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Drinking water stagnation can lead to degradation of chlorine residual, bacterial growth (including of opportunistic pathogens and nitrifiers), and metals release from plumbing materials; however, few studies have characterized building water quality and bacterial communities during the extended stagnation periods that occurred during COVID-19 pandemic-related building closures. Additionally, despite a lack of evidence-based guidance, flushing fixtures has been recommended to restore building water quality. We aimed to evaluate the impacts of reduced building occupancy (>2 months) and weekly restorative flushing on drinking water quality, bacterial communities, and the occurrence of undesirable microorganisms in three university buildings. Reduced occupancy led to diminished chloramine and elevated intact cell counts, but values remained stable after additional weeks of limited water use. Flushing temporarily improved water quality, with chlorine and cell counts remaining stable for at least 1 day but returning to levels measured prior to flushing within 1 week. Alpha diversity was lower under more stagnant conditions, and fixture identity, not flushing, was the most influential factor on bacterial community composition, suggesting a strong influence from local biofilm. Although Mycobacterium, Legionella, Pseudomonas, Nitrosomonas, and Nitrospira were detected in samples via amplicon sequencing, concentrations measured via qPCR of M. avium complex, L. pneumophila, P. aeruginosa, and ammonia-oxidizing bacteria were very low or were undetected, supporting that stagnation alone did not lead to high occurrence of undesirable microorganisms. Findings from this study contribute to our understanding of the effects of stagnation on building water microbiomes and the efficacy of flushing to improve water quality. Under the conditions of this case study, repeated flushing on a weekly timescale during low occupancy periods was not sufficient to maintain chlorine residual and prevent bacterial growth in fixtures. Building managers need to weigh the temporary water quality benefits of flushing against the labor and water resources required considering local context.
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Introduction

Although intermittent short-term drinking water stagnation occurs on a regular basis in continuously-supplied building water systems (e.g., overnight or weekend stagnation), extended stagnation (on the time scale of weeks to months) is less common but still occurs during holidays on campuses, construction, and evacuations during natural disasters. In spring 2020, to prevent the spread of COVID-19, students and workers in many sectors were placed under shelter-in-place orders and shifted to schooling or working from home as a part of social distancing measures. This population shift within cities led to significant changes in drinking water use patterns and decreases in water demand in many non-residential areas (Poch et al., 2020), including college campuses. Previous research has indicated that stagnation of drinking water can be associated with increased chemical and microbial contaminants, such as plumbing metals (e.g., lead, copper), disinfection byproducts, nitrifying organisms, and opportunistic pathogens (e.g., Legionella pneumophila, non-tuberculous mycobacteria, Pseudomonas aeruginosa; Lytle and Schock, 2000; Council, 2006; Rhoads et al., 2016; CDC, 2020; Nisar et al., 2020). These elevated chemical and microbial contaminants can result from physicochemical changes caused by increased water age, including disinfectant residual decay, temperatures trending toward ambient, destabilization of corrosion scale and biofilm, release of metals, and changes in the composition and concentration of bioavailable nutrients (Ling et al., 2018; Chen et al., 2020). Poor water quality is a particular concern in building plumbing compared to pipes within distribution systems because of longer water age and higher surface-area-to-volume ratios, which may lead to increased metal leaching from pipe materials, enhanced biofilm formation, and greater decay rates of disinfection residuals (Zlatanović et al., 2017). Building plumbing characteristics are also highly complex and variable across buildings, making it difficult to predict where water quality may be a concern. For example, recent studies have found that contaminant levels had high spatial variability across fixtures within the same building (Völker et al., 2016; Salehi et al., 2018) and across buildings within the same distribution system (Dowdell et al., 2022). More research is needed to unravel how particular building plumbing characteristics and water usage patterns affect water quality.

Although many studies have used targeted approaches to study specific opportunistic pathogens in building water (Bargellini et al., 2011; Springston and Yocavitch, 2017; Haig et al., 2018; Aw et al., 2022; Dowdell et al., 2022), a holistic understanding of microbial communities in building water is lacking, which could provide insight into how to control the growth of microbial contaminants, especially during disturbances in operation (Proctor et al., 2022). Opportunistic pathogens (e.g., Legionella pneumophila, Mycobacterium avium, Pseudomonas aeruginosa) have become the leading cause of waterborne disease in the United States and other industrialized countries (Ashbolt, 2015; Falkinham et al., 2015, p. 201; Proctor et al., 2022), costing the United States $2.39 billion annually (Collier et al., 2021). In addition to pathogen occurrence during stagnation, growth of bacteria may lead to aesthetic issues and proliferation of other problematic microorganisms, such as nitrifiers. Nitrification can accelerate the decay of chloramine disinfectants, elevate nitrate levels in drinking water, and cause localized pH depressions that increase corrosion (Odell et al., 1996; Zhang and Edwards, 2009). Previous water microbiome studies have shown that stagnation as short as 8 h is a significant driving force for shifts in building water bacterial communities and that fixtures can present different communities than more central plumbing (Lautenschlager et al., 2010; Ji et al., 2015, 2017; Ling et al., 2018). However, a better understanding is needed of how factors related to building water system design and operation influence the water microbiome at the point of use.

During the COVID-19 pandemic, fears of health risks from exposure to stagnated water in low-occupancy or newly-reopened buildings led to calls for intensive remedial actions, but evidence-based guidance regarding many elements of building water management are lacking (Singh et al., 2020). Multiple protocols were published that recommended extensive flushing of fixtures to replace stagnant water with water from the distribution system (Bates and Root, 2020; CDC, 2020; Proctor et al., 2020; Rhoads and Hammes, 2020; United States Environmental Protection Agency, 2020; EPA, 2021a,b; United States Centers for Disease Control Prevention, 2021, p. 20). However, recommendations in these protocols may be prohibitively difficult to implement without sufficient knowledge of plumbing system design, access to water quality testing, and designated labor resources. As there are no requirements for monitoring microbial targets in building water systems, we have a limited understanding of how effective these strategies are—including when not performed optimally—at reducing occurrence of microbial contaminants and how repeated flushing may alter microbial communities. In a recent study, flushing after 2 months of stagnation restored chloramine residual and decreased bacterial gene targets to building main concentrations within 30 min, but concentrations rebounded to stagnation levels after 6–7 days (Hozalski et al., 2020). More research is needed to determine how long and how often flushing should be conducted and in which circumstances a flushing program may effectively restore water quality, in order to create clear consensus guidelines for building managers on how to maintain or restore water quality after building closures.

COVID-19 shutdowns created a unique opportunity to study the effects of prolonged stagnation in building plumbing on drinking water quality and take preventative measures. The objectives of this study were to evaluate the impacts of reduced building occupancy and weekly restorative flushing on: (i) drinking water quality, (ii) bacterial communities, and (iii) occurrence of undesirable microorganisms. Water quality in three full-scale buildings was monitored from May to July 2020, beginning at least 2 months after occupancy was reduced. Samples were analyzed for total and intact cell counts, and bacterial community composition was characterized using 16S rRNA gene amplicon sequencing. To better understand the presence of nitrifiers and opportunistic pathogens, a subset of samples were cultured for L. pneumophila, and qPCR was conducted targeting ammonia-oxidizing bacteria, L. pneumophila, M. avium complex, and P. aeruginosa. To contextualize microbial data, we measured general water quality parameters (chlorine, temperature, pH, dissolved oxygen, conductivity), plumbing metals (Pb, Cu, Fe, Zn), and nitrogen species. Results from this study provide insights into factors influencing the building water microbiome and approaches for responding to future disruptions in building water system operation.



Materials and methods


Study site characteristics and conditions

The San Francisco Bay Area shelter-in-place order took effect on March 17, 2020 leading to the closure of academic buildings on the University of California, Berkeley campus to all but essential activities. In the residence halls, occupancy was reduced to 2–3% in April 2020 and 0% by May 17, 2020. One academic building (Building D) and two residence halls (Buildings S and B) were monitored in this study. After March 17, 2020, water usage decreased to 7% of pre-pandemic levels by April 2020 in Building D due to limited occupancy (custodial services and essential research). Laboratories in Building D reopened at reduced occupancy on June 30, 2020. We partnered with facilities staff to flush the building on a weekly basis beginning June 4, 2020 (more details in Section Fixture flushing). No intentional flushing was performed in the residence halls during the study period, although some maintenance work was conducted (the last custodial service was performed 2 weeks after move-out). The study site was in a warm-summer Mediterranean climate region with average outdoor air temperatures ranging from 8 to 23°C during the study period (Weather averages Berkeley, California, 2022).

All buildings studied were served by the same drinking water treatment facility, with surface water as the source and chloramine as the secondary disinfectant. Most drinking fountains (“fountains;” D3F, D6F, B1F, S0F) sampled in the study had point-of-use treatment via activated carbon filters (ELKAY WaterSentry Plus, Part No. 51300C for EWF3000). Water heaters were set to 71°C with tempering valves to reduce the temperature to 49°C. Additional details on the sampling timeline, building characteristics, sampled fixture characteristics, building water usage, and assays performed at each sampling event are included in Figure 1, Table 1, and Supplementary Tables S1–S3, respectively. Fixture IDs used throughout the manuscript and figures are written as the building (D, S, B), floor number (1–7), and fixture type (H = hot/mixed faucet, L = laboratory faucet, F = drinking fountain, C = cold faucet). Temperature categories refer to the plumbing system from which samples originated (cold, hot, or industrial) and are not necessarily indicative of the measured water temperature.
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FIGURE 1
 Timeline of sampling in the three study buildings. Solid boxes indicate sampling conducted only prior to flushing, and hashed boxes indicate paired sampling events before and after flushing.



TABLE 1 Descriptions of study buildings, conditions, and sampling events.
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Fixture flushing

In building D, weekly full-building flushing was performed beginning June 4, 2020 (Figure 1). Many guidance documents recommend volume- or water-quality-based flushing of the full building water system (Bates and Root, 2020; United States Environmental Protection Agency, 2020; United States Centers for Disease Control Prevention, 2021), and flushing on a weekly timescale has been proposed for infrequently-used or dead-end plumbing (United States Centers for Disease Control Prevention, 2021). Volume-based flushing could not be performed due to the absence of as-builts or updated plumbing diagrams for this building. During flushing on June 4, fixtures were flushed until the temperature stabilized to <1°C/min or up to 10 min on each water line. However, moderate ambient temperatures as well as thermal mixing valves at some fixtures made the distinction between fresh and stagnant water ambiguous and limited the ability to conduct temperature-based flushing. During subsequent weeks, time-based flushing was performed, with fixtures opened to their full flow rate (without the removal of aerators or other flow-reduction devices) for 10 min on cold or mixed (if a thermal mixing valve was present) followed by 10 min on hot (if a hot water line was present). The flush times (20 min at most fixtures) were based on comparisons with previous time-based flushing guidance of 5–30 min (Lautenschlager et al., 2010; Lipphaus et al., 2014; Louisville Water Company, 2020) as well as time limitations of building staff, which is likely to be a limiting factor in many buildings. Flushing was conducted one floor at a time, starting with the lowest floor, closest to the water main. An estimated 2,100 L was flushed during each building event based on flow rate measurements of each type of fixture, the number of fixtures flushed, and the duration flushed. On May 14, 2020 and May 21, 2020, partial flushing was performed where only fixtures on the top two floors were flushed for 10 min total (hot and cold valves were opened simultaneously if both were present). Fixture flushing was not performed in buildings S and B during the study period.



Sample collection and storage

“First-draw” samples were defined as samples collected at least 7 days after a flushing event or recorded usage, although most were longer. “Post-flush” samples were collected within 6 h of an intentional flushing event at that fixture. “One-day-after-flush” samples were collected 22–26 h after an intentional flushing event at that fixture. The building influent (“main”) samples were collected from an outlet connected to the water meter after flushing for 10 min. Each first-draw, 1-day-after-flush, and main sample consisted of collecting the first two liters into a sterile container and then splitting onsite into subsamples for further analyses. Consistent first-draw sample volumes are important because cell counts in subsequent building plumbing water samples have been shown to vary greatly (Ling et al., 2018). Post-flush samples, where water quality was not expected to vary significantly across consecutive volumes, generally consisted of 500 mL, but the full 2 L was collected for some samples on June 4 to provide sufficient volumes for molecular analysis. Samples were immediately aliquoted onsite for chemical measurements. Chlorine was quenched in the remaining water sample using excess sodium thiosulfate for downstream flow cytometry, culture, and molecular analysis. Samples were kept in coolers on ice during transport to the lab, stored at 4°C, and processed within 24 h.



Chemical water quality

Total chlorine and free chlorine were measured onsite with DPD Hach methods 8167 and 8021, respectively, both with a limit of detection (LoD) of 0.02 mg/L as Cl2. Temperature, pH, conductivity, and dissolved oxygen were measured onsite with a Thermo Scientific STAR A326 Portable Meter. Dissolved oxygen was likely higher than conditions within the plumbing because the point of measurement was after fixture aerators and after aliquoting the sample for multiple assays. Ion chromatography was utilized to measure nitrate (n = 109), nitrite (n = 109), and ammonium (n = 95) in triplicate on a Dionex ICS 1100 ion exchange chromatograph (LoD: nitrate = 0.06 mg/L, nitrite = 0.13 mg/L, ammonium = 0.5 mg/L). Metals (i.e., Pb, Cu, Mn, Fe, Zn) were analyzed in most samples (n = 124) using an Agilent 7700 Series Inductively Coupled Plasma-Mass Spectrometer (ICP-MS) with assay limits of detection in Supplementary Table S4. Values below the LoD were substituted with the LoD for that run divided by the square root of two. Prior to ICP-MS analysis, water samples (1 mL) were acidified with 4 mL of 1% HNO3 and 0.5% HCl. Samples were analyzed for total organic carbon (TOC) on a Shimadzu TOC-V analyzer.



Cell counts by flow cytometry

Total and intact cell concentrations were measured following methods previously described in Miller et al. (2020) and Kennedy et al. (2020) using an Accuri™ C6 flow cytometer (BD Biosciences). In brief, triplicate 500 μL sample aliquots were stained with SYBR Green I (Sigma Aldrich) to identify total cells (TCC) or were stained with both SYBR Green I and propidium iodide (Life Technologies) to distinguish cells with intact membranes (ICC). Measurements were performed at the “fast” flow rate of 66 μL per min on sample volumes of 50 μL with an excitation wavelength of 488 nm and threshold of 800 on the green fluorescence channel. Microbial cell signals were distinguished and enumerated from background and instrument noise on density plots of green (FL1; 533 ± 30 nm) and red (FL3; >670 nm) fluorescence using gate templates previously developed for water samples (Gatza et al., 2013). The lower limits of quantification were determined for intact cell count (22 cells/mL) and total cell count (12 cells/mL) by Miller et al. (2020). For a negative control, 0.22 μm filtered, Millipore Milli-Q water was used. The ratio of intact cells was calculated by dividing ICC by TCC.



DNA concentration and extraction

DNA collection and extraction followed methods previously described (Vosloo, 2019). Briefly, biomass from water samples (1.5 L) was filter-concentrated on the day of sampling using peristaltic pumps, autoclaved silicone tubing, and in-line 0.2 um PES filters (Millipore Sterivex). Filters were stored at −80°C until extraction. DNA extraction was conducted using a modified DNeasy PowerWater kit (Qiagen) protocol which involves physical, chemical, and enzymatic lysis steps (Brandt and Albertsen, 2018; Vosloo, 2019). In brief, filters were cut with a scalpel, inserted into tubes with lysozyme (Thermo Fisher) and Tris EDTA, and incubated shaking at 37°C for 60 min. Next, kit reagent PW1 (Qiagen) and Proteinase K (Life Technologies) were added followed by incubation with shaking at 56°C for 30 min. Chloroform/isoamyl alcohol (Acros Organics) was added, and then samples underwent bead beating for 40 s in lysing matrix E tubes (Thomas Scientific). After centrifugation, the aqueous phase was transferred to new tubes, and the PowerWater kit was used following manufacturer protocols. DNA was quantified using the Qubit dsDNA HS assay (Life Technologies) and then stored at −80°C until downstream analyses. An extraction negative control (unused filter) was included in every batch. Dilutions of a commercially available mock community (ZymoBIOMICS Microbial Community Standard; cat. 6300) were extracted as positive controls.



qPCR and culture for targets of interest

Culturable Legionella pneumophila was measured via the Legiolert kit (IDEXX) following manufacturer protocols for 100 mL of potable water on a subset of 28 samples (Supplementary Table S3). Residual disinfectant in water samples was quenched using sodium thiosulfate prior to testing. Hardness supplement was added as per manufacturer instructions for low hardness samples, after testing for hardness using dip strips supplied as part of the Legiolert Supplement kit. Positive (Legionella pneumophila ATCC 33152) and negative (Enterococcus faecalis ATCC 29212) controls were included according to manufacturer recommendations.

For 104 samples (Supplementary Table S3), quantitative real-time PCR (qPCR) was performed on a QuantStudio3 Real-Time PCR System qPCR machine (Thermo Fisher) for four targets of interest: the bacterial ammonia monooxygenase gene of ammonia-oxidizing bacteria (amoA; Rotthauwe et al., 1997), the macrophage infectivity potentiator gene of L. pneumophila (mip; Nazarian et al., 2008), polymorphic regions of ITS sequences of Mycobacterium avium complex (MACF/MACR; Whiley et al., 2014), and the oprL gene of Pseudomonas aeruginosa (oprL; Feizabadi et al., 2010). Reactions consisted of 1 μL template in a 10 μL reaction, except for amoA in which 5 μL of template was included in a 20 μL reaction (Supplementary Table S5). The mip and oprL assays were probe-based and used TaqMan Environmental Master Mix 2.0 (Applied Biosystems) while amoA and MACF/MACR assays used PowerUp Sybr Green Master Mix (Applied Biosystems). Sequences of primers, probes, and amplicons are provided in Supplementary Table S6. Cycling conditions followed master mix manufacturer recommendations but were optimized for individual laboratory conditions (Supplementary Table S6). Each plate contained no-template controls (PCR water) and a standard curve consisting of synthetic DNA (gBlock, IDT) of known concentrations spanning 5 to 105 gene copies (gc) per reaction. All samples, standards, and controls were analyzed in technical triplicate. Standard curve efficiencies ranged from 89.5 to 114.6% with R2 of 0.971 to 0.998 (Supplementary Table S7). None of the no-template controls (NTCs) amplified throughout the study.

Minimum Information for Publication of Quantitative Real-Time PCR Experiments (MIQE) and Environmental Microbiology Minimum Information (EMMI) guidelines were followed (Bustin et al., 2009; Borchardt et al., 2021). To determine the limit of detection (LoD) and limit of quantification (LoQ), 12 replicates of standard material were run across at least three plates. The LoD was defined as the interpolated gene copy number where 95% of standard technical replicates amplified, and the LoQ was defined as the interpolated gene copy number where the coefficient of variation of standard technical replicates was 35% (Borchardt et al., 2021; Supplementary Table S8). Samples were classified as detectable if at least two of three replicate wells amplified and as positive if the average concentration was also above the LOD. Inhibition was assessed by spiking a subset of DNA extract with standard materials and measuring the target at four dilutions. Any dilution with a measured Cq that deviated more than 1 Cq from expected was considered inhibited. No assay inhibition was detected (Supplementary Table S9).



Library preparation and amplicon sequencing

All extracted samples underwent library preparation for 16S rRNA gene amplicon sequencing of the v4 hypervariable region using a previously optimized protocol (Kozich et al., 2013) with slight modifications. In brief, a single PCR was performed followed by a bead cleanup (Ampure XP, Beckman Coulter, ratio of 1.8 ×) and an additional bead cleanup for size selection (ratio of 0.9 ×). Amplicon lengths were confirmed with an E-Gel™ Double Comb Agarose Gels with SYBR™ Safe DNA Gel Stain, 1% (Thermo Fisher Scientific) with an E-Gel Low Range Quantitative DNA Ladder (Thermo Fisher Scientific). Libraries were pooled based on quantification with Qubit with an HS dsDNA kit and verified using a nano kit on an Illumina MiSeq run, then repooled. The final pool was quantified using fragment analysis and qPCR, and paired-end sequencing was performed on an Illumina MiSeq v3 (600 cycles) at the Vincent J. Coates Genomics Sequencing Laboratory at the University of California, Berkeley.



Data analysis

Data analysis was conducted using R version 4.1.3. As water quality data were non-normal (Shapiro–Wilk's, R function shapiro.test, p < 0.001), hypothesis testing was conducted using Kruskal–Wallis (R function kruskal.test) followed by the non-parametric pairwise Wilcoxon rank sum test (“Mann–Whitney,” R function wilcox.test) with a significance threshold of 0.05, and correlations were computed using rank-based Kendall's tau-b (R function cor) to account for tied values.

The 16S rRNA gene amplicon sequences were curated using the DADA2 pipeline (v1.16; Callahan et al., 2016) and phyloseq (v1.38) in R. Taxonomy classification of amplicon sequence variants (ASVs) was conducted using the Silva database (v138.1; https://zenodo.org/record/4587946; McLaren and Callahan, 2021). Decontamination and differential gene abundance analysis were performed using DESeq2 (v1.34; Love et al., 2014). Rarefaction curves for all samples plateaued, suggesting sufficient sequencing depth (Supplementary Figure S1). Because of the absence of singletons after the DADA2 pipeline, Shannon Index was chosen to estimate alpha diversity because it does not give additional weight to rare ASVs, such as singletons (Chiarello et al., 2022). Dissimilarity matrices of environmental variables were constructed using Euclidean distances, while dissimilarity matrices of bacterial abundance were constructed using Aitchison distances (Euclidean distance after a clr transformation) due to the compositional nature of the data (Gloor et al., 2017). Non-parametric, permutational ANOVA (PERMANOVA) was used to test differences in community composition using the adonis function in vegan (v2.5-7; Oksanen, 2007). Using the Best Subset of Environmental Variables with Maximum Rank Correlation with Community Dissimilarities analysis (bioenv, v2.4-2), we selected the most influential variables on the Aitchison dissimilarity of ASV abundance from the following measured quantitative parameters: total chlorine, free chlorine, conductivity, temperature, pH, DO, TOC, Cu, Fe, Zn, Mn, ammonium, and nitrate. Variables were then narrowed down to only those that were significant to the redundancy analysis (RDA; envfit in vegan). Principal components analysis (PCA) ordination was performed using the selected, significant environmental variables (prcomp in stats v3.6.2). Redundancy analysis (RDA) ordination was performed using both Aitchison dissimilarity of community composition data and the selected, significant environmental variables (ordinate in phyloseq).

Figures were curated using ggplot2 (3.3.5). The full R pipeline and associated data are available on GitHub (https://github.com/hannahgreenwald/COVID19-building-water). Sequencing data were deposited in NCBI SRA (BioProject PRJNA836918).




Results

This study consisted of 121 drinking water samples collected from buildings experiencing reduced occupancy on the University of California, Berkeley campus. In Building D, an academic building, 47 first-draw samples (defined as at least 7 days after a flushing event or normal occupancy) were collected from nine fixtures and the building main between May and July 2020, beginning 2 months after the start of shelter-in-place. An additional 18 post-flush samples (defined as <6 h after flushing) and 18 1-day-after-flush samples (defined as 22–26 h after flushing) were collected after two flushing events conducted in Building D. In two residence halls, 24 first-draw samples were collected from 12 fixtures in Building S, and 14 first-draw samples were collected from seven fixtures in Building B in June and July 2020 (Supplementary Table S3).


Water quality during extended reductions in building water usage and flushing
 
Total and intact cell counts were influenced by fixture type and chlorine during stagnation

In first-draw samples, intact cell counts (ICC) spanned four orders of magnitude, from 3.3 × 102 cells/mL to 1.1 × 106 cells/mL, and total cell counts (TCC) ranged from 1.2 × 103 cells/mL to 2.4 × 106 cells/mL (Figure 2). The proportion of intact cells (ICC:TCC) ranged from 17 to 86%. Ranges in ICC and proportion of intact cells were similar for first-draw samples from all three buildings. Samples from the building D main represented the lowest end of ICC and TCC ranges (geometric mean ICC: 6.6 × 102 cells/mL, TCC: 8.0 × 103 cell/mL; Figure 3) in the fixtures, with an even lower proportion intact (mean proportion intact: 4%). ICC across fixture types (cold faucet, hot/mixed faucet, shower, lab, drinking fountain) were significantly different (Kruskal–Wallis, p < 0.001; Supplementary Figure S2), with the highest concentrations in the fountains (geometric mean: 9.5 × 104 cells/mL) and showers (geometric mean: 1.0 × 105 cells/mL). Considering only residence halls (where all study showers were located), fountains had even higher intact cell ratios (B median: 59%, S median: 79%) than showers (B median: 49%, S median: 62%). In addition, fountains consistently had high proportions of intact cells even through flushing (median: 62–63%), suggesting that filters preceding fountains aided bacterial growth and seeded viable microorganisms into the water.
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FIGURE 2
 (A) Intact cell counts and (B) proportion of intact cells vs. total chlorine concentrations measured in each sample. Fewer points are plotted in panel B because TCC was not measured in most post-flush samples (Supplementary Table S3). The gray line is a linear regression plotted as a visual aid. ICC and the proportion of intact cells were both negatively correlated with chlorine (Kendall's tau-b of −0.52 and −0.53, respectively).
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FIGURE 3
 (A) Total chlorine and (B) intact cell counts before and after multiple flushing events in building D. Dashed lines represent the average value from the building main during this period. Values above the x axis represent sample count (n). Fixture IDs in the legend are written as the building (D), floor number (1–7), and fixture type (H, hot/mixed faucet; L, laboratory faucet; F, drinking fountain; C, cold faucet). Brackets with asterisks (*) indicate groups of samples that were significantly different (p < 0.05). Box edges correspond to the first quartile, median, and third quartile. Whiskers extend from the edge to the largest and smallest values no further than 1.5× the interquartile range from the edge. Data beyond the whiskers are considered outliers and plotted individually.


Of the physicochemical parameters, total chlorine correlated most strongly with ICC (Kendall's tau-b: −0.52, p < 0.001). Both ICC and the proportion of intact cells had a clear inverse relationship with chlorine concentration (Figure 2) that has been previously reported (Gillespie et al., 2014; Nescerecka et al., 2014; Kennedy et al., 2020). In first-draw samples, total chlorine ranged from 0 to 1.87 mg/L. Non-zero chlorine concentrations perhaps indicated leaks or water usage between sampling at some fixtures, but first-draw samples (more stagnant water) still had lower chlorine and higher intact cells than the other flush conditions (Figure 2). Water samples with lower chlorine—and presumably lower water use—tended to also have lower DO, lower pH, higher conductivity, and higher ICC (Supplementary Figure S3).



Water quality improved through the first building flushing event but rebounded on a weekly timescale

The impact of flushing on water quality was studied in building D following two flushing events on June 4 and June 11. In general, the highest cell counts and lowest chlorine were measured in first-draw samples, followed by 1-day-after-flush, post-flush, and then building main samples (Figure 2). Prior to the first all-fixture flushing event, total chlorine and ICC were not significantly different among the first-draw samples collected on May 14, May 21, and June 4 (Kruskal–Wallis, p = 0.90 and p = 0.95, respectively; Figure 3). After the first all-fixture flushing event on June 4, residual chlorine in fixtures was significantly higher (Wilcoxon, p = 0.015), and there was a 94% decrease in ICC (p = 0.005) from a geometric mean concentration of 6.2 × 104 to 3.4 × 103 cells/mL (Figure 3). After flushing, values of chlorine and ICC at fixtures were generally lower and higher, respectively, than at the building main (Figure 3). The chlorine concentrations 1 day after flushing were not different from immediately after flushing, but were significantly lower 1 week after flushing (p = 0.030). Cell counts again trended inversely with chlorine concentrations. There was no significant regrowth 1 day after flushing (p = 0.86), but ICC was 644% higher7days after flushing (June 4 to June 11, p = 0.031). After the June 11 flushing event, chlorine was significantly higher, but ICC was not significantly lower (p = 0.06). Again, chlorine and cell counts were not significantly different between post-flush and 1-day-after-flushing (p = 0.60 and p = 0.74, respectively). Median dissolved oxygen concentrations were higher after flushing on June 4 and remained stable for the duration of the study. Although high, outlier concentrations of metals occurred in individual samples, sometimes after flushing, concentrations at building fixtures are not regulated. For comparison, few samples had concentrations of metals and nitrogen species exceeding thresholds for drinking water distribution systems set by USEPA National Primary Drinking Water Regulations and Secondary Drinking Water Standards (Supplementary Table S10). Trends in conductivity and nitrate seemed to be a function of time and possibly the quality of distributed water rather than flushing (Supplementary Figure S4).

At the three fixtures with the lowest intact cell counts (Figure 3), evidence of water usage beyond flushing was observed, which could have contributed to the lessened impact of flushing on water quality. Fixture D5H (building D, fifth floor, hot water) was noted to be leaking at a slow drip prior to each sampling event. Although slight, this water flow may have been enough to maintain chlorine residuals and low cell counts throughout the study period, such that flushing had less of an impact at this fixture. When D5H was removed from earlier analyses, the decrease in cell counts during the June 11 flushing event became significant. The other fixtures with some observed water usage were D4L (building D, fourth floor, laboratory), where lab personnel maintained some activity, and D1H (building D, first floor, hot water), where signs of dishwashing were observed on later sampling dates. No known use occurred at other fixtures. These observations are in line with Lipphaus et al. (2014), in which cell counts increased most after stagnation in fixtures that were frequently used prior to stagnation and decreased most after flushing in fixtures that were used least.

In the residence halls, median total chlorine concentrations and ICC were not significantly different in samples from the two sampling events 3 weeks apart (Supplementary Figure S5). However, some of the concentrations at individual fixtures were higher or lower during the second sampling event. Other water quality parameters (e.g., temperature, dissolved oxygen, pH, and conductivity) also remained stable (Supplementary Figure S7).




Bacterial communities during extended reductions in building water usage and flushing

We explored changes to the bacterial community during stagnation and flushing using 16S rRNA gene amplicon sequencing. Of 91 samples sequenced, 73 were first-draw samples (38 from building D, 13 from building B, 22 from building S), three were post-flush (building D), 13 were 1-day-after-flush (building D), and two were from the building main (building D). A high proportion of sequenced DNA originated from intact cells (Figure 2B), especially in first-draw samples.

Across all sample types, bacterial families observed at the highest relative abundance included Comamonadaceae, Beijerinckiaceae, Caulobacteraceae, Sphingomonadaceae, Xanthobacteraceae, and Chitinophagaceae. The most abundant ASVs were classified within the genera Curvibacter, Microvirga, Phenylobacterium, and Mycobacterium. All these taxa have been previously identified in drinking water distribution systems (Shirey et al., 2012; Buse et al., 2014; Douterelo et al., 2014; Gomez-Alvarez et al., 2016; Wang et al., 2021; Lu et al., 2022).


Stagnation led to reductions in bacterial community diversity

Alpha diversity, calculated as Shannon Index (see Section Data analysis for metric selection) which incorporates richness and evenness, decreased in more stagnant water (building main > post-flush > 1-day-after-flush > first-draw; Figure 4). This trend was consistent when other alpha diversity metrics were considered (Supplementary Figure S7) and when only paired samples from each flush condition were included (Supplementary Figure S8). The Shannon Indices of first-draw samples were significantly lower than the other flush conditions (Wilcoxon, vs. post-flush: p = 0.013, vs. day-after-flush: p < 0.001, vs. main: p = 0.029). This lower alpha diversity indicates that microbial growth in building plumbing during stagnation selected for a subgroup of taxa. It should be noted that higher diversity in the building main samples could be a reflection of DNA from nonviable cells because these samples had lower intact cell ratios than the other flush conditions (Figure 2B). Alpha diversity in the first-draw samples of the residence halls (not flushed) and building D (flushed weekly) did not show a clear trend with time (Supplementary Figure S9).


[image: Figure 4]
FIGURE 4
 Boxplots of alpha diversity metric Shannon Index. Plots are faceted by buildings (D, academic; B and S, residence halls). Box edges correspond to the first quartile, median, and third quartile. Whiskers extend from the edge to the largest and smallest values no further than 1.5× the interquartile range from the edge. Data beyond the whiskers are considered outliers and plotted individually.




Bacterial communities diverged at the fixture level and remained consistent through flushing

Overall, we expected bacterial communities of post-flush samples to resemble the building main and to be similar across fixtures. However, even as cell counts drastically changed after flushing, bacterial community compositions appeared stable (Figures 5, 6B, Supplementary Figures S10–S13). Bacterial community composition was most significantly influenced by fixture identity (PERMANOVA R2 = 58%), followed by building (R2 = 12%) and sampling event (R2 = 8%, p < 0.001), but not fixture type (p = 0.61). When considering only building D and incorporating the added variable of flush condition, fixture identity remained the most important variable (R2 = 51%) followed by sampling event (R2 = 12%) and flush condition (R2 = 9%; p < 0.001), while fixture type was again not significant (p = 0.78).


[image: Figure 5]
FIGURE 5
 Relative abundance (%) of ASVs in (A) building D and (B) residence halls grouped by fixture. Segments are ASVs representing at least 5% of two samples, and colors are genera. Asterisks (*) indicate post-flush samples, and plus signs (+) indicate 1-day-after-flush samples. Facets are by fixture ID which are written as one letter indicating the building (D, B, S), followed by the floor number (0–7), followed by one letter indicating the fixture type (W, shower; L, laboratory faucet; F, drinking fountain; H, hot/mixed faucet; C, cold faucet).
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FIGURE 6
 (A) Principal components analysis (PCA) biplot of selected, significant environmental variables. (B) Aitchison distance redundancy analysis (RDA) biplot illustrating the relationship between selected, significant environmental variables and bacterial community composition. Colors represent fixture ID which is written as one letter indicating the building (D, B, S), followed by the floor number (0–7), followed by one letter indicating the fixture type (W, shower; L, laboratory faucet; F, drinking fountain; H, hot/mixed faucet; C, cold faucet). Shapes represent fixture type for added visual clarity.


To further investigate whether any ASVs were enriched in each flush condition, we performed differential abundance analysis (DESeq2). We hypothesized that any unique ASVs in post-flush samples (not in building main or first-draw) were derived from biofilm detached during flushing; however, we were unable to identify any ASVs that were enriched in the post-flush samples over first-draw and samples from the building main. Some ASVs were enriched at the fixture level relative to the building main (assigned to genera Qipengyuania, Phenylobacterium, Lacibacter, Rhodobacter, Methylophilus, and UTBCD1). Reyranella, a genus associated with growth in drinking water biofilms on copper pipes (Pagnier et al., 2011; van der Kooij et al., 2020), was significantly enriched in more stagnant conditions (first-draw > 1-day-after-flush > post-flush samples). Overall, the observation of consistent, fixture-specific bacterial communities suggests that localized biofilm communities could be contributing strongly to the bulk water communities recovered from each fixture.



Environmental factors explained a small percentage of variance in fixture bacterial communities

Similar to community composition data, water quality parameters (total chlorine, free chlorine, temperature, conductivity, pH, dissolved oxygen, TOC, ICC, Mn, Fe, Zn, Cu, ammonium, and nitrate) were significantly influenced by fixture identity (PERMANOVA R2 = 0.82) and building (R2 = 0.09) but not by sampling date or fixture type (p = 0.73 and p = 0.61, respectively), indicating a unique environment at each fixture (Figure 6A). Median values generally indicated typical water quality and are summarized in Supplementary Table S11; however, some samples had water quality values far outside the typical range (e.g., minimum DO of 3.02 mg/L despite a median of 8.49 mg/L).

In addition to the relevance of chemical water quality parameters to safety and aesthetics, chemical concentrations (e.g., TOC, Mn, Fe) can also impact microbial abundance and composition (Prest et al., 2016; Vosloo et al., 2022, p. 20). We examined which chemical parameters may be driving clustering of bacterial communities at the fixture level and found the best model (Best Subset of Environmental Variables with Maximum Rank Correlation with Community Dissimilarities analysis using bioenv) had eight parameters: DO, pH, total chlorine, Mn, Fe, conductivity, Cu, and ammonium. Redundancy analysis (RDA) using the selected variables and ASV abundance data indicated that the significant variables included total chlorine, Cu, pH, and DO (envfit, p < 0.001, p = 0.008, p < 0.001, p < 0.001, respectively). In the RDA ordination, bacterial communities in samples clustered by fixture identity along axes of the environmental variables; however, the axes of the RDA biplot constructed using these variables explained a fairly low percentage of the variance in community composition (Figure 6B). In addition, fixture type did not appear to impact clustering except for drinking fountains with point-of-use activated carbon filters (D3F, D6F, B1F, and S0F).




Targeted detection of opportunistic pathogens and nitrifiers during extended reductions in building water usage and flushing

Through amplicon sequencing, the presence of ASVs from genera containing opportunistic pathogens and nitrifiers was identified, including Legionella, Mycobacterium, Pseudomonas, Nitrosomonas, and Nitrospira. We used targeted detection of genes (qPCR for L. pneumophila, P. aeruginosa, Mycobacterium avium complex, and ammonia-oxidizing bacteria) or species-specific culture (Legiolert) to further explore whether undesirable microorganisms were present during this period of reduced water usage and elevated cell counts.

Detection of gene targets via qPCR was low, with the majority of samples (n = 99 of 104) below both the empirically-determined limits of quantification (LoQ; defined as maximum 35% coefficient of variation in standard replicates) and detection (LoD; defined as minimum 95% detection of standard replicates) for all assays, preventing quantitative analysis. However, because no amplification was observed in any no-template control, we extended our analysis to include samples in which amplification was observed with corresponding concentrations below the LoD (but with amplification in at least two wells). For these reasons, we present qPCR data in three groups of positivity: quantifiable (>LoQ), amplification at a concentration less than the LoD, and no amplification (no samples had mean concentration between the LoD and LoQ).


Opportunistic pathogen prevalence was low despite high cell counts and detection of associated genera

Although Legionella spp. seemed to be present in this system (Legionella spp. comprised 0.1% of ASVs), L. pneumophila was detected at very low levels via qPCR, close to or below the LoD (4.1 gc/reaction and ~820 gc/L; Supplementary Table S8). The majority of samples had no amplification, 20% amplified below the LoD, no samples had mean concentrations between the LoD and LoQ, and 3% were quantifiable (442–903 gc/L; Figure 7). Forty-three percent of fixtures with detectable L. pneumophila had detections at multiple time points. Interestingly, in fixture D1H, L. pneumophila was detected before flushing and then dissipated over time. There were no clear relationships between water quality parameters (e.g., ICC, chlorine, Mn, Fe) and L. pneumophila positivity (Supplementary Figure S14). Detection of P. aeruginosa was even lower than detection of L. pneumophila, with no detection in 94% of samples and 6% amplifying below the LoD (Figure 7). Pseudomonas spp. comprised 0.01% of ASVs across study samples. Similarly, 99% of samples had no detection of Mycobacterium avium complex (MAC), and 1% amplified below the LoD (Figure 7). Based on sequencing, Mycobacterium spp. comprised 5% of ASVs overall, so other species besides M. avium were present in the samples. Detection of Legionella, Mycobacterium, and Pseudomonas by sequencing had some but not complete overlap with detection of corresponding qPCR gene targets (Supplementary Figure S15).


[image: Figure 7]
FIGURE 7
 qPCR detection of (A) L. pneumophila (mip), (B) ammonia-oxidizing bacteria (amoA), (C) P. aeruginosa (oprL) and (D) MAC (MACF/MACR). Vertical dashed lines indicate a flushing event in building D separating two sample collection events on the same day. Sample S6W was positive for L. pneumophila via culture-based Legiolert on June 23, 2020. Fixture IDs are written as one letter indicating the building (D, B, S), followed by the floor number (0 to 7), followed by one letter indicating the fixture type (W, shower; L, laboratory faucet; F, drinking fountain; H, hot/mixed faucet; C, cold faucet).


Via culture, all samples were non-detects for L. pneumophila, except for one residence hall shower sample (Building SB, 6th floor) taken on June 23 (positivity n = 1 of 28 samples, 3.6%). The resulting concentration was 10 MPN/L, which is at the limit of detection for the Legiolert test kit (10 cells/L; Legiolert: Detection of Legionella pneumophila- IDEXX US [WWW Document], 2018). Although a false positive rate of 3–4% has previously been reported for this method (Hirsh et al., 2021; Lytle et al., 2021, p. 20; Monteiro et al., 2021), the corresponding detection of mip via qPCR (< LoD; Figure 7) supports that L. pneumophila was present in this sample.



There was evidence of nitrifiers but not nitrification within the building plumbing

Nitrosomonas spp., a genus with ammonia-oxidizing bacteria (AOB), was detected in many samples via amplicon sequencing (1.4% of overall ASVs), but detection did not fully align with qPCR detection of AOB (Supplementary Figure S15). AOB were not detected in 58% of samples, and 40% amplified below the LoD (Figure 7). Two samples from residence halls on July 14 were quantifiable with concentrations of 282 and 640 gc/L, after AOB had been detected but below the detection limit 3 weeks prior. Despite low concentrations of AOB, detection of AOB was fairly consistent across fixtures where it was present (64% of fixtures had detectable levels across multiple time points). All drinking fountains had detectable AOB at one or more time points.

Samples with detectable AOB (quantifiable and < LoD vs. non-detect) had higher intact cell counts and lower total chlorine (Wilcoxon, p < 0.001; Supplementary Figure S14), relationships that have been observed previously (Lipponen et al., 2002; Scott et al., 2015). However, there were no differences in nitrate or ammonium concentrations corresponding to flush condition nor AOB detection (Kruskal–Wallis, p > 0.05). Despite detection of AOB in multiple fixtures but not the building D main, nitrate was not higher at the fixtures than in the building main samples; instead, nitrate concentrations in the main and fixtures had similar trends over time. For example, both nitrate and ammonium were much higher in most fixtures and in the building D main on July 14 (Supplementary Figures S4, S6), despite no observable increases in AOB. The water utility operating the distribution system serving these buildings has regularly reported issues with nitrification, especially during warmer months (e.g., July). Together, these observations suggest that any meaningful nitrification activity may have occurred in the distribution system but not in building plumbing.





Discussion


Water quality during periods of reduced water usage
 
Bacterial growth was likely limited by chlorine and then substrate

The pandemic provided an opportunity to study building plumbing stagnation (both complete stagnation and reduced usage) on the timescale of months, whereas previous studies have focused on shorter time frames. Here, the highest concentrations of ICC exceeded the highest concentrations previously reported in the literature both in distribution systems (Gillespie et al., 2014; Nescerecka et al., 2014; Prest et al., 2016; Kennedy et al., 2020) and in stagnant building water (Lipphaus et al., 2014). Surprisingly, increases in cell counts 1 day after flushing were not significant, although prior studies on overnight building water stagnation have reported increases (Lautenschlager et al., 2010). Meanwhile, the increase in cell counts 1 week after flushing aligns with previous studies (Lautenschlager et al., 2010; Lipphaus et al., 2014; Hozalski et al., 2020; Zhang et al., 2021).

Chlorine concentrations clearly suppressed bacterial concentrations when present (Figure 2), but once the disinfectant residual had decayed, substrate limitations determined the ultimate bacterial abundance. Decay of disinfectant residual has often been associated with an increase in bacterial abundance at long residence times (Niquette et al., 2001; Nescerecka et al., 2014); however, in distribution systems without residual disinfectant, previous studies report that bacterial abundance has not necessarily increased and has sometimes decreased with residence time, likely due to substrate limitations (van der Wielen and van der Kooij, 2010). In this study, the timescale to reach the carrying capacity for microorganisms was on the order of days to weeks, based on various lines of evidence. First, the timescale was <3 months of stagnation (the time between building closures and the first sampling event in the residence halls) because ICC in the residence halls was stable between the two sampling events, despite diminished chlorine and an additional 3 weeks of stagnation. Second, the timescale was <2 months of stagnation (the time between building closures and the first sampling event in building D) because ICC was consistent until the first flushing event on June 4. Last, the return of ICC to first-draw levels within a week of flushing suggests that a limit to cell growth had been reached in that timescale.



Microbial hazards after stagnation appeared low

Chloramine as a residual disinfectant has been shown to be more effective than free chlorine at suppressing L. pneumophila (Kool et al., 1999; Flannery et al., 2006; Wang et al., 2012; Lytle et al., 2021), even in stagnant conditions or when the residual disinfectant is no longer detectable (Hozalski et al., 2020; Dowdell et al., 2022), which is consistent with our findings. The lower positivity rate for Legiolert compared to qPCR (despite Legiolert having a lower limit of detection) indicates that the DNA detected via qPCR likely came from either viable but not culturable (VBNC) cells, which could still present a health hazard (Alleron et al., 2013; Dietersdorfer et al., 2018), or non-viable cells. Detections of members of the genus Legionella via amplicon sequencing could also have come from an array of other species that may or may not be pathogenic (e.g., L. anisa and L. rubilucens; UK PHE, 2022). These low abundance results do not contradict prior studies that have shown stagnation to increase levels of L. pneumophila and increased flow to reduce levels (Nisar et al., 2020). Rather, this study shows that stagnation alone may not be enough to lead to colonization. Other stochastic ecological effects, such as whether L. pneumophila has been introduced to the building system, and physicochemical effects, such as disinfectant type, likely play key roles.

Given the low detection of pathogenic gene targets in this study, the primary negative consequence of reduced occupancy on microbial water quality seemed to be the increase in bulk bacterial concentrations. Although not a health hazard, excessive microbial activity can lead to deterioration in aesthetic quality (e.g., taste, odor and discoloration; Chowdhury, 2012), which represents up to 80% of consumer complaints to water utilities (Polychronopolous et al., 2003; Vreeburg and Boxall, 2007). Although detection of opportunistic pathogens via qPCR was low (3% of samples had quantifiable targets), risk varies based on the immune status of individual occupants in the building and the level of exposure, and this level of hazard could become significant in other buildings, such as a residential healthcare facility.

Another explanation for low overall detection of undesirable microorganisms could be the small sample volume (1 L) that was filtered to collect biomass for downstream molecular analysis. For example, the L. pneumophila qPCR assay had a detection limit of 820 gc/L, which [depending on the conversion from gene copies to colony-forming units (CFU)] would likely be sufficient to rule out unacceptable risk at faucets (1.02 × 105 CFU/L) and showers (1,400 CFU/L) based on thresholds proposed using a 10−4 disability adjusted life year per person per year target (Hamilton et al., 2019). Future studies should consider analyzing larger sample volumes to achieve a lower LoD, despite the trade-off of diluting high cell counts in primary first-draw volumes. More work is needed to standardize sampling for opportunistic pathogens and determine risk tolerance.




The building water microbiome during reduced water use and flushing

Prior work (Lipphaus et al., 2014; Dowdell et al., 2022) has suggested that water quality management during stagnation events should focus on risk factors at the building scale that can influence opportunistic pathogen growth. Our results further show that individual fixtures within buildings present distinct bacterial communities which may be of more or less concern. We expected flushing to change bacterial community composition (Ling et al., 2018); however, the effect of fixture identity influenced the community composition more strongly than flush condition, supporting the importance of historical contingency in building water microbial community assembly (Zhou and Ning, 2017). Furthermore, fixtures of the same type were not more closely related than fixtures of different types. Fixtures have been proposed to influence microbial community composition due to the additional materials to which microorganisms are exposed (Neu and Hammes, 2020). We note that because of the uneven sample counts (i.e., only three post-flush samples were successfully sequenced), the findings related to flush condition should be interpreted with caution.

We attempted to link bacterial communities at each fixture to deterministic physicochemical factors but found only weak associations with the significant parameters of total chlorine, dissolved oxygen, pH, and copper. A similar recent investigation (Vosloo et al., 2022) found that variability in bacterial community composition was significantly explained by site type as well as temperature, dissolved oxygen, total chlorine, ammonium, Mn, and Zn. The inability to sufficiently explain factors driving community composition in this study could be due to insufficient sample counts, other parameters that were not considered (e.g., water age at the fixture level, pressure zone; Haig et al., 2020), or stochastic or autogenic effects (Douterelo et al., 2017; Zhou and Ning, 2017).

Previous building water microbiome studies have suggested that bacterial growth through stagnation (Vosloo et al., 2022) and low-flow conditions on copper pipes (Lu et al., 2014) reduces alpha diversity, as was observed in this study. As shear forces dissipated, bulk communities may have become more similar to the biofilm, which has lower diversity than bulk water (Huang et al., 2021) and decreases in diversity through repeated flushing (Douterelo et al., 2016). Under stagnant conditions, biofilm has been shown to become more loosely attached (Liu and Tay, 2002). Large contributions of bacteria from biofilms near the fixture outlet could explain the consistent communities from each fixture sample. Future studies should investigate the interaction of biofilm and bulk water communities under typical flow conditions in building plumbing when biofilms may be more stable due to more consistent shear forces and chlorine concentrations.



Fixture flushing as an approach to maintain or restore water quality

The weekly timed-flushing approach applied here successfully reduced cell counts and increased chlorine concentrations; however, based on the 7-day rebound of chlorine and cell counts to stagnation levels in this study and elsewhere (Hozalski et al., 2020), flushing would need to be repeated at an even higher frequency (e.g., daily) throughout a low-occupancy period for sustained benefits. The possible water quality benefits of repeated flushing must be weighed against the practical drawbacks, including labor and water use. Prescribing overly cautious, burdensome guidance may also lead to non-compliance. For example, most buildings in a recent survey did not comply with existing hot water system temperature guidance for opportunistic pathogen control (Singh et al., 2020). A holistic approach is needed to manage building water systems (Proctor et al., 2022) such that building managers can successfully comply with guidance. Therefore, under these conditions, given the labor and water resource limitations, the population being served, and the limited water quality benefits, regular flushing to maintain water quality during this low occupancy period was likely unjustified, but building managers should weigh costs and benefits given their local context. A more feasible approach in some circumstances may be a single flushing event prior to building reopening.

In addition, fixture flushing may not provide any water quality benefits if (i) flushing is not frequent or expansive enough, (ii) factors other than stagnation are contributing to building water quality problems such that more extreme remediation (e.g., shock chlorination) is warranted, or (iii) water quality was not diminished during stagnation. In this study, although cell counts were elevated, opportunistic pathogen prevalence was low, and although we did not conduct formal risk analysis, there was no evidence that stagnation led to increased health hazard. In addition, bacterial cell counts and communities stabilized during stagnation, prior to flushing. It should be noted that the stagnation period in this study could be short relative to other situations (e.g., dead-end pipes), and even the low occupancy and use of some fixtures in this study could have helped maintain water quality. Nevertheless, other contaminants and aesthetics also need to be considered in water management plans, and making generalized recommendations for building water management is complicated, especially without sufficient and timely water quality testing. Although water quality testing after operational disturbances would be advantageous in making decisions regarding whether to flush fixtures, testing for pathogens in real-time is unfeasible in most buildings. Chlorine is relatively easy to measure and was a good indicator for elevated cell counts, but absence of chlorine did not necessarily indicate presence of health-relevant undesirable microorganisms, similar to observations in recent studies (Hozalski et al., 2020; Dowdell et al., 2022). Identifying buildings at risk for opportunistic pathogen growth under regular occupancy could provide guidance for which buildings are a concern under extended low occupancy conditions.
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Building description

Description of water system

Description of reduced

occupancy or water usage

during 2020

Description of fixture flushing

Fixtures sampled/Total

fixtures

Sampling events

Total samples.

dial cleaning continued throughout shelter-in-place i

Building D

7 floor academic building
constructed in 1968

Copper pipes; Separate domestic
and industrial plumbing; Hot water
recirculation loop

March 17-June: closed except to
essential research, <15% typical
water usage

July: <50% typical water usage*
Weekly flushing of all fix
beginning June 4

9/54

5 first-draw

2 post-flush

2 1-day-after-flush
2 building main

47 first-draw

18 post-flush

18 1-day-after-flush

2 building main

all buildings.

Building B

4 floor residence hall constructed
in 1992

Copper pipes; 1,500-2,000 gal
water heater; Hot water
recirculation loop

April to July: 0-3% occupancy*

None

7148

2 first-draw

14 first-draw

Building S

9 floor residence hall constructed
in 1964

Copper pipes; 1,600 gal water
heater; Hot water recirculation
loop

April to July: 0-2% occupancy*

None

12/83

2 first-draw

24 first-draw
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