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Abstract

:

Spatial and short-term temporal changes in water quality as a result of water age and fluctuating hydraulic conditions were investigated in a drinking water distribution system. Online measurements of total and intracellular adenosine tri-phosphate (ATP), total and intact cell concentrations measured with flow cytometry (FCM), turbidity, and particle counts were performed over five weeks at five subsequent locations of the distribution system. The high number of parallel FCM and ATP measurements revealed the combined effect of water age and final disinfection on spatial changes in microbiology in the system. The results underlined that regular daily dynamics in flow velocities are normal and inevitable in drinking water distribution systems, and significantly impact particle counts and turbidity. However, hydraulic conditions had no detectable impact on the concentration of suspended microbial cells. A weak correlation between flow velocity and ATP concentrations suggests incidental resuspension of particle-bound bacteria, presumably caused by either biofilm detachment or resuspension from sediment when flow velocities increase. The highly dynamic hydraulic conditions highlight the value of online monitoring tools for the meaningful description of short-term dynamics (day-scale) in drinking water distribution systems.
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1. Introduction


Drinking water quality can change during water distribution as a result of both increased residence time and hydraulic changes. Drinking water distribution systems (DWDSs) are complex networks of interconnected pipes of various diameters. Typically, drinking water flows from the treatment plant through large transport mains (400 to 1000 mm in diameter) towards distribution areas with smaller distribution pipes (40 to 300 mm in diameter). In some cases, reservoirs and pumping stations are located at intermediate locations in the DWDS [1,2,3]. Flow conditions through reservoirs, transport mains, and distribution pipes are dependent on the network configuration, pipe diameters, water demand, and water consumption profile of consumers [1,3,4]. Water consumption profiles lead to varying flow rates and velocities, with the highest velocities typically in the morning and in the evening, when the water consumption in residential areas is highest [1,5]. At a given flow rate, a small diameter pipe is subject to a higher flow velocity and higher shear stress than larger pipes; as a consequence of the network layout, small distribution pipes, typically at the end of the network, receive lower flow rates and are subject to low flow velocities or even stagnant periods. The demand pattern, flow, and shear conditions are more variable when going deeper in the system [3].



The complex hydraulic conditions resulting from the system configuration and varying water consumption have a direct impact on water quality. Turbidity, for example, is directly influenced by flow velocity variations impacting particle deposition and resuspension, as well as shear stress on pipe walls [4,6,7]. The impact of varying flow velocities on microbial parameters in the drinking water is, however, less understood. Microbial communities in DWDSs are located in different phases: in the bulk water, attached to suspended particles, attached to loose sediments, and in biofilms [8,9,10]. These phases harbor different microbial communities and varying bacterial abundances, with the highest densities reported in loose deposits and sediments [9,11]. The different phases interact with each other through bacterial attachment and detachment from particles, sediment resuspension, or biofilm detachment [12]. In fact, several studies have shown increased bacterial shearing and detachment from biofilms as a consequence of increased flow velocities [13,14]. It is, therefore, reasonable to infer that intermittently increased flow velocities in distribution systems would affect detachment and resuspension of bacteria and particle-associated bacteria from sediments and biofilms, resulting in a change in microbial water quality.



Grab sampling is conventionally used to assess water quality in distribution systems. However, such labor-intensive sampling strategies do not suffice to adequately capture high-frequency dynamics in water systems [15,16]. Given the short time scales (daily variations) of hydraulic variations in the DWDS [5], monitoring with high temporal resolution is essential. While online tools for particles and turbidity are widely used, quantitative tools for online microbial monitoring are relatively new [17]. Online FCM has been applied for the study of different water systems (e.g., treated spring or ground water [15,16]), but has not been deployed extensively to investigate operational DWDSs to date. Hence, spatio-temporal changes in microbial water quality in the presence of fluctuating hydraulic conditions remain poorly characterized. In addition, comparison of hydraulic and microbiological dynamics at different locations throughout the DWDS is needed due to the complexity of the distribution infrastructure (pipe diameters, pipe material, service reservoirs, etc.).



The objective of the study was to investigate spatial and short-term temporal changes in water quality as a result of water age and hydraulic fluctuations in a large DWDS. The temporal and spatial variations were studied with online measurements of microbial parameters, including total and intracellular adenosine tri-phosphate (ATP), total and intact cell concentrations (based on flow cytometry), and abiotic parameters (turbidity, particle counts) over a period of five weeks in five subsequent locations of a DWDS. The novelty of this study is the extensive and simultaneous use of two recently emerging online microbiological sensors in a system on both temporal and spatial scales.




2. Materials and Methods


2.1. Study Locations


The study has been performed at an operating large-scale drinking water treatment plant (Andijk, The Netherlands) and in the corresponding DWDS. Surface water is treated at this location by coagulation, sedimentation, and sand filtration, followed by advanced oxidation and activated carbon filtration. Chlorine dioxide is dosed before the drinking water storage reservoir, resulting in a free chlorine residual after the reservoir in the range of 0.01–0.03 mg/L. Free chlorine concentrations decrease to below the detection limit (0.01 mg/L) after the first transport section, and drinking water is further transported and distributed without maintaining any residual disinfectant.



Five sampling locations were selected along a water trajectory from the treatment plant to a residential neighborhood (Figure 1): effluent of the drinking water reservoir at the treatment plant (A), effluent of a pumping station and reservoir located after a first transport section (B), tap points in two transport pipes (C and D), and one tap point from a distribution pipe (E). Water was collected at points C, D, and E via measure lances, i.e., small stainless steel pipes inserted through the pipe, enabling the collection of water from the middle of the pipe. Figure 1 provides information on pipe lengths and diameters and average residence time of the water at each studied location.




2.2. Measurement Scheme


Online turbidity and particle count measurements were recorded at all locations for the total study period of five weeks. In addition, an online detector for ATP was placed consecutively at each study location for one week. Two online flow cytometers (FCMs) were used for parallel measurements at two consecutive locations for one week, and thereafter moved further along the water trajectory, following the sampling scheme described in Table 1.




2.3. Online Turbidity, Particle Counts, and Flow Measurements


Turbidity was measured online at all locations (sc200 controller, sc100 controller, and Ultraturb sc, Hach) at a measurement time resolution of 1 min. The different turbidity meters used in this study had different baselines, therefore, the results were corrected based on measurements in parallel of all instruments on the same water for one week. Particle counters (WaterViewer, PAMAS) were used at all locations to record every 10 min the number of particles of eight particle size ranges (1 to 2 µm, 2 to 3 µm, 3 to 5 µm, 5 to 10 µm, 10 to 15 µm, 15 to 25 µm, 25 to 35 µm, >35 µm). Particle count data at location D is not shown due to malfunctioning of the instrument during the period of measurement. Flow rates at locations A and B were measured with electromagnetic flow meters (Magneto Flow Copa-X and Copa-XM, Fisher & Porter). The flow rates at locations C and D were modelled based on flow rates at the treatment plant and on the consumption profiles of the corresponding distribution areas. Flow rates at location E were measured with a portable ultrasonic flowmeter (UFP-20) at a frequency of six measurements per minute.




2.4. Online Flow Cytometry (FCM) Measurements


For online FCM, water was sampled from a continuously flowing bypass with an automated sampling, staining, and incubation module connected to an Accuri C6 flow cytometer (BD Accuri, San Jose CA, USA), as described previously [18]. In short, water samples were drawn discretely every 10 min and mixed with a fluorescent stain (SYBR Green I (Life Technologies, Eugene OR, USA); final concentration 1:10,000). This mixture was incubated for 10 min at 37 °C before transfer to the flow cytometer for measurement at a flow rate of 66 µL min−1 for 90 s with a lower threshold on the green fluorescence (FL1-H) channel of 1000. After each sampling and measurement cycle, the staining module was rinsed with nanopure water (deionized, 0.22 µm filtered). In addition, an extended cleaning cycle with hypochlorite and detergent was performed after every 100 samples. For data analysis, files were exported for batch processing with custom software. Fixed gates were applied to separate bacteria from background signals [19].




2.5. Online ATP Measurements


Online ATP analysis was done with an EZ-ATP analyzer (AppliTek) using EZ-ATP Water-Glo Reagents (Promega). In short, water was sampled directly from a bypass at 13 min intervals and directly measured for extracellular ATP. A sub-sample was then sonicated (120 s) and measured for total ATP. Intracellular ATP was calculated as the difference between the two obtained values. Relative light units (RLUs) were converted to ATP concentrations based on instrument calibration with ATP solutions of known concentrations (EZ-ATP Standards, 0 and 200 pg/mL). Four data points out of 264 collected at location B were not taken into account due to instrument error.





3. Results


3.1. Spatial Changes in Water Quality


3.1.1. Flow Rate and Flow Velocity Change Due to Network Configuration


The distribution network configuration had a clear impact on hydraulic conditions in the pipes. Flow rates decreased considerably from the treatment plant (1883 ± 80 m3/h, location A) to downstream distribution locations (7 ± 4 m3/h, location E), as the total water produced at the treatment plant spread through the different transport mains and distribution area (Figure 2). As a consequence, flow velocity dropped towards downstream distribution locations (from 0.82 ± 0.03 m/s at location A to 0.10 ± 0.06 m/s at location E). However, the decrease in flow velocity between large transport mains (locations B and C) and downstream locations (locations D and E) was less dramatic than the decrease in flow rate due to decreasing pipe diameters in the latter parts of the distribution system (Figure 1).




3.1.2. Spatial Microbial Dynamics Show Disinfection and Growth


High-frequency FCM and ATP measurements at each location during one to two weeks revealed the occurrence of both disinfection and growth along the DWDS (Figure 3; supplementary material Figure S1 and Table S1). Average FCM intact cell concentrations (ICCs) decreased significantly from (4.1 ± 1.1) × 104 cells/mL (n = 499) to (1.5 ± 0.5) × 104 cells/mL (n = 674) during the first transport section (A–B). This is attributed to membrane damage caused by chlorine dioxide dosed at the treatment plant. A gradual increase in ICC from locations B to C and D and E (up to (7.0 ± 1.3) × 104 cells/mL at location E) indicated microbial growth in the subsequent transport and distribution sections. The differences in ICCs between two consecutive locations were significant for all study sections based on the two-sample t-test (supplementary information Table S1). Average FCM total cell concentrations (TCCs) gradually decreased during water transport from location B ((5.5 ± 0.8) × 105 cells/mL (n = 732)) to D ((3.6 ± 0.4) × 105 cells/mL (n = 885), supplementary information Figure S1). The differences in TCCs between two consecutive locations were significant (supplementary information Table S1). The gradual decrease in TCC along the transport sections suggested that dead cells measured in the treatment effluent as a result of chlorine dioxide addition (93% of damaged cells on average at location A) potentially disintegrated, settled, or attached to biofilm in the transport pipes, and were thus no longer detected. This was also illustrated by the percentage of intact cells that decreased from 6.7 ± 1.9% ICC (n = 498) to 2.7 ± 0.8% ICC (n = 653) between locations A and B, thereafter followed by a gradual increase up to a percentage of intact cells of 17.7 ± 3.4% ICC (n = 597) at location E, suggesting microbial growth.



Interestingly, ATP measurements showed a slightly different trend than FCM, particularly in the early stages of water treatment and transport (Figure 3). Intracellular ATP concentrations were extremely low at the treatment effluent (0.6 ± 1.1 ng/L), and increased already in the first transport section up to 4.2 ± 1.1 ng/L at location B. Similarly to intact cell concentrations, intracellular ATP gradually increased thereafter from locations B to E (up to 21.4 ± 35.0 ng/L), presumably as a consequence of microbial growth. Total ATP concentrations increased as well all along the water trajectory, from 7.6 ± 1.3 ng/L in location A up to 35.5 ± 52.6 ng/L in location E (supplementary information Figure S1). The percentage of intracellular ATP consequently increased from 6.2 ± 10.2% (n = 754) at location A up to 67.0 ± 13.9% (n = 698) at location E. The differences between two consecutive locations in total ATP and in intracellular ATP were significant, with the exception of the last distribution section (D to E) (Table S1).




3.1.3. Spatial Dynamics Show Increased Turbidity and Particles


The total number of particles increased gradually from the treatment effluent (90 ± 32/mL, location A) to downstream distribution location E (397 ± 524/mL). This was observed not only for the total number of particles, but also for each individual particle size (supplementary information, Figure S2), strongly suggesting particle formation during water distribution. It is noticeable that the range of particle counts at locations C and E (RSD 79% for both locations) and the number of outliers were larger than at locations A and B (RSD 36% and 60% respectively). Samples from locations C to E were taken directly in the pipe, and were therefore highly influenced by hydraulic fluctuations, resulting in particle deposition and resuspension, as further discussed in Section 3.2. In comparison, samples from locations A and B were taken after a storage reservoir, where particles can settle, resulting in a more stable particle number in the effluent of the reservoir. The variations in particle numbers and sizes had a direct impact on turbidity. While the basis turbidity level was comparable at all locations (average values ranged from 0.03 NTU to 0.08 NTU), an extremely high range of turbidity values were recorded at locations C, D, and E (RSD 90%, 87%, and 65%, respectively), while low variations were recorded at locations A and B (RSD 15% and 2%, respectively). Nonetheless, turbidity always remained below 0.5 NTU at all locations, as normally observed in drinking water distribution systems.





3.2. Temporal Dynamics Reveal Hydraulic Influences


3.2.1. Studied Locations are Subject to Large Daily Variations in Hydraulic Conditions


Measurement and/or modelling of flow velocities revealed clear daily dynamics at locations B to E (supplementary information Figure S3) due to daily water usage profiles by consumers (i.e., morning/evening consumption peaks). However, the range of flow velocities greatly differed at each location due to different flow rates (decreasing flow rates when further in the system) and pipe diameters (decreasing pipe diameters when further in the system). Location A is the effluent of the storage reservoir at the treatment plant, which provides a very stable flow rate (1882 ± 80 m3/h, n = 764), resulting in very little variation in flow velocity (0.82 ± 0.03 m/s). Though the measurement location B at the intermediate pumping station is also after a storage reservoir, part of the water from location A is actively pumped into a large transport pipe (800 mm) towards downstream distribution areas, following a daily pattern that results in large variations in flow rates (461 ± 205 m3/h, n = 768) and velocities (ranging between 0.065 m/s at night and 0.529 m/s during peak hours). The peak velocities increased up to 0.600 m/s at location C, which receives a slightly lower flow rate (444 ± 196 m3/h, n = 384), but has a smaller pipe diameter (700 mm). In comparison, the small residential area where location E is situated has much smaller pipes (152 mm) and received significantly less water (7 ± 4 m3/h, n = 43,495), resulting in the lowest flow velocities, down to 0.002 m/s at night and up to 0.265 m/s during peak hours (Figure 4). The dynamics of particle deposition and resuspension are therefore expected to be more pronounced in small distribution pipes with low velocities than in the larger transport pipes, where flow velocities remain high enough to keep particles in suspension most of the time. The number and size of particles gradually increased from location A to E (Figure 5 and supplementary information Figure S2), similarly to active microbial cells (Figure 3). Consequently, the impact of hydraulic conditions on water quality is expected to be larger at the distribution location E than at earlier locations. Further investigations on the impact of hydraulics on water quality (Section 3.2.2 and Section 3.2.3) therefore focus on location E.




3.2.2. Hydraulic Conditions Influence Particle Counts and Turbidity


The daily fluctuations in flow velocity at distribution location E resulted in daily fluctuations in particle counts and turbidity, with clear morning and evening peaks (Figure 4). All particle sizes reacted to the daily flow variations, with deposition at night and re-suspension during peak hours, as shown in Figure 4 for particle sizes of 1 to 2 µm. The number of particles of 1 µm varied between 49/mL at night and 704/mL in the morning or evening. Variations of the other particle sizes display similar patterns (supplementary information, Figure S4). This phenomenon had a direct impact on turbidity in the water, which also displayed a two-peak daily pattern, varying between 0.03 NTU at night and 0.48 NTU in the morning or evening.



An exponential relationship (R2 = 0.65) was found between flow velocity and turbidity, with no or little change in turbidity at flow velocities below 0.08 m/s, followed by an exponential increase at higher flow velocities (Figure 6). The large spread in the data at high flow velocities may be due to the varying fouling level of the pipe: after a high flow event, particulate material has been flushed out, resulting in a lower turbidity response to the next high flow event. A renewed high response will only be obtained after new particle deposition. Such processes explain the relatively low R2 value for the exponential relationship between flow velocity and turbidity. Similar to turbidity, particle counts were not impacted by flow velocities below 0.08 m/s, but increased exponentially at higher velocities (R2 = 0.8 for all particle sizes), with the highest reaction for the smallest particles. For example, at a velocity of 0.15 m/s, particles of 1 µm ranged between 200/mL and 415/mL, while particles of 5 µm ranged between 30/mL and 100/mL. These data show that a minimum flow velocity is required to settle and re-suspend particles, which also has a direct impact on turbidity. The reaction of turbidity on flow velocity is, however, location-dependent (supplementary information S5), with a lower response at locations B and C and strong responses at locations D and E. This is a direct consequence of increased particle accumulation in the distal areas of the distribution system (Figure 5), illustrating the continuous loading of the system, which can eventually result in customer complaints.




3.2.3. Hydraulic Conditions Barely Impact Online Microbial Parameters


In contrast to the turbidity and particle counts data, no clear daily pattern in TCCs or ICCs was detected anywhere in the DWDS. The daily fluctuations in flow velocity did not translate to fluctuations in cell concentrations, as shown for distribution location E in Figure 7 (ICC) and supplementary information Figure S6 (TCC). Consequently, no significant statistical correlation was found between cell concentrations and turbidity or particle counts of any size (Figure 8). In fact, TCC and ICC remained remarkably stable at (39.9 ± 1.7) × 104 cells/mL (n = 598) and (7.0 ± 1.2) × 104 cells/mL (n = 597), respectively (Figure 7). However, more variability was detected within ATP measurements. Intracellular ATP concentrations did not display clear daily patterns, but concentrations varied generally between 4 and 35 ng/L, with occasional peaks at 120 and up to 685 ng/L, generally happening when flow velocities were high. No clear statistical correlation could be found (R2 = 0.07) between flow velocity and ATP. However, ATP concentrations remained systematically below 20 ng/L at flow velocities below 0.1 m/s, while high ATP concentrations (typically ranging between 20 and 40 ng/L, up to 120 ng/L) were frequently recorded at higher flow velocities (Figure 8), as already observed for particles and turbidity (Figure 6). High ATP values during high velocity time periods can be attributed to the measurement of ATP from bacteria bound to (re-)suspended particles. Interestingly, the daily variations in total ATP were slightly more pronounced than for intracellular ATP (supplementary information, Figure S6), which is attributed to daily fluctuations in extracellular ATP, also resulting in a weak but positive correlation between extracellular ATP concentrations and flow velocity (supplementary information, Figure S7). It is not clear why extracellular ATP displays a daily pattern. One could argue that predation occurring in the deposited sediment and/or biofilm causes the release of ATP that comes into the water phase when sediment particles are re-suspended.






4. Discussion


Water quality was studied at different locations in a large-scale DWDS, from large transport pipes to small distribution pipes with varying flow rates and velocities, all of them subject to daily variations. Collection of up to 4000 data points per parameter enabled accurate description of spatial and short-term temporal dynamics in water quality, including process, abiotic, and microbial parameters.



4.1. Impact of Hydraulic Conditions on Particle Deposition and Re-Suspension


Accumulation of particulate material naturally occurs in pipes during drinking water distribution [20]. Particles may originate from the treatment [21], but also from distribution pipes (e.g., rust) [22], mobilization of biofilm from pipe walls [23], and/or biological activity and trophic chains in the DWDS [24]. Resuspension of such particles as a result of regular hydraulic dynamics in the DWDS can negatively affect consumers’ water quality perception. Intermittently increased flow velocity (typically morning and evening consumption peaks) causes particle re-suspension, in turn impacting turbidity (Figure 4) and increasing the risk of turbid/brown water at the consumer’s taps.



The particle re-suspension mechanism is complex, and is influenced by both flow velocity profiles and particle size and composition. Husband et al. [6,23] showed with laboratory experiments and on-site studies that increasing shear stress results in the mobilization of different cohesive layers of accumulated material in the pipes, mobilizing particles from different sizes and composition. The particle behavior can vary between DWDSs with different water quality and pipe materials, as shown by van Summeren and Blokker [7] with a modelling study based on sediment collected in the United Kingdom, in the Netherlands, and in Australia with different particle sizes and densities. Even within the same DWDS supplying water from a single water source, the composition of deposits or suspended particles can vary as a result of microbial activity [24] or inorganic composition (e.g., as a result of corrosion) [22]. In this study, particle counter data showed that not only were more particles found at downstream locations (Figure 5), but the particles were also larger (supplementary information, Figure S2). Consequently, the turbidity response to varying flow velocity was highest at the downstream distribution locations (supplementary information, Figure S5).



Several studies showed that a minimum flow velocity is required to allow re-suspension of particles in water. In the studied system, increases in turbidity were observed at flow velocities higher than 0.08 m/s at the downstream distribution location E (Figure 6). A number of studies reported similar minimum flow velocities for particle resuspension, varying from 0.10 to 0.25 m/s, depending on the material and conditions tested [25,26,27]. Blokker et al. [28,29] suggested a minimum velocity of 0.2 m/s based on field studies in the Netherlands. The knowledge of a minimum flow velocity to resuspend particles inspired the design of self-cleaning pipes [28,29,30], composed of branched distribution systems with pipes of small diameters to maintain a high flow velocity (initial design flow velocity of 0.4 m/s) and keep particles in suspension. In our study, the smallest pipe studied had a diameter of 152 mm. However, it is feeding a distribution area with smaller pipes (40 to 110 mm), where the lowest diameter pipes (40 to 63 mm) are designed to be self-cleaning pipes. In these pipes, flow conditions and therefore dynamics will differ from the locations described in this study. Note that the use of self-cleaning pipes may require limiting the particle fouling in the upstream mains feeding the self-cleaning area, if the particle load towards the downstream area is high enough to cause consumer’s complaints during high velocity events. This can be obtained by regular flushing of the mains. This approach is more generally applied by water utilities to remove deposits from DWDSs [20,31]. In the present study, the particle load seems low, as turbidity remained below 0.5 NTU at all times (typically a consumer’s complaint will be recorded by turbidity in the range of 5 to 10 NTU). Recently, flow conditioning has been proposed as a mitigation strategy to limit material loading in pipes and brown water complaints. The careful regular increase of flow in trunk mains enables to mobilize small amounts of material from cohesive layers from the pipe walls and to reduce loading of downstream distribution pipes [32].




4.2. Impact of Hydraulic Conditions on Microbiology


While the impact of hydraulics on particle re-suspension is well-documented, the impact on microbiology in DWDSs is less understood. Bacterial cells in DWDSs are found as single cells or cell clumps in the bulk water, but also attached to particles in suspension or deposited as sediments, and in the form of biofilms on pipe walls [8,9,10]. Considering the high impact of hydraulics on particles, one could expect that particle-bound microbiology would be affected by changes in flow velocities, as a result of detachment and resuspension of bacteria and particle-associated bacteria from sediments and biofilms.



The results of the present study showed that suspended ICC was not affected by hydraulic changes, while intracellular ATP concentrations had a slight relation with flow velocity. In addition, high ATP peaks were sometimes detected during flow velocity peaks (Figure 7 and supplementary information Figure S6). Methodological differences between the two microbial detection methods may explain the discrepancies between FCM and ATP results. FCM in essence measures single microbial cells in suspension in water, i.e., enumerates each event as a single cell. A clump of cells or cells attached to a particle will therefore be counted as one cell, or fall outside the fixed gates used to separate microbial signal from background. Considering the difference in particle concentration (in the range of 500/mL) compared to intact cells (in the range of 5 × 104 cells/mL) or total cells (in the range of 5 × 105 cells/mL), resuspension of one or few particles will not be detected as an event against the background cell concentration in suspension. In comparison, ATP, measured as a bulk parameter, comprises the ATP concentration of suspended and particle-bound microbial cells, therefore re-suspension of particle-bound ATP may increase the ATP concentration in the water. In addition, the methods differ in sample volume analyzed and the statistical chance of measuring particle-bound cells. While ATP measurements were performed on a large sample volume (100 mL), FCM measurements were performed on merely 1 mL, reducing the chance of sampling particles and detecting them against the background suspended microbial concentrations. The differences in methodology highlight that FCM results essentially provide insights on single suspended microbial cells, while ATP results are dependent on both suspended and particle-bound cells.



The presence of ATP bound to particles suspended in drinking water has already been reported earlier [9]. ATP bound to particles can have different origins and be the result of complex interactions between the different microbial phases of DWDSs. Particles in DWDSs contain organic material and are therefore optimal niches for microbial growth [8,24]. Furthermore, Liu et al. [12] showed using source tracking methods that loose deposits and biofilm communities were contributing significantly to bulk water and particle-bound microbial communities, most likely as a result of hydraulic disturbances. In the present study, the weak correlation of flow velocity with ATP and occasional high ATP peaks at high flow velocity illustrate the random resuspension of particle-bound ATP under highly varying hydraulic conditions. Another source of particle-bound ATP and deposits may be biofilm detachment from pipe walls [13] as a result of erosion (small particles) or sloughing (larger flocs of biomass). Numerous studies have shown that hydraulics have an impact on both biofilm development and detachment [13,14,33,34,35]. Fish et al. [34] demonstrated that hydraulic regimes influence biofilm biomass concentration and bacterial community diversity, where biofilms developed under high-varied flow conditions had the highest amounts of biomass. The higher biomass combined with sudden events of increased flow velocities may cause an increased risk of biofilm detachment in distribution locations with highly varying flow, as studied here (location E).



Overall, the results suggest that the impact of single cell re-suspension or detachment potentially caused by changing hydraulic conditions is not significant relative to the background cell concentration. However, resuspension of particle-bound bacteria by either biofilm detachment or release from sediment is a random process, which can be incidentally enhanced by increased flow velocities in distribution areas with highly varying hydraulic conditions. Biofilm detachment and re-suspension of particle-bound microbiology may well contribute to discoloration events [13,23,34], which is supported by the high microbial density/activity found in material extracted from distribution systems e.g., during flushing events [8,36,37].



It is noticeable that most studies on microorganisms bound to suspended particles or sediments are performed based on one-time sampling of water samples and sediment flushed from DWDSs. Such an approach provides information on the composition of the sediment, however, the impact on water quality on short time scales is merely based on assumptions. The use of online monitoring methods, such as online ATP meters, provides clear advantages in capturing resuspension of a particle-bound microorganism under highly variable hydraulic conditions.




4.3. Different Microbial Methods Provide Complementary Information


FCM and ATP are two complementary methods that provide different types of information due to differences in methodology. As discussed in Section 4.2, FCM is based on single cell measurement, and is not able to detect clumps of cells, while ATP is a bulk parameter that does not provide information at the single cell level [38]. In addition, FCM combined with the nucleic acid stains applied in this study (Sybr Green/propidium iodide) detects membrane damage, which is a clear indicator of cell death, while ATP is the energy carrier for life-sustaining processes [39].



In the present study, FCM and ATP results showed different trends, especially in the first transport section, with a decrease in FCM ICC, but an increase in intracellular ATP (Figure 3). While this data appears contradictory, it may well be the consequence of two processes occurring simultaneously: (1) cells dying and becoming visibly damaged with FCM as a result of ClO2 addition, and (2) new cells growing and/or being released from biofilms detected by ATP. At the treatment effluent (location A), the contact time of bacterial cells with ClO2 is one to two hours, which is sufficient to damage most bacteria and liberate ATP from bacterial cells. This is visible through both methods, with only 7 to 8% of all cells having an intact cell membrane and containing intracellular ATP. After the first transport section (16 h residence time including transport reservoir), FCM TCC decreases by (5.4 ± 8.9) × 104 cells/mL. This total concentration includes a decrease in ICC of only (2.6 ± 1.2) × 104 cells/mL, which can be due to settling of microbial cells in pipes or reservoir. The remaining decrease in TCC suggests that cells already damaged at location A further degrade to a state where they are not detectable anymore with FCM at location B. The net increase in total ATP between locations A and B (net increase of 2.0 ± 1.8 ng/L) was lower than the increase in intracellular ATP (net increase of 3.6 ± 1.5 ng/L), and was therefore compensated for by a loss of intra or extracellular ATP. This can be due to setting of microbial cells, but can also be due to degradation and/or consumption of extra cellular ATP by other organisms [40]. The increase in intracellular ATP in turn clearly implies that microbial growth takes place between location A and B, which is further supported by an increase in ATP/cell (from (0.14 ± 0.29 ng) × 10−7 ng/cell to (2.89 ± 1.21) × 10−7 ng/cell, suggesting increased microbial activity. Similar ranges of ATP/cell have been reported earlier by Hammes et al. [41], with an average value of 1.8 × 10−10 nmol/cell (equivalent to 0.91 × 10−7 ng/cell). Earlier publications have shown that results obtained by FCM and ATP methodologies do not show simultaneous reactions to an event. Nescerecka et al. [40] showed in controlled laboratory experiments with E. Coli cultures that the partial release of intracellular ATP occurs at lower chlorine concentrations than detection of cell damage by FCM.



The results clearly show that different processes (cell damage, cell die-off, growth, etc.) are detected independently by the two methodologies. Combination of the two methodologies, including abundance and viability, is therefore useful in systems where a disinfection step is applied. However, the two methods may not be sufficient to unravel all microbiological processes in drinking water distribution systems. The simultaneous mechanisms of growth, cell damage, and settling cannot be separated, and are masked by the fact that only the net increase or decrease in cell concentrations and ATP is measured. As pointed out in Section 4.3, particles are not taken into account in FCM measurements, and may have only a small impact on ATP measurements. Collection of larger water volumes would be necessary to include particle-bound microbiology in integrated studies. Furthermore, additional tools are required to understand the complex underlying mechanisms resulting in bacterial cells in drinking water. Microbial community analysis, for example, can help in studying the interaction between bulk water, sediments, and biofilm phases [12], while functional studies coupled with emerging genomics or proteomics methodology may help elucidating which functions are being used by bacterial communities for the formation of biofilm and its different components (e.g., EPS) [42].




4.4. Online Measurements and Large Datasets


The present study highlights the value of online microbiological measurements to capture short-term dynamics in drinking water systems. The results showed that highly dynamic variations in flow velocity are inherent to a DWDS (Figure 4) as a result of daily consumption profiles that are repeatable over days. Ad-hoc hydraulic events can also occur following e.g., pipe flushing actions, change in flow direction in specific pipes, or pipe burst. Daily variations in flow velocities caused clear variations in abiotic parameters (particle counts and turbidity). Though no clear daily variation in microbiological parameters could be observed, occasional abnormally high ATP concentrations were detected, which were not representative for suspended microbiology and for concentrations at other times of the study. Such regular variations and ad hoc events in microbiological parameters could only be captured by high frequency measurements using online technologies. To our knowledge, this is the first time that nearly 3000 data points were collected for ATP over a short time in a distribution system.



While online abiotic sensors are commonly applied by water utilities (e.g., turbidity measurements), online microbiological sensors are not used on regular basis, despite the meaningful information they can provide, especially in drinking water systems. For example, water quality changes as a result of e.g., a change in water source [43] or in operational conditions [15] can easily be detected with online technologies. In this sense, microbiological and abiotic online technologies provide complementarity information in response to specific events [44]. Note that the current online microbial technologies (FCM and ATP) do not allow the same measurement frequency (typically in the range of one measurement per 10–15 min) as online abiotic technologies, such as turbidity meters (typically in the range of 1 to 10 measurements per minute).



In practice, online microbiological sensors are relatively pricey and require regular maintenance. One could envision the use of online microbiological sensors at treatment effluents, as already applied for abiotic parameters (e.g., turbidity, pH, conductivity). Favere et al. [43] demonstrated that online flow cytometry can be used as an early warning system for changes in water quality. However, it is not realistic to install the online microbiological sensors at many points in the distribution system. Instead, online technologies can be useful for water utilities to define targeted monitoring programs. Most water utilities and laboratories use infrequent grab sampling for monitoring water quality, especially for microbiological parameters. Considering daily water quality variations, water sampling alternatively in the morning or early afternoon may provide different results. Sampling systematically the same location at a given time can also provide a wrong image of the range of values expected at one location. A monitoring program, when not carefully thought out, may therefore provide a biased picture of the system. Online microbiological sensors can therefore be used in a detailed study to accurately describe inherent variations to the system (spatial changes and short-term variations), identify a representative range of values through high-frequency sampling, and define potential outliers. Such a detailed system description provides the opportunity to design appropriate monitoring campaigns by adapting the frequency of off-line sampling to the inherent dynamics of a system, as already proposed by Besmer et al. [16]. A detailed system description can also help in interpreting standard monitoring datasets with, for example, abnormal changes.





5. Conclusions


The investigation of spatial and short-term temporal variations in a drinking water distribution system using abiotic and microbial online sensors led to the following conclusions:




	
Hydraulic changes in drinking water distribution systems are highly dynamic and inevitable.



	
Flow velocity variations have a strong impact on turbidity and particle counts as a result of particle deposition and re-suspension.



	
Concentration of bacteria in suspension in water (free flowing) is mostly influenced by water age and concentration of the residual disinfectant (when relevant). Hydraulic conditions had limited impact on suspended microbiology, as assessed by flow cytometry.



	
A weak correlation between flow velocity and ATP concentrations suggests an impact of the hydraulic condition on particle-bound bacteria. Resuspension of particle-bound bacteria by either biofilm detachment or release from sediment is a random process, which can be incidentally enhanced by increased flow velocities.



	
Combinations of complimentary methods are required to describe complex microbial dynamics in drinking water systems.



	
Online measurements provide a range of values expected at a specific location or distribution area, and therefore help with the interpretation of routine monitoring data, understanding of dynamics inherent to the system, and better design sampling programs for water utilities.
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Figure 1. Characteristics of sampling points in the studied DWDS. (Top) Schematic overview of transport mains and distribution system piping layout, indicating the sampling point locations (A–E). (Bottom) Change in average water age and pipe diameters over the studied water trajectory from sampling locations A to E. 
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Figure 2. Changes in the flow rates (left) and flow velocities (right) from the treatment effluent (A) and four locations over the water transport (B–D) and distribution (E) trajectory. Box plots show the first, second (median), and third quartiles, whiskers show the data range, circles show outlier values, and a cross (x) indicates the mean value. The number of measurements are shown in brackets. 
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Figure 3. Range of FCM intact cell concentrations (left; ICC) and intracellular ATP concentrations (right) at the treatment effluent (A) and four locations over water transport (B–D) and distribution (E) trajectory. Box plots show the first, second (median), and third quartiles, whiskers show the data range, circles show outlier values, and a cross (x) indicates the mean value. The number of measurements are shown between brackets. For ATP data, outliers for locations C (9 outliers), D (18 outliers), and E (26 outliers) up to 700 ng/L are out of scale. 
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Figure 4. Variations over four days of flow velocity compared to turbidity (top figure) and the number of particles of 1 to 2 µm size (bottom figure) at distribution location E. For comparison purposes, the flow velocity data shown on the top and bottom figures are identical. Flow velocity and turbidity data are presented as moving averages. Vertical lines indicate the time at 0:00 of each day. 
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Figure 5. Range of turbidity (left) and total particle counts (right) at the treatment effluent (A) and four locations over water transport (B–D) and distribution (E) trajectory. Particle counts data from location D are not reported due to instrument failure. Box plots show the first, second (median), and third quartiles, whiskers show the data range, circles show outlier values, and a cross (x) indicates the mean value. The numbers of measurements are shown in brackets. Outliers for locations C (26 outliers for turbidity and 9 for particle counts), D (15 outliers for turbidity), and E (48 outliers for particle counts) up to 0.9 NTU and 2600 particles/mL are out of scale. 
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Figure 6. Relation between flow velocity and turbidity (top figure) and counts of particles of different sizes (bottom figure) at distribution location E based on measurements collected during one week. 
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Figure 7. Variations over four days of flow velocity compared to FCM intact cells (ICC, top figure) and intracellular ATP (bottom figure) at distribution location E. For comparison purposes, the flow velocity data shown on the top and bottom figure is identical. Flow velocity data is presented as moving averages. Vertical lines indicate the time at 0:00 of each day. Eight ATP data points up to 450 ng/L are out of scale. 
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Figure 8. Relation between flow velocity and FCM intact cells (ICC, top figure) and intracellular ATP (bottom figure) at distribution location E. 
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Table 1. Measurement scheme. An online ATP analyzer (EZ-ATP), two online flow cytometers (FCM), five particle counters, turbidity meters, and flow meters were placed consecutively at the five locations over the drinking water trajectory, as indicated in Figure 1. 1 Particle counts from location B and C and ATP from location D could not be collected simultaneously to other parameters due to practical issues. 2 Particle count data from location D was not collected due to instrument failure.
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