased risk of water damage.  
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Given that a quarter of the new homes built in the United States in 2022 included a 

basement357, there is a need to update the current IAQ models and research to better represent 

exposures from all microenvironments, particularly inhalation exposures in basements. Improving 

the understanding of IAQ in basements will greatly help home assessors, policy and building code 

makers, researchers, and homeowners understand and ensure occupant safety and comfort. Thus, 

the work presented in Specific Aim 5.0 aims to develop an IAQ modelling tool to assess the 

exposure to physical, chemical, and biological pollutants in basements with different use patterns 

(e.g., home office, home gym, and tv / games space) outside of finishing material effects. It is 

hypothesized that different use patterns will impact the exposure levels and risks associated with 

each pollutant.  

6.2 Research Approach 

6.2.1 Physical, Chemical, and Biological Pollutant Selection 

While there are numerous sub-types of pollutants that could exist in indoor spaces, much 

of the IAQ literature to date has focused on those pollutants that have correlation with human 

activity (e.g, PM2.5 generation from cooking)327,328,359 or environmental factors (e.g., increased 

mold spores after a flooding event)350. To best capture a range of realistic pollutants common to 

basements and other residential indoor spaces, PM2.5, radon, and mold spores were selected as 

pollutants of interest because of their known adverse health effects after chronic 

exposure326,329,330,332,333,360,361.  
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6.2.2 CONTAM Multizone IAQ Modeling Overview and Residential Building Model 

CONTAM362 is a multizone IAQ and ventilation analysis program designed to evaluate the 

airflow rates, contaminant concentrations, and personal exposures in buildings. The CONTAM 

transport model treats a building as a system of interdependent, well-mixed zones that store air 

and contaminant mass and airflow elements that carry mass between them. Interzone airflows are 

a function of the pressure drop along each airflow path between two zones (Eq. 6-1).  

 𝐹𝑗𝑖 = 𝑓(𝑃𝑗 − 𝑃𝑖)  (6-1) 

where Fji = airflow rate (kg/s) between zones j and i; Pj, Pi = pressures in zones j and i in 

Pa, respectively. By the principle of conservation of mass, the transient mass-based solution across 

all airflow paths is as shown in Eq 6-2. The transient conservation of a contaminant species in each 

control volume is given by Eq. 6-3 and is used to calculate contaminant concentrations in each 

zone in the model using the linear skyline solver implemented in CONTAM. Upon calculation, all 

concentrations were converted to typical units (i.e., µg/m3, pCi/L) using CONTAM’s internal unit 

conversion system.  

 
𝜕𝑚𝑖

𝜕𝑡
≈  

1

∆𝑡
[(

𝑃𝑖𝑉𝑖

𝑅𝑇𝑖
)

𝑡
− (𝑚𝑖)𝑡−∆𝑡]  ≈  ∑ 𝐹𝑗𝑖 +𝑗  𝐹𝑛  (6-2) 

 𝜌𝑖𝑉𝑖𝐶𝑖
𝛼|𝑡+∆𝑡 ≈ 𝜌𝑖𝑉𝑖𝐶𝑖

𝛼|𝑡 + ∆𝑡 × [𝐺𝑖
𝛼 + 𝑚𝑖 ∑ 𝑘𝛼𝛽

𝛽 𝐶𝑖
𝛽

− ∑ 𝐹𝑖→𝑗𝑗 𝐶𝑖
𝛼] (6-3) 

where mi = mass of air in zone i in kg, Pi = zone pressure in Pa, Vi
 = zone volume in m3, Ti 

= zone temperature in K, R = 287.055 J/(kg*K), ρi = air density in zone i in kg/m3, Ci
α = mass ratio 

of contaminant species α in zone i in kg species per kg air in zone, Gi
α = contaminant species 

generation in kg/h, and kαβ = kinetic reaction rate constant for reactive contaminants in 1/h.  

In this study only radon was considered to be reactive and followed the general exponential 

decay model (Eq. 6-4). For PM2.5 generation, a constant coefficient model without a removal rate 



 108 

due to convergence issues was used (Eq. 6-5). Mold was applied as a constant concentration in 

each zone and concentrations only changes as a result of airflow. 

 𝐺𝑅𝑛(𝑡) =  𝐺0 × 𝑒−𝑘𝑡  (6-4) 

 𝐺𝑃𝑀2.5(𝑡 + ∆𝑡) =  𝐺𝑡  (6-5) 

where, G0 is the initial generation rate of radon from concrete in pCi/hr taken from Chao et al.355, 

k is the first order decay constant for radon, and Gt is the generation rate of PM2.5 by a cooking 

source in µg/s taken from Aquilina et al327.  

It is important to note, the removal rates for PM2.5 by deposition and filtration (by a HVAC 

system) would have to be included to more accurately model exposures. Likewise, validation of 

this model design by real world data collection are needed to better design and model occupant 

exposure in highly variable residential settings. However, this modeling approach provides a 

foundation for future studies to build upon. In this study, CONTAM (v3.4) was used to simulate 

the contaminant transport and occupant exposure within a one story, single-family residential 

home with a subgrade basement.   

6.2.2.1 Residential Building Model 

A one-story single-family residence with a subgrade basement was chosen as the 

representative scenario for the IAQ modeling due to the unexplored nature of basement exposures 

and the large number of single-family residences with basements in the United States357,358. The 

modeled residence was an 86 m2 (926 ft2) residence with a basement, one occupiable floor, an 

attic, and a gable roof. All floors (basement, main, attic) were sized according to the 2015 

International Residential Code363. The occupiable floor was comprised of six zones representing 

areas of standard residential occupancy: two bedrooms, a living room, a dining room, a kitchen, 

and a bathroom (Figure 21), with each zone sized based on the average American size364.  
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Figure 21: Single family residence modeled in CONTAM. The modeled residence was a one—story home with 

a subgrade basement that is used for laundry (control case scenario) and for a variety of other activities (test 

case scenarios). 

 

Air flow leakage rates from the interior and exterior walls, basement walls, and floors in 

the residence were simulated using values from ASHRAE Standard 62.1365, which provides air 

leakage rates for residential buildings (Appendix E Table 1). To simplify the model design, I 

assumed that the air flow leakage would be distributed equally across the area of each wall and did 

not consider the impact of connection-based leakages (e.g., wall to ceiling, floor to wall). In the 

case of the floor airflow paths, I assumed that each zone had one passive floor vent that allowed 

for the movement of air between the basement and occupiable space. This floor vent was sized at 

0.025 m2 to simulate the size of the average floor vent in a home.   
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One HVAC unit was placed in the basement of the residence, with the outlet routed through 

the attic. The HVAC unit pulls in 100% outdoor air as the main supply source for each of the zones 

on the occupiable floor and in the basement under certain use conditions. The HVAC unit was 

simulated to operate on two separate schedules, one for average weekday home usage and one for 

average weekend usage. During the weekdays, the HVAC unit would operate at half capacity 

during sleeping hours (9PM – 7AM), full capacity from 7AM – 8 AM and from 5PM to 9PM, and 

off during working hours (8AM to 5PM). During the weekends, the HVAC unit would operate at 

half capacity during sleeping hours (9PM to 7AM) and at full capacity during the rest of the day.   

In residential spaces, average air flow rates are typically variable due to differences in home sizes, 

design, HVAC system specifications, and individual behaviors. As such, the rate required for a 

particular room is usually calculated based on the room size and the number of air changes per 

hour recommended for healthy IAQ. For the spaces on the occupiable floor, I assumed air supply 

flows to be the volume of the space multiplied by four air changes per hour (ACH) to meet the 

baseline suggestion of 12 m3/hr plus 5.1 m3/hr for every 9 m2 from ASHRAE Standard 62.1. This 

resulted in airflow well beyond the suggested baseline, providing ample supply to each zone 

(Appendix E Table 2). Assuming that most people would not be able to renovate their HVAC 

system to incorporate a new supply into their basement setting, the three test scenarios were 

designed with a supply rate equal to a tenth of the space volume multiplied by four ACH to 

simulate having a small fan in the space for use while in the space. Similarly, ASHRAE Standard 

62.1 was used to design exhaust airflow for kitchen and bathroom exhaust vents, which were set 

at 90 and 180 m3/hr, respectively. 
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6.2.2.2 Occupancy Schedule and Simulated Scenarios 

Four different occupant use scenarios that represent a wide variety of uses and exposure 

conditions were modeled and simulated. In each scenario, an occupancy schedule (Appendix E 

Tables 3 and 4) was created for an adult (female) and child (ages 5 - 9) occupant to account for 

differences in inhalation and exposure rates. The control scenario consisted of the occupants 

following a standard schedule of going to work / school for 8 hours a day and then coming home 

and spending most of their time on the main floor in different spaces. On the weekends, both 

occupants remained on the main floor for most of the day, except for the adult going to the 

basement for 15 minutes each day to do laundry. In the other three scenarios (home office – HOF, 

home gym – HOG, and Den/Playroom – DG), both occupants spent varying amounts of time in 

the basement space and their exposure to each pollutant is measured as they move throughout the 

space (Appendix E Tables 3 and 4).  

6.2.2.3 Contaminant and Exposure Modeling 

Average ambient and indoor PM2.5, radon, and mold spore concentrations were gathered 

from literature and government sources353,366–368 and imported into the simulation software to 

create as generalizable a model as possible. The average values used are listed in Appendix E 

Table 5. Additional sources were consulted for the average emanation rate of radon from concrete 

foundations355, average ratio of upstairs to downstairs radon concentration356, and PM2.5 

generation during occupant activities like cooking327 and were included in the simulation 

(Appendix E Table 5). Because mold is either measured as spore equivalents or colony forming 

units per unit volume, the average concentrations were converted to mass-based concentrations for 

use in CONTAM. Using data from Sesartic et al. 2013369, it was assumed that the average weight 

of a mold spore was 33 picograms and that half of the average indoor mold concentration would 
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be airborne and respirable.  Simulations were run for the course of a week at steady state weather 

conditions (20 ℃, 101,325 Pa, 0 m/s wind speed) to remove both stack and wind effects on 

contaminant transport. Likewise, the effects of relative humidity which has been shown to impact 

these contaminants have been removed to simplify the model.  

CONTAM presents exposure results for the occupants as the time dependent concentration 

of the selected contaminant over the simulated duration. Once the exposure data were obtained, 

the contaminant concentration profile was integrated to determine the exposure within a given 

timeframe. Then for each contaminant, all the exposures over the course of the week were summed 

and multiplied by the average breathing rate for a female adult and female child (ages 5 - 9) to 

determine the total contaminant mass inhaled over the course of the week. The average breathing 

rate for a female adult and child was chosen to try and describe the exposures faced by residents 

from the previous aim. These values were then averaged to determine an average exposure for the 

week. These data were then used alongside a designed exposure potential matrix to help 

homeowners qualitatively assess their potential exposures in their home and evaluate their 

behaviors (Section 6.2.3). 

6.2.3 Exposure Potential Matrix 

The importance of residential exposures has been explored for over 40 years, first gaining 

prominence through early exposure models put forth by Duan370 and Ott371. The original Duan 

equation (Eqs 6-6 and 6-7) considers the cumulative effects of different concentrations of pollutant 

for different intervals of time:  

 𝐸 =  
1

𝑇
Σ 𝐶𝑖𝑗𝑘 ∗ 𝑡𝑘 (6-6) 
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 𝐸𝑖 = 𝐶𝑖𝑗𝑘 ∗ 𝑡𝑘  (6-7) 

where E = time-weighted integrated exposure, C = concentration, t = unit time, T = total time 

elapsed, i = the medium, j = the pathway and k = the microenvironment.  

           Despite being a generally used model for indoor residential exposures, this model assumes 

a constant intake rate which can greatly underestimate the true exposure within a space, 

particularly as different age groups and different activities will have different inhalation rates372.  

To account for this, a factor for breathing rate was added to the original Duan microenvironmental 

model (Eq 6-8). This allows better insight into how much mass of an airborne pollutant reaches 

the sensitive tissues of the respiratory tract.  

  𝐸𝑖 =  𝐶𝑘 ∗ 𝑡𝑘 ∗ 𝑏𝑘 (6-8) 

where Ei = exposure of an airborne pollutant, Ck = concentration of airborne pollutant in 

microenvironment k, tk = time spent in microenvironment k, bk = respiration rate (L/min) in 

microenvironment k, and k = the microenvironment. 

Using the adjusted equations, a convenient and easy to understand exposure potential 

matrix was developed to help residents and home assessors understand residential occupancy 

patterns and its impacts on exposure to pollutants (Table 8). 
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Table 8: Relative Exposure Value (REV) questionnaire 

 

 

Using Table 9, residents and home assessors alike could derive the t and b variables of 

equations 3 and 4. Questions 1 and 2 establish frequency and duration of time spent in a 

microenvironment; with the product of these two values equaling t. Questions 3 and 4 establish 

how breathing rate may increase through identifying the age and activity level of residents 

(Appendix E Tables 6 and 7). The multiplication factors in these two questions reflect the increase 

in breathing rate relative to resting female adult breathing rate of 4.8 L/min. To then help users 

make an informed decision about the products of the above equations and to integrate them into a 

model, a potential scale was created to elicit what qualifies as high or low potential for exposure 

based on an average of 10 hours spent in a single space at resting respiration373 for 7 days a week 

(70 unit hours) and assumed linear dose-response relationships for all three pollutants considered 

due to the assumed linear dose response for PM2.5374. The REV scale was categorized into five 

Questionnaire Value 

How many days a week do you go to your basement?  

How many hours a day do you spend in your basement?  

What do you use your basement for? 
 

1) bedroom, home office, laundry, storage 

2) living room, workshop, storage area, playroom 

3) home gym 
 

 

Do you have any children that spend time in the basement? If yes, select the age of 

the youngest child that regularly spends time in the basement and the value 

associated with that age range (listed to the left of the age range) 
 

1)No children 

1.4) 10 – 18 years old 

1.9) 5 – 9 years old 

2.4) 3 – 4 years old 

2.8) 1 – 2 years old 

3.3) <1 year old  
 

 

Multiply all values together, the product will be the relative exposure value (REV)  
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equal sized bins, each with a size of 14-unit hours at resting respiration and labeled from 

“Ultralow” to “Ultrahigh” (Table 9).   

 

Table 9: Relative Exposure Value (REV) Bin Sizing 

Rating Relative Exposure Value 

Ultralow 0-14 

Low 15-28 

Moderate 29-42 

High 43-56 

Ultrahigh 57+ 

6.2.4 Statistical Analysis of Exposure Data from CONTAM 

Significant differences in the average pollutant exposure between the control (adult female 

following regular weekly schedule and using the basement for 15min each day at the weekend to 

do laundry) and different use case scenarios were determined by non-parametric Wilcoxon testing. 

All statistical analyses were performed in R (version 4.0.2)147 with significance set at a p-value < 

0.05. 

6.3 Results and Discussion 

6.3.1 Relative Exposure Calculation of Scenarios 

Using the questionnaire, a REV score was calculated for each of the four scenarios and 

then assigned a rating according to Table 9. This resulted in the control scenario (15-minute 

laundry event 2 days a week) receiving an ultralow rating with a value of 0.5, and the other three 
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scenarios having higher ratings (Figure 22). In order from least REV to highest REV, the scenarios 

are as follows: home gym (REV = 21, low), home office (REV = 40.5, moderate), and 

den/playroom (REV = 46 for an adult, REV = 152 for a child aged 5 - 9).  

 

Figure 22: Relative Exposure Values (REVs) for each simulated scenario. The REV was calculated using the 

questionnaire presented in Table 8 and the activity and age of the occupant used in the simulation.  

 

Without knowing the concentration of a certain pollutant or factoring the inhalation rate, 

residents and home assessors alike could get a sense of the amount of exposure in their space based 

on general occupancy information. Previous studies have detailed that people at either end of the 

age spectrum are generally more exposed to indoor pollutants and have examined the impacts of 

various pollutants in a variety of primary living spaces375–378. However, to the best of the author’s 

knowledge, very few studies in the building engineering space have holistically accounted for the 

impacts of occupant demographics and patterns in basements where controlled ventilation rates 
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are remarkably lower compared to other indoor spaces. Even in a recent review of the gaps in 

residential IAQ research, basements and crawl spaces are not listed as an area of priority 

research324. This is likely due to the global differences in the needs for IAQ research, as basements 

are much more common in the United States as opposed to places like Europe.  

While localized to the US, research on the impact of occupant demography and activity on 

IAQ for secondary spaces like basements is critical. The exposure to pollutants of concern through 

indoor air is impacted by the type and frequency of activities carried out by occupants in the space 

(e.g., home office, gym) and what the collective uses are of the space (e.g., workshop, cooking), 

and as such these choices need to be accounted for more in IAQ tools.  However, due to the large 

variety of these activities, it is difficult to quantify them and their possible interactions. This is 

where a tool such as the REV questionnaire could be used and further developed to capture this 

information for a multitude of spaces in homes. General factors could be created for common 

activities in household spaces based on average household use trends, with more specialized 

factors created for basement and crawl spaces depending on use and occupancy of the space.  

Another important point to mention is the impacts on personal anxiety when it comes to 

self-assessments of exposure. It is possible that the dissemination of the REV questionnaire could 

cause increases in anxiety about a resident’s space particularly if the resident was unaware of the 

exposure. However, the purpose of the REV is to help residents and assessors alike understand the 

context of the space so that mitigation strategies or further assessments of the space can be 

deployed. I would imagine this survey being conducted in the presence of a home assessor or 

community agency that would be able to provide a sense of relief to the resident and assure them 

that further interventions would be implemented.   
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6.3.2 Occupancy Exposure Results for Scenarios 

Examining the average weekly exposures (i.e., the integrated contaminant profile for the 

occupant over time) in the control scenario, a larger proportion of the radon, PM2.5, and mold 

spores an occupant is exposed to comes from occupying the living room and other spaces in the 

house rather than the basement (Figure 23a). This is due to the occupant only going down into the 

basement for a total of 30 minutes per week in the control scenario. Comparing the control to the 

other scenarios, the percentage contributions for mold and PM2.5 vary but generally radon 

exposure from the basement increases (Figures 23b-d). This was to be expected as both the amount 

of time being spent in the basement and the concentration of radon are increasing. Previous work 

has detailed the ability for radon to become trapped in spaces with low ventilation like 

basements331,340. Under the control scenario, the only ventilation that occurred in the basement was 

the passive ventilation from the exterior wall leakage. In the other three scenarios, a small amount 

of ventilation was added, but ultimately it made little to no difference in reducing the overall 

contribution from the basement as radon was constantly entering the house from the HVAC system 

due to its ambient presence.  

For all the pollutants, the large percentage contribution from other spaces is likely due to 

model set up. In CONTAM, users can input ambient concentrations for their pollutants as well as 

starting concentrations within each zone. Based on ratios between upstairs and basement settings 

from Li et al356, a starting concentration of 0.624 pCi/L for radon was assigned to each first floor 

zone in CONTAM to simulate real world conditions. Likewise, starting concentrations were 

assumed for PM2.5 and mold spores (Appendix E Table 5). Users can also model removal 

mechanisms (e.g., deposition, radioactive decay). In this model, only the radioactive decay of 

radon was considered as a pollutant removal mechanism other than airflow leakage and air 
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circulation, as including filtration and deposition rates for PM2.5 prevented the model from 

converging upon a solution. In practical application, a filtration system and particle deposition 

would need to be considered to accurately estimate true pollutant exposure (and other particulate 

exposure). Similarly, the impacts of ventilation rate and the type of ventilation system are also 

important parameters to consider. A recent study379 shows that mechanical ventilation systems 

cannot be considered universal anti-radon measures as the rates needed to effectively remove radon 

from the residence increases negative environmental and energy impacts.  

 

Figure 23: Percent contribution to average weekly exposure from the basement, living room, and other spaces 

in the home for the three pollutants examined under each scenario (a: Control, b: Home Office, c: Home Gym, 

d: Den / Play room). 

The large percentage in the other category is due to the large amount of time spent either in outdoor spaces or 

in the bedroom for sleeping.  
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Significant differences (p-value < 0.05) in the average occupant exposure for radon, 

PM2.5, and mold spores in the basement were observed between the control and other scenarios 

(Figure 24). Factoring in the breathing rate and amount of air inhaled while in the basement for 

each scenario (Table 10) the home office and playroom scenarios had significantly higher masses 

of each pollutant compared to the control scenario, with the home office scenario having the 

highest masses inhaled. This is likely due to the increase in the frequency and duration spent in the 

basement in the home office and playroom scenarios. It is also noteworthy, that like the results 

from the REV calculations, the mass inhaled by a child in the tv/game room/ den scenario would 

be higher than that of an adult due to the difference in body mass between an adult and a child. A 

child’s body is smaller than an adults and as such, a higher concentration relative to the exposure 

dose is inhaled. The difference in body weight could create an elevated chance for negative health 

outcomes in children, particularly if they were to spend large amounts of time in a space with lower 

ventilation rate compared to primary living spaces like living rooms and bedrooms.  

 

 

 

 

 

 

 

 

 

 



 121 

Table 10: Total mass of pollutant inhaled per week while in the basement in each scenario 

Pollutant 

Control HOF HOG DG 

Adult Child Adult Child Adult Child Adult Child 

Radon (pCi) 19.6 37 8.1x104 1.5x105 2x104 37 1.1x104 2.2x104 

PM2.5 (ug) 0.09 0.17 822 1550 137 0.17 75.9 143 

# of Mold 

Spores  

146 275 2.4x105 4.6x105 7.69x104 275 5.6x104 1.1x105 

Control: 30 min of laundry per week; HOF: home office; HOG: home gym; DG: tv/game room/den. Control and 

HOF values were calculated using the average at rest inhalation rate of 4.8 L/min for the duration of time in the 

basement in each scenario. HOG and DG values were calculated using average inhaltion rates based on activity 

from Pleil et al. 2021 For child values, the normalized factor based on body weight for a female child ages 5 -9 was 

used  from Appendix E Table 5.  

 

Like the increases in the mass of pollutant inhaled in the home office and tv/game room / 

den scenarios, the mass of pollutant inhaled in the home gym scenario also significantly increased 

from the control scenario, likely due to the increased inhalation rate used from Pleil et al.372 

(Appendix E Table 7) . However, an interesting point to note is that the values are on the same 

order of magnitude as in the tv/game room / den scenario, despite there being a higher rate of 

inhalation. Reviewing the occupancy schedule, it is likely that the schedules for both scenarios are 

similar enough that inhalation rate would not matter in terms of the inhaled pollutant. However, 

that is not to say that there could not be impacts on the dose-response relationships that would need 

to be calculated to assess true risk. Particularly in the case of basements where ventilation rates 

are often lower and pollutants like radon can be trapped, future work should evaluate the impacts 

of inhalation rate on the dose response relationships to ascertain any impacts to health risks. 
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Limited work has examined the impacts of inhalation rate on the exposure to indoor air pollutants 

of any kind380–382, likely due to recommendations from regulatory agencies that suggest using the 

airborne concentration rather than incorporate the inhalation rate and body weight383. While 

necessary to assess the airborne concentration in a space, that alone is not a good indicator of how 

much pollutant could potentially reach the lungs. 
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Figure 24: Average ± stadard deveiation weekly (n = 7) basement and whole home exposure concentrations to a) radon, b) PM2.5, and c) mold spores for 

each scenario. Significant differences were observed for all three pollutants between the control and each test scenario, while only a difference in whole 

home radon exposure was observed (due to basement contributions). * signifies a significant difference at <0.05 p-value and ** signifies a significant 

difference at a p-value < 0.01. 
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6.3.3 Future Considerations and Limitations  

The work done in this aim modeled and examined the exposure to physical, chemical, and 

biological pollutants in basements under a variety of use conditions and created an easy-to-

understand tool to calculate relative exposure. While different use patterns had a significant impact 

on the exposure to pollutants in the modeled basement, there are several limitations and future 

considerations that should be addressed. First, for the REV scale it was assumed that the three 

pollutants studied followed a linear dose-response model. For PM2.5, radon, and mold spore 

counts, there is no evidence that suggests that the dose-response relationships are nonlinear. 

Previous work suggests that PM2.5 concentrations above 2 µg/m3 follow a linear dose-response 

relationship374, while the dose-response relationships for both radon and mold are not accurate due 

to external influences in predicting cancer outcomes384 or are limited to a small number of studies 

with often contradicting results385. To accurately assess and develop tools that communities and 

researchers can use alike, future work will need to develop accurate dose-response relationships 

for a range of pollutants in multiple phases. There will also need to be more studies that accurately 

describe methods for detecting and reporting pollutant concentrations in confined spaces, 

particularly for biological pollutants like mold spores and their mycotoxins. Due to the numerous 

species and potential strains of mycotoxins produced from mold spores which may cause allergic 

reactions in individuals, there is no single standard for mold presence that can accurately predict 

acceptable levels for all members of a population; however, researchers can work to agree upon a 

standard method for detecting, measuring, and quantifying mold impacts for the most common 

species. Without standard methods to accurately quantify and identify relationships between 
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pollutant concentration and health outcomes, there will never be an accurate assessment of risk 

and exposure in indoor spaces, but particularly in basements.  

Moreover, a better understanding of the impacts of building characteristics, 

renovations/retrofits, and occupancy activities on pollutant exposures to conduct better risk 

assessments in indoor environments. In this work, standard air leakage rates were assumed to 

conduct exposure modelling, however in reality these are all parameters that would have to be 

measured and assessed in real time and across a wide variety of residences. Additionally, only the 

radioactive decay of radon was considered as a pollutant removal mechanism other than airflow 

leakage and air circulation. Future works will need to incorporate filtration systems and particle 

deposition to accurately estimate pollutant exposure and understand the impacts of these systems 

indoors. Similarly, the impacts of ventilation rate and the type of ventilation system are also 

important parameters to consider alongside common use scenarios for basements. IAQ is closely 

related to the type of activities carried out by occupants. Therefore, the type, frequency and 

duration of  activities performed by residents will influence the state and dynamics of the IAQ. 

Incorporating this will allow researchers to capture the variety in how different people occupy their 

residential spaces and work to build more generalizable models for others to build upon. 

Furthermore, conducting sensitivity analyses on the models created will help to inform how 

responsive the model outputs are given changes in input parameters, thus improving the overall 

functionality and reliability of the models.  

 Given the global impacts of climate change, more work will need to be done to assess how 

pollutant exposures are changing and to determine any interactions between the water and air 

phases. For instance, it is known that radon is geologic in nature and diffuses into the air from rock 

formations, soils, and building materials. A significant increase in precipitation could saturate the 
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groundwater table and further mobilize radon or other pollutants into basements that suffer from 

inundation. A recent study in India examined the annual effective dose for radon by both ingestion 

of water and inhalation of radon diffused from water386 and found no significant risk from exposure 

to water sources contaminated with low levels of radon; however, the authors conducted the study 

under dry conditions, so impacts from precipitation could not be determined. However, another 

study conducted simulated rainfall experiments to examine radon emanation from uranium mill 

tailings and found the radon emanation increases nonlinearly before decreasing and stabilizing due 

to changes in surface moisture content from rainfall387. This suggests that increased precipitation 

and changes in surface moisture content could likely impact radon emanation in other areas that 

experience increased precipitation, and it is recommended that studies on the diffusion rate of 

radon from foundations in flood prone areas are conducted. Likewise, as climate change impacts 

precipitation rates, it will also impact temperatures and seasonal effects on pollutant exposures. As 

such, future works should consider incorporating more long-term studies over multiple seasons to 

elucidate seasonal variations in pollutant exposure and IAQ in basements and other confined 

spaces. Finally, in practical application, zone-specific thresholds for different pollutants will need 

to be built off of existing indoor air quality data, the measurement of pollutants in a range of 

residences, and future modeling of indoor pollutant concentrations via simulation software like 

CONTAM. The work presented here provides a promising starting point for future work in the 

residential space and as such it will be imperative that as models are created, they are validated by 

real data collected from the environment to ensure the models are useful and accurate in predicting 

IAQ pollution and impacts.    
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6.4 Conclusions 

Overall, there is need for better IAQ models that incorporate neglected microenvironments 

such as basements as changing housing market patterns and increased climate change impacts will 

continue to impact how residents use their spaces. The findings presented here provide an 

interesting basis for the continued modeling of basements for pollutant exposures. Exposures to 

radon, PM2.5, and mold spores were significantly higher in each basement use scenario, as a result 

primarily of duration and frequency spent in the space. While the amount of pollutant inhaled was 

significantly higher under each basement use scenario, it is important to note that as of the time of 

writing, no further risk assessment work has been done to interpret what these results mean with 

respect to dose-response relationships and negative health outcomes. To ensure public health 

safety, it is recommended that future studies model and validate the scenarios they model with 

tangible data collected from residential basements. Moreover, improving the understanding of IAQ 

in basements will greatly help home assessors, researchers, and homeowners alike in increasing 

the comfort of residential spaces.   
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7.0 Concluding Remarks and Recommendations to Stakeholders 

The world population is continually growing and so are the number of urban areas and 

systems needed to sustain society. Within those areas and systems, urban water infrastructures are 

currently unequipped to provide adequate water volume and quality due to the increasing number 

of challenges associated with water provision, public health, and environmental safety. In the 

coming years, regulations will become increasingly strict and new chemicals and microorganisms 

will become regulated to be treated for in all phases of urban water (wastewater, drinking water, 

and storm water). Likewise, with climate change impacts inevitably looming, impacts in the water 

treatment and infrastructure spaces will reverberate throughout other industries making it more 

difficult to sustainably advance society. As such, there is a need for us to better understand and 

evaluate how changes in the built environment, namely urban water infrastructure, impact 

microorganisms that are relevant to public and environmental health. Understanding these impacts 

will allow us to inform current and future design and operational choices (e.g., disinfection 

methods, corrosion control, etc.) allowing for proactive management and curation of the built 

environment to enhance the safety, reliability, and usability of our already limited water supply. 

As an environmental engineer, it is important that I make my academic research findings 

translatable to a variety of people so that more informed decisions can be made at all levels. The 

following are a set of recommendations based on the work presented that I think should be 

considered as we all move forward to address the grand challenges, we have ahead of us in both 

the natural and built environments: 

• Thoroughly examined alternative disinfection strategies for water treatment will be 

needed to aid society in meeting the global water demand. As our current water supplies 
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become more limited and emerging threats (e.g., enteric viruses, antibiotic resistance 

genes) to water continue to increase, solely depending on chlorination as our primary 

disinfectant will no longer be viable. Alternative physical, chemical, and biological 

treatment technologies will need to be employed and their impacts on a suite of 

parameters should be evaluated to uphold and advance the state of water treatment. 

Researchers and practitioners should collaborate in the development of these 

technologies to better design them for applicable use.  

• The long-term links between operational changes in the built environment and impacts 

in the natural environment need to be further studied and elucidated. Changes in aging 

urban water pipes should be continuously monitored as a public and environmental 

safety measure. Whether pipes are replaced, or chemicals are added to maintain current 

pipe systems, future studies should consider conducting more in-situ long-term pipe 

studies to evaluate the scale of impact in both natural and engineered systems. 

Furthermore, researchers and practitioners should work together to identify priority 

areas of maintenance and to elucidate potential synergistic effects between both systems 

to ensure continual development and holistic protection of both systems.  

• Intersectional and transdisciplinary evaluations of public health exposures from the 

interactions between water and indoor air will be imperative to understanding the true 

impacts of climate change on the built environment. Climate change impacts on our 

engineered systems will need to be examined using a transdisciplinary approach to 

identify, quantify, and assess the risk of threats to public and environmental health 

accurately and holistically. In particular, the impacts of floodwater mobilized pollutants 

in indoor spaces will need to be both modeled and examined in real world residential 
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settings to assess the pollutant exposures and risks. Moreover, new standard methods 

that incorporate fundamental science, community experience, and accessible 

communication across sectors will be a necessary component in assessing exposures to 

threats in the environment. Without these, siloed approaches to understanding the true 

impacts of climate change in urban water infrastructure will stymie the advancement of 

our systems, leaving them vulnerable to further degradation. 

 

The next generations of scientists, engineers, and policymakers face a substantial task in 

safeguarding and advancing urban water infrastructure. By conducting comprehensive 

assessments of our existing systems and their interconnectivity, we can pave the way for the 

advancement of improved treatment technologies, enhanced management strategies, and the 

development and deployment of effective policy and legislation. Moreover, this endeavor will 

promote broader societal awareness and encourage proactive decision-making concerning public 

and environmental health. 
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Appendix A Aim 1.0 Supplementary Information 

Appendix A.1  TAED-PAA Synthesis Information  

 

Appendix A Figure 1: TAED-PAA production schematic (provided by Lubrizol) 

 

Sodium percarbonate (PCS) dissociates to sodium carbonate and hydrogen peroxide almost 

immediately in water. The hydrogen peroxide then reacts with TAED, hydrolysing it to 

triacetylethylenediamine (TriAED) and then diacetylethylenediamine (DAED). This process 

releases two moles of PAA and an end product, DAED. TAED-PAA synthesis differs from 

commercial PAA synthesis due to hydrogen peroxide and acetic acid not being present in the same 

way. Since the hydrogen peroxide is used to generate the peracetic acid rather than stabilize it, the 

hydrogen peroxide concentration in TAED generated PAA is significantly lower than that found 

in commercial PAA and so the total oxidant level is commensurately low also. The actual level 

will depend on the reaction conditions and the completeness of the reaction under those conditions. 

For example, under static mixing conditions, a maximum of 346 ppm peracetic acid is 

released (60 mins) from a 3.75g/l Jet Harvest 527 dose = 0.346g peracetic acid = 0.004 moles 

peracetic acid (theoretical max peracetic acid release = 773ppm; max release achieved is 
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equivalent to 44.9% release). To generate the amount of peracetic acid using TAED, 0.002 moles 

of TAED and 0.004 moles of hydrogen peroxide. Assuming a total percarbonate level of 1.4657g/l 

@ 90.53% active = 1.327g/l sodium percarbonate (PCS), 0.0127 moles of hydrogen peroxide 

would be generated in solution. Therefore, assuming no active degradation of peracid or peroxide 

during the 60 min peracid generation time (very unlikely), the remaining peroxide in solution 

would be = 0.0127 moles – 0.004 moles = 0.087 moles = 0.296g/l = 296 ppm. After 60 min, the 

resulting solutions would contain a 346 ppm peracetic acid: 296ppm hydrogen peroxide ratio. The 

peroxide would decompose much more rapidly during dissolution and generation. This is 

compared to 15% commercial PAA which typically contains 26% peroxide. The nature of the in-

situ reaction to generate PAA means that transport and handling hazards are greatly reduced 

compared to equilibrium, pre-formed PAA and only the amount of PAA required for the 

application is generated at the site. Both TAED and DAED are non-toxic and non-sensitizing 

compounds which biodegrade.  
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Appendix A.2 Water Quality Figures and Tables 

 

Appendix A Figure 2: Average (n = 9) a) total coliform and b) E. coli counts before and after TAED-PAA 

treatment for plants A – E 
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Appendix A Figure 3: Conventional Ct average (n = 9) a) TAED-PAA treated total coliform, b) TAED-PAA 

treated E. coli, c) Commercial PAA treated total coliform, d) Commercial PAA treated E. coli counts before 

and after treatment; e) E. coli log10 reductions under both PAA treatments 

 

 

Appendix A Figure 4: Integral Ct average (n = 9) a) TAED-PAA treated total coliform, b) TAED-PAA treated 

E. coli, c) Commercial PAA treated total coliform, d) Commercial PAA treated E. coli counts before and after 

treatment; e) E. coli log10 reductions under both PAA treatments 
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Appendix A Figure 5: Average (n = 3) total transition metal concentrations with standard deviation before and 

after PAA application under conventional Ct approach. a) total copper, b) total iron, and c) total manganese 

across the three plants studied in section 2.3.2.   

 

 

Appendix A Figure 6: Average (n = 3) total transition metal concentrations with standard deviation before and 

after PAA application under integral Ct approach. a) total copper, b) total iron, and c) total manganese across 

the three plants studied in section 2.3.2. 
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Appendix A Table 1: Average ± s.d. water quality parameters pre- & post- conventional Ct PAA treatment  

 Plant D   Plant E Plant F 

Parameter Controla 
TAED-

PAA 

Com. 

PAA 
Control 

TAED-

PAA 

Com. 

PAA 
Control 

TAED-

PAA 

Com. 

PAA 

Total N 

(mg/L N) 

10.33 ± 

2.49 

17.33 ± 

3.30 

14.33 ± 

1.89 

4.67 ± 

0.47 

6.67 ± 

1.25 

3.67 ± 

1.70 

7.33 ± 

4.78 

38.67 ± 

1.70 

33.67 ± 

9.98 

Total P 

(mg/L P) 
3.50b 3.50b 3.50b 

5.32 ± 

0.02 

3.55 ± 

0.07 

3.50 ± 

0.07 

2.12 ± 

0.20 

3.26 ± 

0.31 

3.50 ± 

0.27 

BOD5 

(mg/L O2) 

37.31 ± 

10.07 

42.83 ± 

9.87 

28.28 ± 

9.02 

23.33 ± 

6.78 

26.74 ± 

9.04 

29.40 ± 

11.63 

38.81 ± 

14.29 

33.19 ± 

8.70 

30.26 ± 

14.14 

TDS (mg 

/L) 

235.33 ± 

204.13 

86.00 ± 

2.37 

85.56 ± 

2.06 

464.00 ± 

43.20 

318.67 ± 

13.19 

276.00 ± 

33.94 

480.00 

± 3.27 

433.33 ± 

13.19 

434.67 ± 

4.99 

a)Negative controls consisted of wastewater without PAA addition 

b)Samples reached method detection limit maximums. Was not able to reprocess. 

 

Appendix A Table 2: Average ± s.d. water quality parameters pre- & post- integral Ct PAA treatment 

 
Plant D  Plant E Plant F 

Parameter Control 
TAED-

PAA 

Com. 

PAA 
Control 

TAED-

PAA 

Com. 

PAA 
Control 

TAED-

PAA 

Com. 

PAA 

Total N 

(mg/L N) 

10.33 ± 

2.49 

23.00 ± 

7.26 

13.33 ± 

2.05 

4.67 ± 

0.47 

27.67 ± 

0.94 

28.00 ± 

2.16 

7.33 ± 

4.78 

54.33 ± 

6.18 

66.67 ± 

19.36 

Total P 

(mg/L P) 

3.50 ± 

0.00 

3.97 ± 

0.07 

0.17 ± 

0.16 

5.32 ± 

0.02 

6.47 ± 

0.17 

3.50 ± 

0.83 

2.12 ± 

0.20 

2.08 ± 

0.07 

3.50 ± 

0.04 

BOD5 

(mg/L O2) 

74.25 ± 

13.88 

87.94 ± 

19.76 

86.10 ± 

26.50 

30.53 ± 

8.73 

43.54 ± 

5.84 

20.55 ± 

10.18 

52.88 ± 

15.92 

46.76 ± 

11.95 

43.73 ± 

15.80 

TDS (mg / 

L) 

230.67 ± 

207.56 

70.89 ± 

5.77 

77.78 ± 

2.74 

420.00 ± 

21.42 

398.67 ± 

13.60 

401.33 ± 

15.43 

464.00 

± 22.86 

413.33 ± 

37.85 

438.67 ± 

40.84 
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Appendix B Aim 2.0 Supplementary Information 

 

Appendix B Figure 1: Average (n = 15) total ntirogen concentration in each urban stream before and after 

PO4
3- addition into the DWDS. Error bars represent the standard deviation.  

 

 



 138 

 

Appendix B Figure 2: Average (n = 15) total ntirogen concentration in each urban stream before and after 

PO4
3- addition into the DWDS. Error bars represent the standard deviation.  
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Appendix B Figure 3: Nonmetric multidimensional scaling (NMDS) plots of Bray-Curtis distances for the five 

urban stream sites sampled. The ellipses represent the 95% confidence interval of the distribution from the 

centroid of the cluster points. 
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Appendix B Figure 4: Top 10 most abundant phyla in urban streams a) S1, b) S3, and c) S5 before and after 

PO4
3- addition in the distribution system.  

Streams S1, S3, and S5 all had the same top ten phyla represented. Significant changes in were observed in the relative 

abundances of Acidobacteria, Planctomyctetes, and Verrucomicrobia in stream S1 while no significant differences 

were observed in streams S3 or S5. 

 

Appendix B Figure 5: Top 10 most abundant phyla in urban streams a) S2 and b) S4 before and after PO4
3- 

addition in the distribution system.  

Significant changes in were observed in the relative abundances of Elusimicrobia and  Omnitropicaeota in stream S2 

while significant differences were observed in Omnitropicaeota and Planctomycetes  in stream S4. 
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Appendix B Figure 6: Cyanobacteria absolute abundance in urban streams before and after PO4
3- addition into 

the DWDS . No significant differences were observed in any stream after PO4
3- addition.   

 

Appendix B Figure 7: Candidatus Accumulibacter absolute abundance in urban streams before and after PO4
3- 

addition into the DWDS . No significant differences were observed in any stream after PO4
3- addition.   
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Appendix B Figure 8: Average phosphorus and nitrogen functional trait relative abundance of stream S1 before 

and after PO4
3- addition into the DWDS. * represents a p-value < 0.05, ** represents a p-value < 0.01. 

 

Appendix B Figure 9: Average phosphorus and nitrogen functional trait relative abundance of stream S2 before 

and after PO4
3- addition into the DWDS.  
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Appendix B Figure 10: Average phosphorus and nitrogen functional trait relative abundance of stream S3 

before and after PO4
3- addition into the DWDS.  

 

Appendix B Figure 11: Average phosphorus and nitrogen functional trait relative abundance of stream S4 

before and after PO4
3- addition into the DWDS. * represents a p-value < 0.05, ** represents a p-value < 0.01. 
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Appendix B Figure 12: Average phosphorus and nitrogen functional trait relative abundance of stream S5 

before and after PO4
3- addition into the DWDS. * represents a p-value < 0.05, ** represents a p-value < 0.01. 
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Appendix B Table 1: Different water quality parameters measured in this study and the method / apparatus 

Parameter Unit Method / Apparatus 

Temperature ℃ YSI multiparameter sonde 

pH -- YSI multiparameter sonde 

Dissolved Oxygen mg/L O2 YSI multiparameter sonde 

Total Reactive Phosphorus µg/L P Lachat QuikChem Analyzer 

Soluble Reactive Phosphorus µg/L P Lachat QuikChem Analyzer 

Total Phosphorus µg/L P Lachat QuikChem Analyzer 

Ammonia mg/L N Lachat QuikChem Analyzer 

Nitrate & Nitrite mg/L N Lachat QuikChem Analyzer 

Chloride mg/L Lachat QuikChem Analyzer 

Sulfate mg/L Lachat QuikChem Analyzer 

Bromide mg/L Lachat QuikChem Analyzer 

Phosphate (IC) mg/L Dionex Ion Chromatagraph 

Nitrogen Dioxide (IC) mg/L Dionex Ion Chromatagraph 

Nitrate (IC) mg/L Dionex Ion Chromatagraph 

Total & Dissolved Iron mg/L ICP-MS 

Total & Dissolved Copper mg/L ICP-MS 

Total & Dissolved 

Manganese 

mg/L ICP-MS 

Total & Dissolved Lead mg/L ICP-MS 

 

Appendix B Table 2: Average ± standard deviation (s.d.) measured water quality parameters before and after 

full-scale PO4
3- addition into the DWDS. Dissolved concentrations are in parentheses. 

Parameter 
Average ± s.d. 

Before PO4
3- (n = 15) 

Average ± s.d. 

After PO4
3- (n = 15) 

Temperature 4.24 ± 1.19 7.76 ± 2.27 

pH 8.40 ± 0.17 7.82 ± 0.11 

Dissolved Oxygen 0.001 ± 0.002 1.71 ± 0.364 

Total Phosphorus 0.069 ± 0.084 0.103 ± 0.105 

Total Nitrogen 1.32 ± 1.52 1.59 ± 1.10  

Total (& Dissolved) Iron 
0.028 ± 0.027 

(0.017 ± 0.017) 

0.013 ± 0.016 

(0.001 ± 0.001) 

Total (& Dissolved) Copper 
0.005 ± 0.006 

(0.004 ± 0.005) 

0.009 ± 0.004 

(0.008 ± 0.003) 

Total (& Dissolved) Manganese 0.006 ± 0.013 0.001 ± 0.001 
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(0.001 ± 0.002) (0.0001 ± 0.0001) 

Total (& Dissolved) Lead 
0.3 ± 1.0 

(0.057 ± 0.062) 

0.051 ± 0.043 

(0.01 ± 0.01) 

Appendix B Table 3: ddPCR target genes, amplicon size, annealing temperature, and primer sequences 

Target Taxa 
Target 

gene 

Approx. 

Amplicon 

Size (bp) 

Annealing 

Temp. (℃) Sequence (5’ to 3’) 

Total Bacteria 16S rRNA 200 57 
F: ACTCCTACGGGAGGCAG 

R: ATTACCGCGGCTGCTGG 

Cyanobacteria 16S rRNA 422 60 
F: GGGGAATCTTCCGCAATGGG 

R: GACTACTGGGGTATCTAATCCCATT 

Candidatus 

Accumulibater 
16S rRNA 351 60 

F: CCAGCAGCCGCGGTAAT 

R: GTTAGCTACGGCACTAAAAGG 

 

Appendix B Table 4: ddPCR reaction conditions 

Target taxa (gene) Temperatures and Times # of cycles 

Total Bacteria 

95℃, 5:00, Ramp 2/s 

45 

95℃, 0:30, Ramp 2/s 

57℃, 1:00, Ramp 2/s 

72℃, 1:00, Ramp 2/s 

4℃, 5:00, Ramp 2/s 

90℃, 5:00, Ramp 2/s 

12℃, --, Ramp 2/s 

Cyanobacteria, 

Candidatus 

Accumulibacter 

95℃, 5:00, Ramp 2/s 

44 

95℃, 0:30, Ramp 2/s 

60℃, 1:00, Ramp 2/s 

72℃, 1:00, Ramp 2/s 

4℃, 5:00, Ramp 2/s 

90℃, 5:00, Ramp 2/s 

12℃, --, Ramp 2/s 

 

Appendix B Table 5: ddPCR assay thresholds, LOD, and LOQ 

Target taxa (gene) ddPCR Threshold Limit of Detection Limit of Quantification 

Total Bacteria 12900 5.3 gene copies / 20 µL 53 gene copies / 20 µL 

Cyanobacteria 9567 7.9 gene copies / 20 µL 7.9 gene copies / 20 µL 

Candidatus Accumulibacter 7632 1.1 gene copies / 20 µL 116 gene copies / 20 µL 

Thresholds were determined experimentally by spiking target taxa’s gblock at different concentrations into water 

DNA matrix and adjusting threshold until expected concentration was read out.  
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Appendix B Table 6: Module list of functional traits relating to phosphate or nitrogen metabolism 

BugBase Module 

ID 

Module Name 

M00145 NADPH Quinone Oxidoreductase in Chloroplasts and Cyanobacteria 

M00175 Nitrogen Fixation: Nitrogen-Ammonia 

M00222 Phosphate Transport System 

M00434 PhoRB Phospate Starvation Response 

M00438 Nitrate-Nitrite Transport System 

M00443 SenX3-RegX3 Phosphate Starvation Response 

M00449 CreBC Phosphate Regulation 

M00473 UhpBA Hexose Phosphate Uptake 

M00497 GlnLG Nitrogen Regulation 

M00498 NtrYX Nitrogen Regulation 

M00524 FixLJ Nitrogen Fixation 

M00528 Ammonia-Nitrite Nitrification 

M00529 Nitrate-Nitrogen Denitrification 

M00530 Dissimilatory Nitrate Reduction: Nitrate-Ammonia 

M00531 Assimilatory Nitrate Reduction: Nitrate-Ammonia 

 

Appendix B Table 7: Significant responses (p < 0.05) of green algae and Cyanobacteria biomass to various 

nutrient treatments (N as mg N/L and P as mg P/L) before PO4
3- addition, two months, and twelve months after 

PO4
3- addition in S1 

Algae Type Before PO4
3- Addition 

Two months after 

PO4
3- Addition 

One year after 

PO4
3- Addition 

Green Algae 
0.05P, 0.1P, 0.2P, 0.5P, 

0.05P+5N, 0.1P+1N,  

0.2P+2N, 0.5P+5N 

0.05P+0.5N, 0.1P+0.1N, 

0.2P+0.2N, 0.5P+0.5N 
0.2P+2N, 0.5P+5 

Cyanobacteria 
0.05P, 0.1P, 0.2P, 0.5P 

0.05P+0.5N,0.1P+1N,  

0.2P+2N, 0.5P+5N 

0.2P+2N, 0.5P+5N 0.2P+2N, 0.5P+5N 
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Appendix B Table 8: Significant responses (p < 0.05) of green algae and Cyanobacteria biomass to various 

nutrient treatments (N as mg N/L and P as mg P/L) before PO4
3- addition, two months, and twelve months after 

PO4
3- addition in S2 

Algae Type Before PO4
3- Addition 

Two months after 

PO4
3- Addition 

One year after 

PO4
3- Addition 

Green Algae No response No response No response 

Cyanobacteria No response No response No response 

 

Appendix B Table 9: Significant responses (p < 0.05) of green algae and Cyanobacteria biomass to various 

nutrient treatments (N as mg N/L and P as mg P/L) before PO4
3- addition, two months, and twelve months after 

PO4
3- addition in S3 

Algae Type Before PO4
3- Addition 

Two months after 

PO4
3- Addition 

One year after 

PO4
3- Addition 

Green Algae 
0.05P+5N, 0.1P+1N,  

0.2P+2N, 0.5P+5N 

1N, 2N, 5N, 

0.05P+0.5N, 0.1P+1N, 

0.2P+2N, 0.5P+5N 

0.1P+1N, 

0.2P+2N, 0.5P+5N 

Cyanobacteria 
0.05P, 0.1P, 0.2P, 0.5P 

0.05P+0.5N,0.1P+1N,  

0.2P+2N, 0.5P+5N 

0.2P+2N, 0.5P+5N 0.5P+5N 

 

Appendix B Table 10: Significant responses (p < 0.05) of green algae and Cyanobacteria biomass to various 

nutrient treatments (N as mg N/L and P as mg P/L) before PO4
3- addition, two months, and twelve months after 

PO4
3- addition in S4 

Algae Type Before PO4
3- Addition 

Two months after 

PO4
3- Addition 

One year after 

PO4
3- Addition 

Green Algae 
0.05P, 0.1P, 0.2P, 0.5P, 

0.05P+5N, 0.1P+1N,  

0.2P+2N, 0.5P+5N 

2N, 5N,  0.1P+1N, 

0.2P+2N, 0.5P+5N 

0.05P, 0.1P, 0.2P, 

0.5P, 0.05P+0.5N, 

0.1P+1N, 0.2P+2N, 

0.5P+5N 

Cyanobacteria 
0.05P, 0.1P, 0.2P, 0.5P 

0.05P+0.5N,0.1P+1N,  

0.2P+2N, 0.5P+5N 

0.2P+2N, 0.5P+5N 

0.2P, 0.5P, 

0.1P+1N, 0.2P+2N, 

0.5P+5N 
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Appendix B Table 11: Significant responses (p < 0.05) of green algae and Cyanobacteria biomass to various 

nutrient treatments (N as mg N/L and P as mg P/L) before PO4
3- addition, two months, and twelve months after 

PO4
3- addition in S5 

Algae Type Before PO4
3- Addition 

Two months after 

PO4
3- Addition 

One year after 

PO4
3- Addition 

Green Algae 
0.05P, 0.1P, 0.2P, 0.5P, 

0.05P+5N, 0.1P+1N,  

0.2P+2N, 0.5P+5N 

0.05P+0.5N, 0.1P+1N, 

0.2P+2N, 0.5P+5N 

0.05P, 0.1P, 0.2P, 

0.5P, 0.05P+0.5N, 

0.1P+1N, 0.2P+2N, 

0.5P+5 

Cyanobacteria 
0.05P, 0.1P, 0.2P, 0.5P 

0.05P+0.5N,0.1P+1N,  

0.2P+2N, 0.5P+5N 

0.2P, 0.5P,  

0.2P+2N, 0.5P+5N 

0.1P, 0.2P, 0.5P, 

0.05P+0.5N, 

0.1P+1N, 0.2P+2N, 

0.5P+5N 

 

Appendix B Table 12: Significant responses (p < 0.05) of green algae and Cyanobacteria biomass to various 

nutrient treatments (N as mg N/L and P as mg P/L) before PO4
3- addition, two months, and twelve months after 

PO4
3- addition in tap water (DWDS) 

Algae Type Before PO4
3- Addition 

Two months after 

PO4
3- Addition 

One year after 

PO4
3- Addition 

Green Algae 0.05P+5N 0.2P+2N, 0.5P+5N 
1N, 2N, 5N, 

0.2P+2N, 0.5P+5 

Cyanobacteria No response No response 2N 

 

Appendix B Table 13: Urban stream TN:TP ratios before and one year after PO4
3- addition into the DWDS 

Stream Before PO4
3- Addition 

One year after 

PO4
3- Addition 

Shades Run (S1) 40.1 34.9 

Negley Run (S2) 20.2 12.8 

Fern Hollow (S3) 31.2 34.1 

Panther Hollow (S4) 60.2 24.9 

Phipps Run (S5) 40.3 22.6 
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Appendix C Aim 3.0 Supplementary Information 

 

Appendix C Figure 1: PO4
3- dosing (left scale, in blue) and water temperature (right scale, in orange) over the 

duration of the one-year study. Water temperature was averaged between the seven distribution sites and error 

bars represent the standard deviation. 
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Appendix C Figure 2: (a) Total chlorine, (b) total lead, (c) pH, and (d) PO4
3- concentration across the seven 

distribution system sites over the duration of the one-year study.  

The PO4
3- concentration measured in the distribution system differs from the dose in Figure C1 due to scale formation. 
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Appendix C Figure 3: Average ± standard deviation of absolute density of DWPIs, total bacteria, and 

Cyanobacteria in the DWDS before (n = 21) and after PO4
3- addition (n = 77). The after category contains data 

from 9 months of sample collection. 
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Appendix C Figure 4: Ratio of NTM (as measured by the atpE gene) to total bacteria (as measured by the 16S 

rRNA gene) across the seven distribution system sites over the course of the study duration and three years 

later.  

Note: only six samples were collected in 2022, as one of the routine monitoring sites has been shut down 
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Appendix C Figure 5: a) NTM concentration over the batch reactor study duration and b) absolute density of 

NTM species in batch reactors.  

Over the duration of the experiment (~ 3 months), a significant difference in M. smegmatis density was observed, 

likely due to competition with the environmental M. avium, M. abcessus, and other microorganisms present in the 

water. 
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Appendix C Figure 6: Average densities of M. abcessus and M. avium in the DWDS at the time of the significant 

increase in 2019 

 

 

Appendix C Figure 7: Aggregate fraction of M. abcessus cultures suspended in phosphate buffered saline mixed 

with 6% Tween20. As phosphate level increased, the number of suspended aggregates decreased 
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Appendix C Figure 8: Average (n = 9 for each species, at each timepoint, at each phosphorus concentration) ± 

standard deviation of planktonic vs aggregate NTM ratios for M. abcessus (left), M. avium (middle), and M. 

smegmatis (right).  

Ratios were obtained by dividing the planktonic OD600 measurements by the aggregate OD600 measurements. A 

larger ratio signifies a larger amount of NTM in the planktonic phase. 

 

 

Appendix C Figure 9: Planktonic vs aggregate NTM ratios (ranges in parentheses) for M. avium (0 – 547) at 

different concentrations of phosphate (each tile is one technical replicate, for a total of n = 9 per species x 

phosphate concentration x time).  

Blue colored cells represent a smaller ratio, signifying a larger proportion of aggregated NTM cells while white/red 

colored cells represent a higher ratio, signifying a larger proportion of planktonic NTM cells. The white cells represent 

the 50th percentile of each specific species dataset. The ratios were obtained by dividing the planktonic OD600 

measurements by the aggregate OD600 measurements. 
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Appendix C Table 1: Different water quality parameters measured in this study and the method / apparatus 

used 

Parameter Unit Method / Apparatus 

Temperature ℃ Temperature probe 

pH -- pH electrode 

Orthophosphate mg/L PO4
3- PhosVer3 Ascorbic Acid Method 

Total & Dissolved Iron mg/L ICPMS (dissolved 0.45 µm filtered) 

Total & Dissolved Copper mg/L ICPMS (dissolved 0.45 µm filtered) 

Total & Dissolved 

Manganese 

mg/L ICPMS (dissolved 0.45 µm filtered) 

Total & Dissolved Lead µg/L ICPMS (dissolved 0.45 µm filtered) 

Total Chlorine mg/L Cl2 DPD Method 

Free Chlorine mg/L Cl2 DPD Method 

Turbidity NTU Turbidimeter 

ATP mg/L AquaSnap Total ATP meter 

 

 

Appendix C Table 2: Average ± standard deviation (s.d.) measured water quality parameters before and after 

full-scale PO4
3- addition into the DWDS. Dissolved concentrations are in parentheses. 

Parameter 
Average ± s.d. 

Before PO4
3- (n = 14) 

Average ± s.d. 

After PO4
3- (n = 14) 

Temperature 4.24 ± 1.19 7.76 ± 2.27 

pH 8.40 ± 0.17 7.82 ± 0.11 

Orthophosphate 0.001 ± 0.002 1.71 ± 0.364 

Total (& Dissolved) Iron 
0.028 ± 0.027 

(0.017 ± 0.017) 

0.013 ± 0.016 

(0.001 ± 0.001) 

Total (& Dissolved) Copper 
0.005 ± 0.006 

(0.004 ± 0.005) 

0.009 ± 0.004 

(0.008 ± 0.003) 

Total (& Dissolved) Manganese 
0.006 ± 0.013 

(0.001 ± 0.002) 

0.001 ± 0.001 

(0.0001 ± 0.0001) 

Total (& Dissolved) Lead 
0.3 ± 1.0 

(0.057 ± 0.062) 

0.051 ± 0.043 

(0.01 ± 0.01) 

Total Chlorine 1.04 ± 0.16 1.17 ± 0.19 

Free Chlorine 0.94 ± 0.16 1.06 ± 0.18 

Turbidity 0.068 ± 0.031 0.102 ± 0.065 

ATP 4.1x10-7 ± 1.3x10-7 1.2x10-7 ± 1.4x10-7 
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Appendix C Table 3: ddPCR target genes, amplicon size, annealing temperature, and primer sequences 

Target Taxa 
Target 

gene 

Approx. 

Amplicon 

Size (bp) 

Annealing 

Temp. (℃) Sequence (5’ to 3’) 

Total Bacteria 16S rRNA 200 57 
F: ACTCCTACGGGAGGCAG 

R: ATTACCGCGGCTGCTGG 

Legionella 

pneumophila 
Lmip 150 57 

F: CCGATGCCACATCATTAGC 

R: CCAATTGAGCGCCACTCATAG 

Pseudomonas 

aeruginosa 
Orpl 117 57 

F: CGAGTACAACATGGCTCTGG 

R: ACCGGACGCTCTTTACCATA 

Nontuberculous 

mycobacteria 
atpE 164 57 

F: CGGYGCCGGTATCGGYGA 

R: CGAAGACGAACARSGCCAT 

Mycobacterium 

abcessus 
rpoB 77 56.5 

F: CGATAGAGGACTTCGCCTAACC 

R: TCGAGCACGTAAACTCCCTTC 

Mycobacterium 

avium 
16S rRNA 97 55.5 

F: GGGTGAGTAACACGTGTGCAA 

R: CCAGAAGACATGCGTCGTGA 

Mycobacterium 

smegmatis 
rrnB 75 60.7 

F: ATCCTCGCTGCCACTAGAGA 

R: AAACAACACGCCCGACTTTG 

Cyanobacteria 16S rRNA 422 60 
F: GGGGAATCTTCCGCAATGGG 

R: GACTACTGGGGTATCTAATCCCATT 
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Appendix C Table 4: ddPCR reaction conditions 

Target taxa (gene) Temperatures and Times # of cycles 

Total Bacteria, 

L. pneumophila, 

P. aeruginosa, NTM 

 

95℃, 5:00, Ramp 2/s 

45 

95℃, 0:30, Ramp 2/s 

57℃, 1:00, Ramp 2/s 

72℃, 1:00, Ramp 2/s 

4℃, 5:00, Ramp 2/s 

90℃, 5:00, Ramp 2/s 

12℃, --, Ramp 2/s 

M. abcessus 

95℃, 5:00, Ramp 2/s 

45 

95℃, 0:30, Ramp 2/s 

56.5℃, 1:00, Ramp 2/s 

72℃, 1:00, Ramp 2/s 

4℃, 5:00, Ramp 2/s 

90℃, 5:00, Ramp 2/s 

12℃, --, Ramp 2/s 

M. avium 

95℃, 5:00, Ramp 2/s 

45 

95℃, 0:30, Ramp 2/s 

55.5℃, 1:00, Ramp 2/s 

72℃, 1:00, Ramp 2/s 

4℃, 5:00, Ramp 2/s 

90℃, 5:00, Ramp 2/s 

12℃, --, Ramp 2/s 

M. smegmatis 

95℃, 5:00, Ramp 2/s 

45 

95℃, 0:30, Ramp 2/s 

60.7℃, 1:00, Ramp 2/s 

72℃, 1:00, Ramp 2/s 

4℃, 5:00, Ramp 2/s 

90℃, 5:00, Ramp 2/s 

12℃, --, Ramp 2/s 

Cyanobacteria 

95℃, 5:00, Ramp 2/s 

44 

95℃, 0:30, Ramp 2/s 

60℃, 1:00, Ramp 2/s 

72℃, 1:00, Ramp 2/s 

4℃, 5:00, Ramp 2/s 

90℃, 5:00, Ramp 2/s 

12℃, --, Ramp 2/s 
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Appendix C Table 5: ddPCR assay thresholds, LOD, and LOQ 

Target taxa (gene) ddPCR Threshold Limit of Detection Limit of Quantification 

Total Bacteria 12900 5.3 gene copies / 20 µL 53 gene copies / 20 µL 

L. pneumophila 8800 6.08 gene copies / 20 µL 6.08 gene copies / 20 µL 

P. aeruginosa 4500 7.3 gene copies / 20 µL 7.3 gene copies / 20 µL 

NTM 10600 5.6 gene copies / 20 µL 5.6 gene copies / 20 µL 

M. abcessus 9093 6.62 gene copies / 20 µL 6.62 gene copies / 20 µL 

M. avium 9431 6.62 gene copies / 20 µL 66 gene copies / 20 µL 

M. smegmatis 11643 5.8 gene copies / 20 µL 5.8 gene copies / 20 µL 

Cyanobacteria 9567 7.9 gene copies / 20 µL 7.9 gene copies / 20 µL 
Thresholds were determined experimentally by spiking target taxa’s gblock at different concentrations into water 

DNA matrix and adjusting threshold until expected concentration was read out.  
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Appendix D Aim 4.0 Supplementary Information 

 

Appendix D Figure 1: Boxplots of the log10 transformed viable total bacteria, L. pneumophila, NTM, P. 

aeruginosa, S. enterica, and norovirus absolute gene copies within floodwaters. Samples with no detects had 

their densities set at half of the limit of detection for the assay prior to normalization.  

 

 

 

 

 

 

 



 162 

Appendix D Table 1: Different water quality parameters measured in this study and the method / apparatus 

used 

Parameter Unit Method / Apparatus 

Temperature ℃ Temperature probe 

pH -- pH electrode 

Turbidity NTU PhosVer3 Ascorbic Acid Method 

Total & Dissolved Iron mg/L ICPMS (dissolved 0.45 µm filtered) 

Total & Dissolved Copper mg/L ICPMS (dissolved 0.45 µm filtered) 

Total & Dissolved 

Manganese 

mg/L ICPMS (dissolved 0.45 µm filtered) 

Nitrate & Nitrite mg/L N Lachat QuikChem Analyzer 

 

Appendix D Table 2: ddPCR target genes, amplicon size, annealing temperature, and primer sequences 

Target Taxa 
Target 

gene 

Approx. 

Amplicon 

Size (bp) 

Annealing 

Temp. (℃) Sequence (5’ to 3’) 

Total Bacteria 16S rRNA 200 54 
F: ACTCCTACGGGAGGCAG 

R: ATTACCGCGGCTGCTGG 

Legionella 

pneumophila 
Lmip 150 56 

F: CCGATGCCACATCATTAGC 

R: CCAATTGAGCGCCACTCATAG 

Pseudomonas 

aeruginosa 
Orpl 117 56 

F: CGAGTACAACATGGCTCTGG 

R: ACCGGACGCTCTTTACCATA 

Nontuberculous 

mycobacteria 
atpE 164 59 

F: CGGYGCCGGTATCGGYGA 

R: CGAAGACGAACARSGCCAT 

Salmonella 

enterica 
ttrC 127 61.6 

F: GCCTTACAGGCGTTCTTCG 

R: ATTTTTGGCAGCCTTACCG 

Norovirus ORF1 498 48 
F: TTATTGAAATGTGGGATGGAG 

R: CTGCGAAGCTCCAATCAC 
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Appendix D Table 3: ddPCR reaction conditions 

Target taxa  Temperatures and Times # of cycles 

Total Bacteria 

 

95℃, 5:00, Ramp 2/s 

45 

95℃, 1:00, Ramp 2/s 

54℃, 1:00, Ramp 2/s 

72℃, 2:00, Ramp 2/s 

4℃, 5:00, Ramp 2/s 

90℃, 5:00, Ramp 2/s 

12℃, --, Ramp 2/s 

L. pneumophila, P. 

aeruginosa 

95℃, 5:00, Ramp 2/s 

45 

95℃, 1:00, Ramp 2/s 

56℃, 1:00, Ramp 2/s 

72℃, 2:00, Ramp 2/s 

4℃, 5:00, Ramp 2/s 

90℃, 5:00, Ramp 2/s 

12℃, --, Ramp 2/s 

NTM 

95℃, 5:00, Ramp 2/s 

45 

95℃, 1:00, Ramp 2/s 

59℃, 1:00, Ramp 2/s 

72℃, 2:00, Ramp 2/s 

4℃, 5:00, Ramp 2/s 

90℃, 5:00, Ramp 2/s 

12℃, --, Ramp 2/s 

S. enterica 

95℃, 5:00, Ramp 2/s 

45 

95℃, 0:30, Ramp 2/s 

61.6℃, 1:00, Ramp 2/s 

72℃, 1:00, Ramp 2/s 

4℃, 5:00, Ramp 2/s 

90℃, 5:00, Ramp 2/s 

12℃, --, Ramp 2/s 

Norovirus 

95℃, 5:00, Ramp 2/s 

45 

95℃, 1:00, Ramp 2/s 

48℃, 1:00, Ramp 2/s 

72℃, 2:00, Ramp 2/s 

4℃, 5:00, Ramp 2/s 

90℃, 5:00, Ramp 2/s 

12℃, --, Ramp 2/s 
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Appendix D Table 4: ddPCR assay thresholds, LOD, and LOQ 

Target taxa (gene) ddPCR Threshold Limit of Detection Limit of Quantification 

Total Bacteria 8000 1.5 gene copies / 20 µL 1.5 gene copies / 20 µL 

L. pneumophila 10600 5.91 gene copies / 20 µL 5.91 gene copies / 20 µL 

P. aeruginosa 10000 1 gene copies / 20 µL 7.13 gene copies / 20 µL 

NTM 4000 1 gene copies / 20 µL 5.4 gene copies / 20 µL 

S. enterica 3150 7 gene copies / 20 µL 70 gene copies / 20 µL 

Norovirus 5600 1.77 gene copies / 20 µL 1.77 gene copies / 20 µL 
Thresholds were determined experimentally by spiking target taxa’s gblock at different concentrations into water 

DNA matrix and adjusting threshold until expected concentration was read out.  
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Appendix E Aim 5.0 Supplementary Information 

Appendix E Table 1: Assumed residential structure airflow path leakage areas used in CONTAM model from 

ASHRAE 62.1 

Component 
Effective Leakage Area 

(at reference pressure 4 Pa – cm2/m2) 

Basement exterior walls 25 

Main floor exterior walls 0.138 

Main floor interior walls 2.01 

Floor vent leakage 3.68 

Attic floor leakage 2.01 

 

Appendix E Table 2: Zone design air supply rates 

Zone Design Air Supply Rate (m3/hr) 

Basement  18.26 

Living Room 234 

Bedroom Adult 179.2 

Bedroom Child 87.16 

Dining Room 73.152 

Kitchen 206.04 

Bathroom 54.86 
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Appendix E Table 3: Adult occupancy schedule used in the CONTAM simulation for all case scenarios 

 

Time 
Control HOF HOG DG 

Weekday Weekend Weekday Weekend Weekday Weekend Weekday Weekend 

00:00 AM 
Bedroom Bedroom Bedroom Bedroom 

Bedroom 
Bedroom Bedroom Bedroom 

6:00 Basement 

7:00 Kitchen Kitchen Kitchen Kitchen Kitchen Kitchen Kitchen Kitchen 

8:00 

Work 

Living room 

Basement 

Living room 

Work 

Living room 

Work 

Living room 
9:00 

10:00 

11:00 

12:00 PM Kitchen 

Dining room 

Kitchen 

Dining room 

Kitchen 

Dining room 

Kitchen 

13:00 

Basement 

14:00 
Basement 

(15min) 

Basement 

(15min) 
Basement 

15:00 

Living room Living room Living room 16:00 

17:00 Living room Living room Living room Basement 

18:00 Kitchen Kitchen Kitchen Kitchen Kitchen Kitchen Kitchen Kitchen 

19:00 
Dining room Dining room Dining room Dining room Dining room Dining room 

Dining 

room 
Dining room 

20:00 

21:00 

Bedroom Bedroom Bedroom Bedroom Bedroom Bedroom Bedroom Bedroom 22:00 

23:00 
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Appendix E Table 4: Child occupancy schedule used in the CONTAM simulation for all case scenarios 

Time 
Control HOF HOG DG 

Weekday Weekend Weekday Weekend Weekday Weekend Weekday Weekend 

00:00 AM 
Bedroom 

Bedroom 
Bedroom 

Bedroom 
Bedroom 

Bedroom 
Bedroom 

Bedroom 6:00 

7:00 Dining room Dining room Dining room Dining room 

8:00 

School 

Dining room 

Home School 

(Basement) 

Dining room 

School 

Dining room 

School 

Dining room 

9:00 

Living room Living room Living room Basement 10:00 

11:00 

12:00 PM Dining room Dining room Dining room Dining room 

13:00 

Living room Living room Living room Basement 

14:00 

15:00 

Living room Living room Living room Basement 
16:00 

17:00 

18:00 

19:00 
Dining room Dining room Dining room Dining room Dining room Dining room Dining room Dining room 

20:00 

21:00 

Bedroom Bedroom Bedroom Bedroom Bedroom Bedroom Bedroom Bedroom 22:00 

23:00 
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Appendix E Table 5: Assumed Ambient and starting zone pollutant concentrations or mass flow rate 

Pollutant Concentration or mass flow rate Reference 

PM2.5 (Ambient) 8 ug/m3 US EPA 2023 

PM2.5 Generation 

(Cooking) 
16.14 ug/s Aquilina et al. 2022 

Radon (Ambient) 0.4 pCi/L US EPA 2023 

Radon (Basement) 1.3 pCi/L US EPA 2023 

Radon (Main Floor 

Zones) 
0.624 pCi/L Li et al. 2022 

Radon Emanation 235 pCi /m2hr Chao et al. 1997 

Mold Spores 

(Ambient) 
2775 spores/m3 Haas et al. 2023 

Mold Spores 

(Basement) 
33000 spores/m3 Afanou et al. 2019 

Mold Spores (Main 

Floor Zones) 
330 spores/m3 Reponen et al. 2010 

 

Appendix E Table 6: Age-based intake factors for children ages 0 – 18 years  

 Gender <1 year 
1 – 2 

years 

3 – 4 

years 

5 – 9 

years 

10 – 14 

years 

15 – 18 

years 

Male 3.31 2.75 2.36 1.87 1.39 1.4 

Female 3.24 2.82 2.35 1.89 1.39 1.41 

 

Appendix E Table 7: Activity-based intake factors from Pleil et al. 2021 

Condition 
Breathing Rate 

(breath/min) 

Tidal Volume 

(L/breath) 

Ventilation Rate 

(L/min) 

Nominal At-Rest 12 0.5 6 

Normal Activity 16 1 16 

Moderate Exercise 20 2 40 
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