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Impact of hydraulic and
physicochemical factors on
spatiotemporal variations of
particle-associated bacteria in a
drinking water distribution
system

Erika Osborne, Madison Haddix and Emily Garner*

Wadsworth Department of Civil and Environmental Engineering, West Virginia University,

Morgantown, WV, United States

Drinking water distribution systems are critical infrastructure that protect

public health by ensuring safe water is transported from centralized treatment

facilities to consumers. While growth of bacteria, such as opportunistic

pathogens, in distribution system infrastructure is well established as a

detriment to water quality, little is known about the role of sediment in

conveying bacteria via biofilms throughout these systems. The objective of

this study was to quantify the abundance of particle-associated bacteria

in a rural drinking water distribution system with a chlorine disinfectant

residual. The role of hydraulic and physicochemical factors in influencing the

spatiotemporal loading of particle-associated bacteria in the system was also

examined. The concentration of particle-associated bacteria averaged 1.28

log10 gene copies per mL, while total bacteria averaged 2.16 log10 gene

copies per mL, demonstrating that biofilms formed on the surface of sediment

represent a substantial portion of overall loading in the studied distribution

system. Total suspended solids concentrations were correlated with particle-

associated bacteria, but not total bacteria. Pipe diameter was found to be an

important factor associated with the abundance of both total and particle-

associated bacteria, as well as total chlorine concentration. Velocity, Reynold’s

number and the flow regime were also found to be important, as they were

associated with both sediment and total bacteria, but not particle-associated

bacteria. The results of this study indicate that particle-associated bacteria and

total bacteria concentrations often followed disparate trends, demonstrating

that their abundance is di�erentially influenced by a complex combination

of physicochemical and hydraulic factors. These findings help to establish

sediment as an important conduit for microbial loading in a chlorinated

drinking water distribution system.
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Introduction

Drinking water distribution systems represent a complex

engineered environment where water quality can shift markedly

as water travels from the treatment plant to the consumer’s tap.

Dissipation of chlorine residuals, growth of microorganisms,

corrosion, and the formation of disinfection byproducts are

all critically important processes that shape water quality

in distribution systems (Smith and Alspach, 2019). Bacterial

growth is detrimental to water quality in a wide variety of

ways, including by accelerating decay of disinfectant residual,

facilitating formation of disinfection byproducts, promoting

corrosion of pipes, and releasing compounds contributing to

taste, odor, and water discoloration (Abokifa et al., 2016;

Liu et al., 2016). In particular, pathogenic microorganisms in

distribution systems can be problematic and have been linked

to multiple past outbreaks of waterborne disease (Yoder et al.,

2008; Beer et al., 2015; Benedict et al., 2017). Bacterial growth

can occur among planktonic cells suspended in the bulk water,

as biofilms attached to pipe walls and sediment, or as loose

biofilm deposits (U. S. Environmental ProtectionAgency, 2002b;

Liu et al., 2014; Proctor and Hammes, 2015). The presence

of biofilms can facilitate persistence and growth of pathogenic

microorganisms by shielding them from chlorine disinfectant

residuals (Falkinham et al., 2015). While biofilms associated

with pipe walls are widely recognized as a potential problem in

distribution systems (U. S. Environmental Protection Agency,

2002b; Batte et al., 2003; Liu et al., 2016; Friedman et al., 2017),

less is known about biofilms that form on sediment surfaces and

the associated impacts to water quality. Sediment in distribution

systems and associated water discoloration is a cause of frequent

customer complaints to their water provider, but sediment can

be detrimental to water quality in a variety of ways. Sediment

can create a source of chlorine demand, and it can provide a large

surface area that is conducive to biofilm growth (Semanuik et al.,

2017; Zhu et al., 2020). Sediment can also contain nutrients that

promote the growth of biofilms and pathogens (Vacs Renwick

et al., 2019). In areas where sediment accumulates, associated

biofilms become buried and are particularly well protected

from residual disinfectant, creating an ideal environment for

the growth of pathogens (Semanuik et al., 2017). Previous

research has demonstrated that distribution system sediment

has a distinct bacteriological composition relative to bulk water

(Douterelo et al., 2014; Liu et al., 2014), and the biofilms

that grow on pipe surfaces and sediment may have a greater

impact on microbial quality of tap water than the source

water and treatment strategy (El-Chakhtoura et al., 2018).

One previous study of an unchlorinated Dutch drinking water

system conveying anoxic groundwater found that sediment in

the drinking water system conveys active biomass, with small

particles (<10µm) associated with highest biological activity

(van der Wielen and Lut, 2016). Sediment can also be an

important source of a variety of chemical and even potentially

radioactive contaminants that can become adhered to the

surface (U. S. Environmental Protection Agency, 2015).

Sediment in drinking water distribution systems can

originate from particles that escape the treatment process,

erosion of pipes, intrusion of outside particles through leaks

and cracks, and precipitation of compounds dosed for corrosion

control (Vreeburg et al., 2008; Blokker and Schaap, 2015; Vacs

Renwick et al., 2019). While particles may enter drinking water

distribution systems via a variety of mechanisms, hydraulic

fluctuations within the system are important in determining

the fate and transport of these particles. Under normal flow

conditions, particles typically accumulate and are removed from

the channel of flow, but when flows are increased, mobilization

of particles can result from scouring forces and shear stress

to pipe walls (Vreeburg and Boxall, 2007). Zones where

stagnation occurs within drinking water distribution systems are

particularly susceptible to accumulation of particles (Pothof and

Blokker, 2012). To combat sediment accumulation in drinking

water distribution systems over time, routine flushing of the

distribution system is often incorporated into the utility’s plan

for operation and maintenance (Friedman et al., 2002).

While sediment in drinking water distribution systems is

recognized as a detriment to water quality, little is known about

the extent to which sediment contributes to the overall microbial

loading in these systems (Liu et al., 2013; Proctor and Hammes,

2015). Further, much of the research quantifying the loading

of microorganisms associated with sediment in drinking water

distribution systems has focused on unchlorinated systems (Liu

et al., 2014; van der Wielen and Lut, 2016; Chen et al., 2022).

The objective of this study was to quantify particle-associated

bacteria in a rural drinking water distribution system with a

chlorine residual. In addition, the impacts of distribution system

and hydraulic characteristics (i.e., pipe diameter, pressure,

velocity, flowrate, flow regime, Reynold’s number, and pipe

distance from treatment plant) and physicochemical water

quality [i.e., pH, temperature, conductivity, total organic carbon

(TOC), metals, turbidity, and total suspended solids (TSS)] on

the spatiotemporal distribution of particle-associated and total

microbial loading were investigated.

Materials and methods

Site description, sample collection, and
preservation

A rural drinking water distribution system located in West

Virginia, USA was selected as the site of this study. The system

serves 1,443 residential and 126 commercial/industrial/public

customers, with a total population served of∼3,750 people. The

distribution system consists of 65.2 miles of mains, primarily

consisting of polyvinyl chloride (PVC) ranging from 2 to

12 inches in diameter. Piped water entering the distribution
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system originates from surface water and is treated by

chemical coagulation, flocculation, sedimentation, filtration, and

disinfection with free chlorine. This system was selected for this

study because utility personnel communicated past challenges

with sediment accumulation in the distribution system.

Bulk water samples were collected from 14 different

sampling sites (Figure 1), including the treatment plant (site 1),

a storage tank in the distribution system (site 2), and 12

distribution system sites (sites 3–14). Sampling sites supplied

by the studied drinking water distribution system were located

at established sampling locations used for coliform and other

routine utility monitoring, and included cold water taps within

buildings, fire hydrants, pump stations used to maintain

adequate system pressure, or outside spigots, depending on the

site. Samples were collected on four different dates: March 2021

(2 weeks before a week-long flushing campaign was initiated),

April 2021 (1 week after the conclusion of the system flushing

campaign), June 2021 (9 weeks after the system was flushed),

and August 2021 (16 weeks after the system was flushed). Three

separate containers of water were collected at each location

for each sampling date: an autoclaved 3 L polypropylene bottle

dosed with 48mg sodium thiosulfate per liter of water to quench

chlorine for culture and molecular analysis, a 250–500mL

amber glass bottle baked at 550◦C to volatilize organics for

organic carbon analysis, and an acid-washed 1 L bottle for water

chemistry analysis. Before collecting samples, taps or sampling

ports were thoroughly flushed for ∼30 s (e.g., in the case of fire

hydrants which are located in close proximity to the distribution

system) to 5min (e.g., for building taps) to eliminate water from

the building plumbing and draw water from the distribution

system, as indicated by stabilization of water temperature.

Once collected, samples were kept on ice and transported

to the lab within 4 h of sample collection. Upon return to the

lab, samples used for molecular analysis were filter-concentrated

onto two different types of filters: a 2µmpore size polycarbonate

membrane filter (MilliporeSigma) to capture bacteria associated

with suspended solids and a 0.45µm pore size mixed cellulose

ester membrane filter (Fisher) to capture total bacteria. The

2µm pore size was selected because the Standard Methods for

the Examination of Water and Wastewater define suspended

solids as those that are retained on a 2µmfilter (APHA, 2005) in

method #2540, while the 0.45µm pore size was selected because

method #9215D (APHA, 2005) using the membrane filtration

method for heterotrophic plate count recommends use of a

0.45µm pore size, and should therefore be expected to capture

a wide range of microorganisms. This approach was modeled

after previously published work that utilized varied filter pore

sizes to differentiate between planktonic and particle-associated

microorganisms (Zhang et al., 2007; Chen et al., 2022). For each

sample, up to 1,250mL of water was passed through each kind of

filter. Some exceptions were made because an excess of sediment

limited the flow of water through the filter, so a smaller amount

of water was filtered until clogging. Afterwards, the filters were

FIGURE 1

Sampling sites including the treatment plant (site 1), storage tank

(site 2) and 12 additional sites throughout the distribution

system.

aseptically folded and placed into tubes and stored at −20◦C

until DNA extraction. One filter of each size was processed along

with samples and analyzed as negative controls.

Physicochemical water quality

Total chlorine concentration was measured onsite during

sample collection using a Hach DR 900 colorimeter and the

DPD Total Chlorine method (Hach Method #8167), and pH,

temperature, and electrical conductivity were measured at each

site using a Thermo Orion Star A329 multimeter. Turbidity

was measured using a 2100P Turbidimeter by Hach using

Standard Method 2130A (APHA, 2005). TSS concentration was

measured by filtration and evaporation using Standard Method

2540D (APHA, 2005). TOC was measured using a Shimadzu

Organic Carbon Analyzer according to Standard Method 5310B

(APHA, 2005). Metals were measured using Atomic Absorption

Spectroscopy. The heterotrophic plate count (HPC) of each

sample was measured with plate cultures according to the

Standard Method 9215 (APHA, 2005).

Quantification of 16S rRNA genes

DNA was extracted from each filter type for each site using

a FastDNA SPIN Kit (MP Biomedicals). The universal bacterial

16S rRNA gene was quantified in triplicate reactions from DNA

extracts using quantitative polymerase chain reaction (qPCR)

with the previously published and validated primers, 1369F and
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1492R (Suzuki et al., 2000), purchased from Integrated DNA

Technologies, Inc. The following thermocycling conditions were

used: 98◦C for 2min, 40 cycles of 98◦C for 15 s and 55◦C

for 30 s, followed by a melt curve in which temperatures were

increased from 65 to 95◦C at 0.5◦C increments. Reactions

consisted of a final concentration of 1X PowerUp SYBR Green

Mastermix (Life Technologies), 400 nM forward and reverse

primers, 1 µl of template DNA extract, and water to a final

volume of 10 µl. The DNA extracts were diluted 1:5 before

being used in qPCR as this was determined through a trial with

a subset of samples to minimize inhibition. When performing

the qPCR, a negative control and standard curve of a synthetic

positive control purchased from Integrated DNA Technologies,

Inc., ranging from 102 to 108 gene copies (GC) per reaction,

were created in triplicate and included in each run. The limit

of quantification was established as the lowest standard that

amplified in triplicate in each run but remained greater than

any amplification observed in qPCR negative reactions on that

plate. The limit of quantification was typically 8 GC/mL of

sample, with higher LOQs recorded in samples where clogging

prevented filter concentration of the maximum sample volume.

Results for PCR and filter blank samples are presented in

Supplementary Table 1.

Distribution system modeling

A model of the distribution system was created using

KYPIPE software. The location of all pipes and elements

was imported from the West Virginia Water Development

Authority’s Geographic Information System database. New

construction not present in the database was entered into

the distribution system from paper records and reviewed for

final confirmation of accuracy by the utility staff. Demand was

modeled using the automatic distribution demand function and

typical residential water demand patterns (Bowen et al., 1993).

An extended period simulation was conducted over the duration

of 24 h. Minimum, maximum, and average values over the

duration were determined for pressure, velocity, and flowrate.

Flow regime was defined as high variable for sites where the

magnitude of the flow range (maximum flow–minimum flow)

was 75 gallons per minute (gpm) or higher, low variable when

the range was between 7.5 and 75 gpm, and quasi steady state

when little variation in flow was observed, as characterized by

a range below 7.5 gpm. Reynold’s number (Re) was calculated

using equation 1, where u is flow velocity (m/s), dh is hydraulic

diameter, and ν is kinematic viscosity at the measured water

temperature (m2/s).

Re =
udh
ν

(1)

Statistics and data analysis

Statistical differences between data grouped according to

categorical variables (i.e., pipe diameter, flow regime, sampling

date) were assessed using a Kruskal-Wallis Rank Sum Test

with post-hoc Wilcoxon Rank Sum test used to assess pairwise

trends. Correlations between total or particle-associated bacteria

and continuous water quality and hydraulic parameters

were assessed using a non-parametric Spearman’s Rank Sum

Correlation Test and the correlation coefficient (ρ) and p-value

were reported. All statistical tests were performed using the

base stats package in R (R Core Team, 2020) and p-values

were considered statistically significant when p-value < 0.05.

Correlation plots were prepared using the corrplot (Wei and

Simko, 2021) and Hmisc (Harrell, 2022) packages. R package

ggplot2 (Wickham, 2016) was used in the preparation of bubble

map plots and boxplots. Interactions between physicochemical

and hydraulic variables were investigated using classification and

regression tree analysis using the rpart (Therneau and Atkinson,

2022) and rpart.plot (Milborrow, 2022) packages in R.

Results

Total suspended solids

The spatiotemporal distribution of TSS concentration

throughout the drinking water distribution varied widely

(Figure 2). In pre-flush samples collected in March, TSS ranged

from 0.0 to 4.2 mg/L, with an average of 0.7 ± 1.3 mg/L

(Figure 2A). However, TSS levels were low in general (≤0.6

mg/L) with the exception of sites 2 (the storage tank; 4.2 mg/L)

and 10 (3.4 mg/L). In samples collected 1 week after flushing

in April, TSS ranged from 0.0 to 2.4 mg/L, with an average

of 1.5 ± 0.7 mg/L (Figure 2B). Sediment appears to have been

widely disturbed and redistributed throughout the system as

a result of flushing, leading to this overall increase in average

sediment measured and an increase in TSS at 11 of 14 sites

from March to April. However, sediment concentrations widely

decreased in samples collected 9 weeks after flushing in June,

with TSS ranging from 0.0 to 1.0 mg/L, with an average of 0.4

± 0.3 mg/L (Figure 2C). By 16 weeks after flushing in August,

sediment had again returned to pre-flush levels or higher at

most sites, with TSS ranging from 0.0 to 2.8 mg/L, with an

average of 1.3 ± 1.2 mg/L (Figure 2D). Across sampling dates,

site 10 averaged the highest TSS concentrations (2.0 ± 0.9

mg/L), followed by sites 8 (1.6 ± 1.6 mg/L) and 13 (1.5 ±

0.8 mg/L). Elevated sediment concentrations were also recorded

from the storage tank, site 2 (1.5 ± 1.6 mg/L), though there was

a substantial decrease observed at this site as a result of flushing

the system. TSS concentration varied significantly according

to date (Kruskal-Wallis, p = 0.001065). From March to April,

the change in TSS abundance was not considered statistically
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FIGURE 2

Total suspended solids in samples collected at all sites in (A) March (2 weeks before flushing), (B) April (1 week after flushing), (C) June (9 weeks

after flushing), and (D) August (16 weeks after flushing).

significant (paired Wilcoxon, p = 0.05947), while shifts from

April to June (p= 0.001629) and June to August (p= 0.005285)

were significant.

Total and particle-associated bacteria

In pre-flush samples collected in March, total bacteria

concentrations averaged 1.96 ± 0.85 log10 16S rRNA GC

per mL (Figure 3A), while particle-associated bacteria averaged

1.07± 0.82 log10 16S rRNA GC per mL (Figure 4A). Notably,

trends varied widely across the system, with particle-associated

bacteria at sites 5, 9, 11, and 12 below detectable levels, whereas

at sites 1, 3, and 4, nearly the entire total bacteria loading was

composed of particle-associated bacteria (90.98–103.06%). In

samples collected 1 week after flushing in April, total bacteria

concentrations averaged 2.23± 1.38 log10 16S rRNAGC per mL

(Figure 3B), while particle-associated bacteria averaged 1.64 ±

0.93 log10 16S rRNA GC per mL (Figure 4B). Similar to TSS, the

abundance of particle-associated bacteria was not significantly

higher in April compared to March (paired Wilcoxon test,

p= 0.1563).

In samples collected 9 weeks after flushing in June,

total bacteria concentrations averaged 2.16 ± 1.01 log10

16S rRNA GC per mL (Figure 3C), while particle-associated

bacteria averaged 0.99 ± 1.04 log10 16S rRNA GC per mL

(Figure 4C). In samples collected 16 weeks after flushing in

August, total bacteria concentrations averaged 2.29 ± 1.16

log10 16S rRNA GC per mL (Figure 3D), while particle-

associated bacteria averaged 1.44 ± 1.28 log10 16S rRNA

GC per mL (Figure 4D). Total bacteria concentration, as

indicated by detection of 16S rRNA genes, did not vary

between sampling events (Kruskal-Wallis, p = 0.6733), but

abundance of particle-associated bacteria did vary significantly
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FIGURE 3

Total bacteria in samples collected at all sites in (A) March (2 weeks before flushing), (B) April (1 week after flushing), (C) June (9 weeks after

flushing), and (D) August (16 weeks after flushing).

across sampling dates (p = 0.03971). Across the dataset,

total bacteria were elevated compared to particle-associated

bacteria (paired Wilcoxon, p = 0.0001864). However, when

comparing total vs. particle-associated bacteria within

specific sampling dates, this trend only held true in March

(p= 0.009766) and August (p= 0.02734). In April (p= 0.4161)

and June (p = 0.1094), the lack of statistical difference

between total and particle-associated bacteria suggests that

microbial loading associated with sediment comprised a

greater proportion of the overall microbial loading on

these dates.

Concentration of TSS appears to be a key driver of

particle-associated bacteria concentration throughout the

surveyed distribution system, as indicated by the correlation

between the two parameters (ρ = 0.3757624, p = 0.0184).

However, TSS was not correlated with total bacteria

(p= 0.1111).

Distribution system and hydraulic
characteristics

The distribution system consists primarily of pipes made

of PVC, ranging from 2 to 12 inches in diameter. By length,

the distribution system consists primarily of 2
′′

(23.8%), 4
′′

(15.6%), 6
′′

(39.9%), 8
′′

(13.1%), and 10
′′

(2.7%) diameter

pipe. All sampling sites were located on mains that ranged

from 4
′′

to 10
′′

in diameter. Both total bacteria and particle-

associated bacteria in the collected samples varied according

to pipe diameter (Kruskal-Wallis, p = 0.04022, 0.04489)

(Figure 5), however, TSS did not vary according to pipe diameter

(p= 0.813).

Pressure and the pipe distance from the treatment plant

were not correlated with TSS, total bacteria, or particle-

associated bacteria (Figure 6). However, average velocity was

negatively correlated with both total (Spearman, ρ = −0.4880,
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FIGURE 4

Particle-associated bacteria in samples collected at all sites in (A) March (2 weeks before flushing), (B) April (1 week after flushing), (C) June (9

weeks after flushing), and (D) August (16 weeks after flushing).

p= 0.0004334) and particle-associated bacteria (ρ = −0.3445,

p= 0.01649). Average flow rate was negatively correlated with

total bacteria (ρ = −0.3067, p = 0.03397), but not TSS or

particle-associated bacteria (p ≥ 0.1429), as was the magnitude

of flowrate variation (ρ = −0.3067, p = 0.03397). Average

Reynold’s number was also found to be an important factor

associated with both the abundance of total (ρ = −0.4533,

p = 0.001213) and particle-associated bacteria (ρ = −0.3834,

p= 0.007152).

Flow regime was associated with total TSS (p = 0.03422)

and total bacteria (p = 0.005709), but not sediment-associated

bacteria (p = 0.1780; Figure 7). While a pairwise Wilcoxon test

demonstrated that there was not a significant difference between

high variable flow conditions and quasi steady state, quasi

steady state conditions resulted in elevated TSS relative to low

variable flow conditions (p= 0.01019). All pairwise comparisons

between total bacteria abundance under varied flow regimes

were significant; the greatest total bacteria concentration was

present under quasi steady state conditions, followed by low

variable flow, and high variable flow (p ≤ 0.03734). Average

velocity, pressure, and flow rate all varied according to pipe

diameter (p ≤ 0.00273). However, none of the examined

distribution system characteristics (pipe diameter, pressure,

velocity, flow, or pipe distance from the treatment plant)

were correlated with the concentration of TSS (p ≥ 0.4119),

suggesting that accumulation or transport of sediment alone is

not the dominant driver of the bacterial distribution according

to pipe diameter.

Physicochemical water quality

Key physicochemical parameters were measured for each

sample: total chlorine, pH, conductivity, temperature, turbidity,

and TOC. Additionally, HPC was measured as an indicator of

overall microbiological water quality. Results are summarized
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FIGURE 5

Abundance of (A) total bacteria (B) particle-associated bacteria, (C) total suspended solids, and (D) total chlorine as a function of pipe diameter.

Pairwise statistical significance was assessed using a Wilcoxon Rank Sum Test; *p < 0.05, **p < 0.01.

in Supplementary Tables 2–5. The water temperature increased

with each sampling date, averaging 11.97 ± 2.35◦C across

all sites in March, 12.13 ± 1.64◦C in April, 19.12 ± 0.80◦C

in June, and 23.7 ± 1.38◦C in August. The average TOC

across all sites was 8.35 ± 2.41 mg/L in March, 3.05 ±

0.44 mg/L in April, 8.54 ± 0.77 mg/L in June, and 13.51

± 3.12 in August. TOC varied significantly across sampled

dates (Kruskal-Wallis, p = 6.156e-9). This change was also

observed in water leaving the treatment plant, suggesting

this decrease was driven by changes in source water or

treatment. However, temperature and TOC concentration were

not correlated with concentrations of total or particle-associated

bacteria (p ≥ 0.1790; Figure 8).

The total chlorine concentration across all sites averaged

1.24 ± 0.49 mg/L in March, 1.45 ± 0.37 mg/L in April, 1.26

± 0.28 mg/L in June, and 1.39 ± 0.52 mg/L in August. With

the exception of site 13, the total chlorine residual exceeded

0.5 mg/L in all samples across all sampling dates. However,

samples collected from site 13 were consistently below 0.5

mg/L, with measurements at 0.03, 0.41, 0.46, and 0.02 mg/L

during each sampling date, respectively. As expected, total

chlorine was negatively correlated with pipe distance from the
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FIGURE 6

Spearman’s rank sum correlation coe�cients calculated between hydraulic or distribution system variables and key water quality data across all

sampling dates. Solid bars represent statistically significant correlations (α = 0.05). Patterned bars are not statistically significant. P-values are

indicated as * <0.05, ** <0.01, and ***0.001.

treatment plant (Spearman, ρ = −0.6149, p = 4.6170e-7),

however, there was no relationship between total chlorine and

total or particle-associated bacteria (p ≥ 0.4908). However, site

13, where chlorine was lowest, consistently exhibited among

the highest concentrations of both total and particle-associated

bacteria. When examining data from individual sampling

dates alone (Supplementary Figures 1–4), total chlorine was

negatively correlated with particle-associated bacteria in both

March (ρ = −0.5774, p = 0.0306) and April (ρ = −0.6071,

p= 0.0213).

Both turbidity and iron concentration were positively

correlated with total bacteria (turbidity: ρ = 0.3225,

p= 0.01533; iron: ρ = 0.3550, p = 0.007264). However,

no physiochemical water quality parameters were correlated

with particle-associated bacteria (p ≥ 0.059). While HPC was

not associated with total bacteria, HPC was positively correlated

with particle-associated bacteria (ρ = 0.2947, p= 0.02749).

Because pipe diameter was identified as a key distribution

system characteristic that impacted both total and particle-

associated bacteria concentrations, relationships between pipe

diameter and physicochemical parameters were examined. Pipe

diameter was associated with total chlorine (Kruskal-Wallis,

p= 0.03612), but no other statistically significant correlations

were identified. Flow regime was also found to influence total

chlorine concentration (p = 0.01224; Figure 7D). Total chlorine

was greater under high variable flow than both low variable flow

and quasi steady state (p ≤ 0.02827).

Interactions between physicochemical and hydraulic

variables were investigated using classification and regression

trees. Results demonstrated that individual variables had the

greatest impact on TSS and microbiological water quality

compared to interactions of variables, but some nuanced

interactions were found to exist (Supplementary Figures 5–7).

For example, an iron concentration exceeding 0.17 mg/L

resulted in a higher average TSS concentration of 2.2 mg/L

on average (Supplementary Figure 5). At iron concentrations

below 0.17 mg/L, TOC was identified as an important

factor impacting TSS, with TOC concentrations >4.2 mg/L

resulting in an average of 1.4 mg/L TSS. Total bacteria

concentrations were highest when the maximum velocity

observed during the 24-h extended period simulation remained

below 0.05 m/s, averaging 3.6-log10 16S rRNA GC / mL

(Supplementary Figure 6). At higher maximum velocities,

high pH (>7.7) was associated with greater total bacteria

concentrations (2.6-log10 16S rRNA GC/mL on average). At

lower pH values, a high TOC concentration (>8.7 mg/L)

was associated with greater total bacteria concentrations

(2.0 vs. 1.3 log10 16S rRNA GC/mL). Particle-associated

bacteria were also greatest when the maximum velocity

remained below 0.05 m/s, averaging 2.6-log10 16S rRNA
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FIGURE 7

Abundance of (A) total bacteria (B) particle-associated bacteria, (C) total suspended solids, and (D) total chlorine as a function of flow regime.

Pairwise statistical significance was assessed using a Wilcoxon Rank Sum Test; *p < 0.05, **p < 0.01.

GC/mL (Supplementary Figure 7). For lower maximum

velocities, a TOC concentration below 3.2 mg/L was associated

with greater particle-associated bacteria (1.7-log10 16S rRNA

GC/mL on average). At higher TOC concentrations, low pH

(<7.5) was associated with 1.2-log10 16S rRNA GC/mL on

average compared to 1.0 log10 16S rRNA GC/mL when iron

exceeded 0.11 mg/L. While it is important to understand

nuanced interactions of conditions that may drive abundance

of TSS, total bacteria, and particle-associated bacteria, these

results suggest that elevated iron concentration alone was

associated with higher TSS concentrations, while maximum

velocity alone was the greatest driver of elevated total and

particle-associated bacteria.

Discussion

The results of this study demonstrate that particle-associated

bacteria represent a substantial portion of the overall bacteria

present in the studied distribution system. However, the

dynamics between total and particle-associated bacteria in the

distribution system varied widely, emphasizing the need to

better understand this potentially important contributor to total

microbial loading.

Routine flushing of drinking water distribution systems

is often used as one component of an overall maintenance

program. When conducted in conjunction with other

preventative maintenance practices, flushing can help to
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FIGURE 8

Correlations calculated for physicochemical and microbiological data for all sampling dates. Color indicates the magnitude of the Spearman’s

Correlation Coe�cient (ρ). P-values are indicated as *0.05, **0.01, and ***0.001. Boxes that do not contain asterisks represent correlations that

were not statistically significant (p-value > 0.05). TSS, total suspended solids; TOC, total organic carbon; HPC, heterotrophic plate count; PAB,

particle-associated bacteria.

remove accumulated sediment, reduce chlorine demand,

reduce disinfection byproduct precursors, remove accumulated

biofilm, prevent nitrification, and reduce compounds associated

with taste and odor (Friedman et al., 2002). The concentration

of TSS documented in this study (up to 4.2 mg/L) were

greater than those observed in several previous studies, in

which maximum detected TSS values ranged from 0.04 to

0.4 mg/L (Chen et al., 2020; Gauthier et al., 2001). Flushing

resulted in a short-term increase in average concentration

of TSS throughout the system, suggesting that flushing

disturbed and redistributed accumulated sediment throughout

the system, but eliminated hot spots of excessive sediment

accumulation. While TSS concentration decreased by 9

weeks post-flushing, it had returned to pre-flush levels by

16 weeks post-flush. Therefore, it is important to recognize

that flushing may have short-term impacts on water quality

at some sites. This is consistent with previous research by

Besner et al. (2007) that identified unidirectional flushing as

a cause of both customer complaints and detection of HPC

bacteria, but notes that flushing can still be an important

part of a robust operation and maintenance plan. Long-term

benefits and management of sites with particular water quality

detriments should be carefully weighed with this information

in mind.

Flushing of the system did effectively decrease TSS

concentration in water collected from the storage tank, where

it was previously detected at greater concentrations than any

point sampled from the distribution system. This result, paired

with the observed increase in sediment and particle-associated

bacteria throughout the distribution system after flushing

suggests that sediment accumulated in the tank may have been

resuspended and redistributed into the distribution system as

a result of flushing, consistent with the findings of previous

work conducted by Ho et al. (2016). Careful management

of sediment accumulated in storage tanks is critical, as

demonstrated when one city in Massachusetts flushed several

tanks containing 2
′′

-6
′′

of accumulated sediment, resulting in

widespread contamination of their distribution system with

total coliform bacteria (U. S. Environmental Protection Agency,

2002a). Therefore, routine tank flushing is likely still beneficial

despite the potential for resuspension of accumulated sediment.

In pre-flush samples, total bacteria concentration was

elevated relative to particle-associated bacteria, but not in

samples collected 9 or 16 weeks post-flush. This indicates that
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bacteria associated with sediment were a greater contributor to

total microbial loading in bulk water post-flushing relative to

before flushing. This suggests that particle-associated bacteria

may be resuspended within the system as a result of flushing.

However, the trend was not sufficient to affect the total microbial

loading, as total bacteria concentration did not vary significantly

according to sampling date. Similarly, TSS concentration was

positively correlated with particle-associated bacteria, but not

total bacteria, further emphasizing that sediment in the system

may convey bacteria, but this is not the dominant driver of

overall bacterial abundance in the system. El-Chakhtoura et al.

(2018) found that flushing resulted in an increase in biomass

within a distribution system due to biofilm sloughing and

resuspension of loose deposits. The findings herein suggest that

resuspension of particles and the associated biofilms may also

be an important contributor to increased biomass as a result

of flushing.

Whilemany previous studies have examined the relationship

between physicochemical water quality in distribution systems

and microbial loading (Garner et al., 2018; Li et al., 2018;

Perrin et al., 2019; Kennedy et al., 2021), distribution system

characteristics and hydraulic factors have often been overlooked.

In this study, distribution system characteristics such as

distance from the treatment plant and pipe diameter were

examined, along with hydraulic factors, such as pressure,

velocity, flowrate, and flow regime. Pipe diameter was found

to be an important factor driving the abundance of both

total and particle-associated bacteria, as well as total chlorine

concentration. None of the examined distribution system or

hydraulic characteristics that are impacted by or vary in

correlation with pipe diameter (distance from the treatment

plant, pressure, velocity, flowrate, Reynold’s number) were found

to be associated with TSS. However, average velocity and

Reynold’s number were both found to be negatively correlated

with total and particle-associated bacteria. This inconsistency

between factors associated with TSS and bacteria suggests that

accumulation or transport of sediment alone is not the dominant

driver of the bacterial distribution.

Average flowrate was negatively correlated with total

bacteria but not TSS or particle-associated bacteria. This is likely

due to the fact that high flow rates are expected to prevent the

accumulation of sediment. In contrast to these findings, Prest

et al. (2021) previously found that fluctuations in hydraulic

conditions were an important driver of particles and turbidity

in a drinking water distribution system, but were not associated

with changes in the concentration of suspended microbial cells.

Other studies have found that increased flow rate is associated

with a release of both TSS and microbial cells into the bulk water

from pipe biofilms (Choi and Morgenroth, 2003; Husband et al.,

2008; Paul et al., 2012). The association of total bacteria with

lower flow rates observed in our findings may be explained by

previous work that demonstrated that highly varied flow rates

are associated with more compact biofilms, resulting in less

sloughing of bacteria from pipe surfaces into the bulk water than

under lower flow conditions (Douterelo et al., 2013). Therefore,

both flow rate as well as the degree of routine variation of flow

rate observed in a drinking water distribution system appear

to have important implications for concentration of TSS, total

bacteria, and particle-associated bacteria throughout the system.

Flow regime was associated with total chlorine

concentration, with chlorine highest under high variable

flow conditions, likely because such conditions result in a high

rate of water turnover. As expected, quasi-steady state flow

tended to occur at distal sites located farthest from the treatment

plant. Given this is also where total chlorine levels are typically

lowest, it is not surprising that total bacteria were greatest

under quasi-steady state conditions. Though particle-associated

bacteria were on average highest under quasi-steady state

conditions, the trend was not statistically significant. This

suggests that other factors are likely to have a greater influence

on the abundance of total bacteria in the system other than

contribution of biofilms adhered to sediment. For example,

sloughing from biofilms or regrowth of planktonic bacteria

may be key drivers of this trend relative to particle-associated

bacteria. Douterelo et al. (2013) previously found that biofilms

formed on drinking water pipe surfaces tended to have higher

richness and diversity under highly varied flow conditions,

and certain genera that contain human pathogens, such as

Pseudomonas, were enriched under steady state and low variable

flow conditions. Sharpe et al. (2012) demonstrated that biofilms

conditioned under higher shear stress resulted in less sloughing

of biomass during flushing. Vrouwenvelder et al. (2010)

observed that biofilms conditioned with low shear stress in a

membrane filtration system became easily mobilized into the

water column during turbulence. Within the context of this past

work, our findings suggest that biofilm characteristics impacted

by flow conditions as well as renewal of high-chlorine treated

water and the lack of accumulated sediment may contribute to

low microbial loading under high variable flow conditions.

Management of sediment in drinking water distribution

systems is important because sediments can promote biofilm

growth, and biofilms can provide protection for pathogens

against disinfectant residuals (U. S. Environmental Protection

Agency, 2002b). A study by Lu et al. (2015) found that

sediments collected from municipal drinking water storage

tanks conveyed biofilms containing Legionella, Mycobacterium,

Pseudomonas, and Acanthamoeba. van der Wielen and Lut

(2016) found that drinking water distribution system sediment

conveyed Pseudomonas aeruginosa, Aspergillus fumigatus, and

Stenotrophomonas maltophilia. S. maltophilia was only found

on sediment and was not present in pipe wall biofilms,

demonstrating that particle-associated biofilms may provide a

unique environment warranting further study. While this study

establishes that microorganisms associated with sediment are

prevalent throughout the studied drinking water distribution

system, more work is needed to clarify whether these organisms
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represent potential health threats, such as coliforms and

opportunistic pathogens.

Conclusion

This study demonstrated that particle-associated bacteria

are widespread throughout the studied drinking water

distribution system. Velocity and Reynold’s number were

found to be important variables negatively correlated with

both total and particle-associated bacteria. Flowrate and flow

regime were associated with total bacteria but not particle-

associated bacteria. However, the concentration of TSS was

not impacted by any of these variables. The results of this

study indicated that TSS, total bacteria, and particle-associated

bacteria concentrations often followed disparate trends,

demonstrating that their abundance is differentially influenced

by a complex combination of physicochemical and hydraulic

factors. Additional research is needed to understand the key

drivers of particle-associated bacterial loading in drinking water

distribution systems. Such work would be most valuable if

conducted in conjunction with the study of other matrices of

microbial growth in distribution systems: biofilms on pipe walls,

loose deposits, and planktonic bacteria. Further research should

also focus on elucidating the types of bacteria that are conveyed

on sediment surfaces to determine if they present an elevated

risk to human health.
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