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Coupled chemical–microbial deterioration 
in stagnant fire hydrant branches threatens 
drinking water quality
 

Mengqing Fan    1,2,7, Qiang Xu1,2,7, Xiaoxuan Wang1,2, Zhiwei Fang1,2, 
Mark C. M. van Loosdrecht    3, Martin Pabst    3, Yu Tao4, Joan B. Rose    5, 
Walter van der Meer    6 & Gang Liu    1,2 

Fire hydrants are widely installed in drinking water distribution systems, 
where stagnant water forms multiple ‘high-risk zones’. The stagnant water 
quality at hydrant terminals has been poorly studied. Here we show that 
stagnant water exhibited an 18-fold increase in manganese, a 40-fold 
increase in total cell counts, a 13-fold increase in adenosine triphosphate 
and enrichment of opportunistic pathogens compared with flowing 
water. Notable changes were also observed in microbial communities 
and dissolved organic matter composition, including shifts in dominant 
bacterial taxa, transformation of saturated oxidized compounds and 
generation of unsaturated reduced compounds. This study also explored 
the ecological mechanisms underlying the covariation of microorganisms 
and dissolved organic matter after water stagnation. This finding provides 
an additional possibility for drinking water quality deterioration in drinking 
water distribution systems, highlighting the potential threat posed by 
stagnant water in non-consumer terminals (fire hydrants) to water safety.

In drinking water distribution systems (DWDSs), fire hydrants serve as 
essential emergency water access points for firefighting and are widely 
and densely installed throughout urban pipe systems1,2. For example, 
regulations in the USA stipulate a maximum spacing between hydrants 
of 240 m (ref. 3), with over 9 million hydrants recorded in the data-
base4. Canada recommends a maximum spacing of 150 m (ref. 5), while  
New Zealand requires a maximum spacing of 135 m to ensure adequate 
fire protection coverage6. In China, the maximum spacing is 120 m  
(ref. 7), with over 2 million hydrants nationwide8. Fire hydrants have a 
critical role in urban safety and are therefore rarely activated during 
normal operation. As a result, the hydrant body and its connecting 
branch pipes often remain in a state of low disturbance, low flow or 
even complete stagnation, thereby forming locations of stagnant water.

Stagnation of drinking water within DWDSs can lead to various 
water quality problems. Previous studies have shown that stagnation 
can result in disinfectant decay, microbial regrowth9, changes in micro-
bial community composition10–12 and even the presence of opportun-
istic pathogens13. In addition, changes in metal ion concentrations14,15, 
increases in disinfection by-products16,17 and shifts in the composi-
tion of dissolved organic matter (DOM) have also been observed18,19.  
However, most existing research on ‘stagnant water’ has focused on 
premise plumbing or storage tanks, including stagnation caused by 
changes in daily water use frequency or temporary absence (such as 
holiday periods), while non-consumer stagnation zones formed by 
fire hydrants in DWDSs have received far less attention. The expo-
sure pathway of stagnant water at hydrant and consumer terminals 
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stagnant and flowing water (P < 0.05). Specifically, the concentrations 
of Al, As and Cr were lower in stagnant water compared with flowing 
water, whereas the concentration of Mn was markedly elevated, with an 
18-fold increase. This phenomenon suggests that certain metal present 
in stagnant water also underwent transformation processes, potentially 
driven by changes in physicochemical conditions, or microbial activity 
after water stagnation.

Microbial composition analysis
For the bacterial community, alpha diversity in stagnant water was sig-
nificantly higher than in flowing water (P < 0.001; Fig. 2a). Specifically, 
the average number of observed amplicon sequence variants (ASVs) 
increased markedly from 719 in flowing water to 4,424 in stagnant 
water—approximately a sixfold rise. Similarly, the average Shannon 
diversity index doubled, increasing from 3 to 6. Principal coordinates 
analysis (PCoA) further revealed a significant overall difference in bac-
terial community composition between flowing and stagnant water 
(P < 0.001, ADONIS; Fig. 2b), indicating that prolonged water stagnation 
at the hydrant-associated endpoints has profoundly altered microbial 
community composition. Further analysis revealed marked differences 
in the dominant bacterial taxa at the order to genus levels between 
flowing and stagnant water (Supplementary Fig. 2).

At the genus level, the Venn diagram showed 168 and 598 unique 
genera in flowing and stagnant water, respectively, with 1,184 shared gen-
era (Fig. 2c). The unique genera exhibited low relative abundance—0.2% 
in flowing water and 2% in stagnant water—indicating that their contribu-
tion to the community’s ecological functions may be limited. According 
to the taxonomic cladograms based on the top 200 genera ranked by 
relative abundance, Proteobacteria, Firmicutes and Actinobacteriota 
were the dominant phyla (Fig. 2d). These three phyla accounted for 80.5% 
of the top 200 genera in flowing water and 65.0% in stagnant water. In 
addition, genera from Bacteroidota and Planctomycetota accounted 
for 6% and 5.5%, respectively, in flowing water, while in stagnant water, 
Planctomycetota, Chloroflexi, Verrucomicrobiota and Bacteroidota con-
tributed 8%, 5.5%, 5% and 4.5%, respectively, suggesting a more even com-
munity structure in stagnant conditions. The unique genera in flowing 
and stagnant water accounted for a small fraction of the high-abundance 
taxa (top 200 genera, first ring) and were not dominant members of the 
communities. Only five unique genera were identified in flowing water, 
belonging to Proteobacteria and Verrucomicrobiota. By contrast, six 
unique genera were identified in stagnant water, distributed across Pro-
teobacteria, Firmicutes, Chloroflexi, Verrucomicrobiota and other phyla.

Furthermore, we compared the absolute abundances of ten  
common opportunistic pathogens between the two water types  
(Supplementary Fig. 3). Aeromonas hydrophila, Acinetobacter  
johnsonii, enterotoxigenic Escherichia coli, Klebsiella pneumoniae, 
Mycobacterium avium and Pseudomonas aeruginosa were significantly 
more abundant in stagnant water than in flowing water (P < 0.05). 
Legionella pneumophila showed an increasing trend at approximately 
half of the sites (n = 8), whereas Acinetobacter baumannii exhibited 
no consistent pattern. Bacteroides fragilis and enterohaemorrhagic 
Escherichia coliO157:H7 were not detected in any of the samples.

Spectroscopic and molecular characterization of DOM
Based on excitation-emission matrix parallel factor (EEM-PARAFAC) 
analysis, the relative concentrations of four components (C1–C4) 
were quantified using Fmax values (Fig. 3a). A comparison of Fmax values 
between flowing and stagnant water at each sampling point revealed 
that the Fmax values of components C1, C2 and C4 were significantly 
higher in stagnant water (P < 0.05), further confirming the distinct 
DOM characteristics between the two water types.

To gain deeper insights, molecular-level characterization of DOM 
was performed for both flowing and stagnant water at each site. The 
results showed that the number of molecules detected in stagnant 
water was significantly higher than in flowing water (P < 0.05), with 

is fundamentally different. Stagnant water at consumer terminals is 
regularly consumed, and stagnation periods are relatively short. The 
associated risk mainly arises through direct water use. By contrast, 
water in hydrant branches can remain stagnant for much longer periods 
and may re-enter the main pipelines during sudden pressure changes. 
In this case, the exposure risk is realized indirectly through its impact on 
the flowing water in the main pipelines, and the interactions between 
stagnant and flowing water remain poorly understood. Given the high 
density and large number of fire hydrants, such areas may form multiple 
high-risk zones at a spatial scale, posing potential threats to the overall 
water quality within the DWDSs. Yet, there is still limited understand-
ing of the characteristics of stagnant water in these fire protection 
terminals, creating a fundamental gap in our comprehension of the 
associated risks under real-world operating conditions.

The changes occurring in drinking water during stagnation are not 
limited to microbial growth and DOM consumption but rather reflect a 
coordinated response of microorganisms and DOM to environmental 
shifts such as hydraulic conditions and residual chlorine concentra-
tions, governed by complex ecological mechanisms20–22. Therefore, 
beyond quantitatively assessing the variations in microbial and chemi-
cal indicators in stagnant water, it is essential to explore the underly-
ing ecological processes driving these changes. The advancement of 
high-throughput sequencing technologies has greatly facilitated the 
characterization of microbial community composition and dynam-
ics in DWDSs23–25, while Fourier transform ion cyclotron resonance 
mass spectrometry (FT-ICR MS) provides unprecedented resolution 
for molecular-level analysis of DOM26–28. Previous studies have dem-
onstrated that combining these two advanced approaches enables a 
deeper understanding of the microecological interactions between 
microorganisms and DOM in aquatic environments29–31.

To reveal the characteristics of stagnant water in hydrant branches, 
samples of stagnant and flowing water were collected from 15 fire 
hydrants in a major city in northern China (Fig. 1a). By integrating 
high-throughput sequencing and FT-ICR MS analyses, the study 
addressed three main questions concerning variability after stagnation: 
(1) Quantitative: how do concentrations of microorganisms (including 
opportunistic pathogens), DOM and metals vary? (2) Compositional: 
how do the compositions of microbial communities and DOM vary? (3) 
Coupling: how do the interactions between microorganisms and DOM 
vary? This study not only provides a fundamental understanding of the 
characteristics of stagnant water in hydrant branches but also reveals 
overlooked yet widespread risk nodes in DWDSs.

Result
Variations in basic parameters
In terms of biomass indicators, the stagnant water exhibited signifi-
cantly higher microbial biomass than the flowing water (P < 0.001; 
Fig. 1b). Specifically, total cell count (TCC) in stagnant water at each 
sampling site was consistently on average 40 times higher than in the 
corresponding flowing water. Similarly, adenosine triphosphate (ATP) 
levels in stagnant water were, on average, 13 times those in flowing 
water across all sampling sites. These results indicate that pronounced 
microbial accumulation occurred in the stagnant water, probably due 
to the relatively stable hydraulic conditions, which provided a more 
favourable environment for microbial growth and reproduction, allow-
ing microorganisms to accumulate and proliferate.

Although no significant difference was observed in dissolved 
organic carbon (DOC) between stagnant and flowing water, the ultra-
violet (UV) absorbance at 254 nm (UV254) in stagnant water was sig-
nificantly higher (P < 0.001; Fig. 1c), averaging 1.4 times that of flowing 
water. This suggests that differences may exist in the properties or 
composition of DOM between the two water types.

Among the 16 metal elements analysed (Fig. 1d and Supplemen- 
tary Fig. 1), four metal ions—aluminium (Al), arsenic (As), chromium 
(Cr) and manganese (Mn)—showed significant differences between 

http://www.nature.com/natwater
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mean values of 2,990 and 3,333, respectively (Fig. 3b). However, no 
significant difference was observed in the Shannon diversity. PCoA 
further revealed a significant difference in DOM molecular composi-
tion between flowing and stagnant water (P < 0.001, ADONIS; Fig. 3c), 
indicating that long-term stagnation at the distribution system extremi-
ties has altered the composition of DOM.

In terms of elemental composition, the number of molecules 
of CHO, CHON and CHOS was significantly higher in stagnant water, 
whereas those of CHOCl and CHONP were significantly lower compared 
with flowing water (Fig. 3d). No significant differences were found in 
other elemental groups. Regarding relative intensity, molecules of 
CHOCl, CHONP and CHOP exhibited significantly lower intensities in 
stagnant water, while the rest showed no significant differences. As 
for compound category, stagnant water contained significantly more 
molecules classified as lignin, N-containing saturated compounds 
(N-ConSatCom) and N-free saturated compounds (N-FreeSatCom). No 
significant differences were observed for other categories in terms of 
molecular counts. From the perspective of relative intensity, carbohy-
drates and tannins were significantly less relative abundant in stagnant 
water, while no notable differences were detected for the remaining 
compound categories.

The molecular properties of DOM between the two water types 
at each sampling point were compared (Supplementary Fig. 4). H/C 
and O/C ratios provide a direct indication of the hydrogen and oxygen 
content in molecules. Further, double bond equivalent minus oxygen 
per carbon ((DBE-O)/C), nominal oxidation state of carbon (NOSC) 
and modified aromaticity index (AImod) were used to characterize the 
degree of unsaturation, redox state and aromaticity, respectively. For 
a given compound, higher (DBE-O)/C values indicate a greater degree 
of unsaturation, higher NOSC values reflect a more oxidized state and 
higher AImod values correspond to stronger aromaticity. At most sites, 
the H/C and (DBE-O)/C values in flowing water were generally lower than 
those in stagnant water, whereas the O/C and NOSC values were gen-
erally higher. Paired Wilcoxon signed-rank test results indicated that 
the differences in these indices between the two water types were sta-
tistically significant (P < 0.05). By contrast, the AImod index showed no 
significant difference or consistent trend between the two water types.

Analysis of unique molecules in the two water types
In-depth analysis of unique molecules helps to reveal the transformation 
characteristics of DOM after water stagnation. This study integrated mol-
ecules of the same water type from different sampling sites, dividing the 
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overall molecular pool into three categories: unique molecules in flowing 
water, unique molecules in stagnant water and shared molecules between 
the two (Fig. 4a). A total of 4,886 molecules were shared between the two 
water types, with 723 and 2,105 unique molecules found exclusively in 
flowing and stagnant water, respectively, and their distribution charac-
teristics differed significantly. In Van Krevelen plots constructed using 
H/C and O/C, unique molecules in flowing water were primarily located 
in the right-hand region, while unique molecules in stagnant water were 
concentrated in the upper-left region. Further analysis using (DBE-O)/C 
and NOSC as axes, representing the degree of unsaturation and redox 
state of the molecules, respectively, showed that unique molecules in 
flowing water were concentrated in the lower-right region, with 38% being 
saturated oxidized compounds, followed by saturated reduced (28%), 
unsaturated oxidized (20%) and unsaturated reduced (14%) compounds. 
By contrast, unique molecules in stagnant water were concentrated in 
the upper-left region, with 42% being unsaturated reduced molecules, 
followed by saturated reduced (32%), unsaturated oxidized (15%) and 
saturated oxidized (11%) molecules.

Regarding elemental composition, unique molecules in flowing 
and stagnant water showed distinct patterns (Fig. 4b). In flowing water, 
unique molecules were more diverse, with CHONP (28%), CHON (15%), 
CHO (12%), CHOS (12%) and CHOP (11%) dominating by count and 
CHONP (21%), CHOCl (21%), CHON (12%), and CHOP (10%) dominating 
by abundance. Notably, CHOCl molecules, although fewer in number, 

contributed significantly to abundance. By contrast, stagnant water 
showed a more concentrated composition, dominated by CHO (39%), 
CHOS (33%) and CHON (11%) in count and by CHO (33%), CHOS (31%), 
and CHONS (11%) in abundance, indicating enhanced formation of 
sulfur-containing molecules.

The two water types also differed distinctly in compound category, 
with consistent results in both molecular count and relative abundance. 
In flowing water, unique molecules were mainly lignin (45% in count, 
47% in abundance) and tannins (35% in count, 32% in abundance), while 
in stagnant water, they were primarily lignin (65% in count, 66% in 
abundance) and N-FreeSatCom (22% in count, 22% in abundance). By 
mapping the elemental composition and compound categories onto 
the NOSC and (DBE-O)/C plots (Supplementary Fig. 5), we found that 
saturated oxidized compounds (mainly CHONP and CHOCl, tannins) 
and saturated reduced compounds (mainly CHOP, lignin) in flowing 
water were transformed during stagnation into unsaturated reduced 
compounds (mainly CHO, lignin) and saturated reduced compounds 
(mainly CHOS, N-FreeSatCom).

The study also compared the properties of three types of DOM 
molecules at each sampling sites (Fig. 4c). For H/C and (DBE-O)/C, the 
mean values of unique molecules in flowing water were significantly 
lower than those of shared molecules, with the mean values of shared 
molecules also significantly lower than those of unique molecules in 
stagnant water. For O/C and NOSC, the trend was reversed, with the 
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show the top 200 genera based on relative abundance. Class-level names are 
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mean values of unique molecules in flowing water being significantly 
higher than those of shared molecules, and the mean values of shared 
molecules higher than those of unique molecules in stagnant water. The 
AImod index showed no significant differences among the three types of 
molecules. This result is consistent with the earlier analysis based on the 
mean differences in molecular properties between the two water types 
(Supplementary Fig. 4), further supporting the important role of unique 
molecules in distinguishing the characteristics of the two water types.

Combined analysis of microbial and DOM composition
To explore the relationship between microorganisms and DOM, we 
first analysed the correlation of their diversity indices for the two 
water types (Fig. 5a). In flowing water, a significant positive correla-
tion was observed between the observed number of DOM molecules 

and microbial ASVs (R = 0.62, P < 0.05), whereas their Shannon diversity 
showed no significant correlation (R = -0.10, P > 0.05). By contrast, in 
stagnant water, not only was the ASV/molecule richness significantly 
correlated (R = 0.56, P < 0.05), but a significant positive correlation 
was also observed between their Shannon diversity indices (R = 0.53, 
P < 0.05), which suggests that microbial and DOM compositions are 
more tightly linked in stagnant water.

After knowing the diversity-based coupling, we further investi-
gated their ecological assembly processes using the beta nearest taxon 
index (βNTI) to assess microbial and metabolite (DOM) community 
assembly patterns (Fig. 5b,c). In flowing water, most microbial βNTI 
values were less than 2, indicating that community assembly was pri-
marily governed by stochastic process and homogeneous selection. 
By contrast, metabolites exhibited almost exclusively βNTI values 
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greater than 2, reflecting strong heterogeneous selection. However, 
in stagnant water, microbial βNTI values increased markedly, with the 
majority greater than −2 and 52% exceeding 2, indicating an increasing 
influence of heterogeneous selection. Similarly, the proportion of DOM 
governed by heterogeneous selection rose from 95% to 100%. This 
convergence in assembly mechanisms further supports that prolonged 
water stagnation at pipe ends promotes stronger coupling between 
microbial and chemical communities.

Based on the above analysis, we found that microorganisms and 
DOM underwent notable interactions during the transition from flow-
ing to stagnant water. Therefore, we further performed correlation 
analysis using the abundance differences of each microbial ASV and 
DOM molecule between stagnant and flowing water at each sampling 

site and constructed a bipartite co-occurrence network (Fig. 5d). This 
network included 1,519 nodes and 1,387 edges, comprising 1,117 ASVs 
and 402 DOM molecules. Notably, the network exhibited a high degree 
of modularity (modularity well above 0.4), with six major modules 
identified, while the remaining modules were relatively small. These 
six major modules may represent dominant metabolic or resource 
utilization pathways during the stagnation period. Based on within- 
and among-module connectivity, the network comprised 0 network 
hubs, 21 module hubs and 207 connectors, and the remainder were 
classified as peripheral nodes. Notably, all module hubs in the bipartite 
network were DOM molecules (Fig. 5e), indicating that, after drinking 
water stagnation, DOM had a central role in organizing microbial–DOM 
interactions and shaped a resource-centric network structure.
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Discussion
By integrating advancements in analytical chemistry and molecular 
microbiology, this study focuses on the densely distributed hydrant 
endpoints within DWDSs, investigating the biological and chemical 
characteristics of their associated flowing and stagnant water. The 
findings reveal that water stagnation induces notable changes in 
microbial community, DOM composition and the covariant succes-
sion between microorganisms and metabolites. These results highlight 
that hydrants as non-consumer terminals may represent overlooked 
yet widespread risk nodes in DWDSs. This study provides an additional 
perspective on the potential compound risks in the drinking water 
distribution process.

Chemical and microbial responses to hydrant stagnation  
in DWDSs
During stagnation in the DWDSs, drinking water can lose free chlorine 
within a short time (typically at various times during the day32), creating 
favourable conditions for microbial growth. In this study, all stagnant 
water samples showed significantly higher microbial biomass than their 
flowing water samples, with TCC and ATP levels increasing by approxi-
mately 40-fold and 13-fold, respectively. These results highlight that 
stagnant water serves as a hotspot of microbial activity9,10,12. Moreover, 
the discrepancy between TCC and ATP indicates that a considerable frac-
tion of the microbial community in stagnant water may be metabolically 
inactive, including dormant states33,34. Given the mandated density of 
terminal points such as fire hydrants (with maximum spacing typically 
limited to a few hundred metres3,5,6), this finding provides an additional 
possibility beyond the conventional view that biomass accumulation 
in DWDSs is primarily governed by regrowth, biofilms or particles35–37. 
More concerning is the increased abundance of several opportunistic  
pathogens in stagnant water, including Aeromonas hydrophila,  
Acinetobacter johnsonii, enterotoxigenic Escherichia coli, Klebsiella 
pneumoniae, Mycobacterium avium, Pseudomonas aeruginosa and 
Legionella pneumophila. Although the extent of increase varied across 
sites, this finding suggests that hydrant branches constitute densely 
distributed hotspots of biological risk within DWDSs, underscoring the 
need for further investigations into the interactions between stagnant 
and flowing water, as well as the persistence, viability and potential for 
regrowth of opportunistic pathogens once introduced into the main 
pipelines. Consistent with previous studies, community succession also 
occurred in the stagnant water at the terminals11,38. These changes may be 
driven by chlorine decay that favours chlorine-sensitive taxa39,40, altera-
tions in dissolved oxygen levels41 and shifts in DOM composition42,43. 
In addition, the substantial increase in microbial diversity may reflect 
the introduction of new microbial sources into drinking water, such as 
the release of biofilm and sediments or microbial contamination dur-
ing hydrant installation38,44. However, these unique genera were of low 
abundance, indicating that their contribution to the community’s eco-
logical functions may be limited. This suggests that the dominant taxa in 
stagnant water may primarily arise from the succession of pre-existing 
communities in the drinking water.

Owing to the stagnant water being a long-standing, closed environ-
ment, the consumption of dissolved oxygen promotes the formation of 
local reducing conditions. Our study confirms this hypothesis. Under 
anoxic conditions, Mn2+ is thermodynamically stable and highly soluble 
in water45. Under reducing conditions in stagnant water, Mn oxides—
derived from either Mn deposition46 or corrosion products of ductile 
cast iron47—are chemically and biologically reduced to dissolved Mn2+ 
(refs. 48,49). By contrast, under similar reducing conditions, As(V) is 
reduced to As(III), with the change in solubility possibly attributed to the 
accompanying pH variation50,51. Meanwhile, the decreases in Al and Cr 
concentrations in stagnant water may primarily be due to adsorption14.

Both spectroscopic and molecular perspectives revealed sig-
nificant differences in DOM between stagnant and flowing water. The 
stagnation process not only led to a marked increase in DOM diversity 

but also drove its transformation towards more unsaturated and more 
reduced molecular compositions. A previous study has shown that 
reduced, unsaturated, aromatic moieties lead to high-toxicity disin-
fection by-products (DBPs) formation52, highlighting the potential 
risk if such stagnant water enters the main pipelines and reacts with 
disinfectant. The decrease in the NOSC indicates that the removal of 
electrons from DOM becomes thermodynamically less favourable, 
suggesting lower biodegradability53. These findings are highly consist-
ent with observations from hypoxic fjord seawater54, where declining 
oxygen concentrations corresponded to increased DOM diversity, 
accumulation of unsaturated and reduced molecules, and diminished 
thermodynamic degradability. This suggests that oxygen depletion is 
also a key driver of DOM changes following water stagnation in DWDSs. 
In addition, the study revealed that saturated oxidized compounds 
(mainly CHONP and CHOCl, tannins) and saturated reduced com-
pounds (mainly CHOP, lignin) in flowing water were transformed during 
stagnation into unsaturated reduced compounds (mainly CHO, lignin) 
and saturated reduced compounds (mainly CHOS, N-FreeSatCom). This 
indicates that DOM changes in stagnant water involve not only func-
tional group modifications but also substantial molecular reassembly. 
These unique DOM molecules increase the complexity of disinfection 
by-product formation in the drinking water of main pipelines, and their 
post-chlorination toxicity warrants further investigation. In addition, 
we observed a decrease in phosphorus-containing DOM in stagnant 
water, which may be attributed to microbial degradation, as microor-
ganisms can convert organic phosphorus into inorganic phosphorus 
for their own use, representing a major source of inorganic phosphorus 
in groundwater55. Meanwhile, an enrichment of sulfur-containing DOM 
was also detected in stagnant water. According to previous studies56, 
this may be attributed to sulfurization reactions of DOM following 
oxygen depletion, during which sulfate becomes the primary electron 
acceptor and inorganic sulfur is incorporated into DOM.

Coupled microbial–chemical evolution after drinking  
water stagnation
The chemical and microbial properties of stagnant water changed sub-
staintially. According to previous studies, these microbial and chemical 
changes are not independent but covary57,58. In flowing water, owing 
to the shared source of microorganisms and DOM (for example, the 
same water treatment processes and distribution system pathways), 
a certain level of consistency is observed at richness. However, owing 
to the short hydraulic retention time and the continuous inhibitory 
effects of residual chlorine on microorganisms, an effective ecological 
coupling in terms of community composition has not been established. 
Previous studies have also indicated that residual chlorine is a key factor 
influencing chemical–biological processes in water59,60. During stagna-
tion, more intensive interactions between microorganisms and DOM 
occur, leading to significant correlations in both microbial richness and 
community composition (including abundance), which is consistent 
with previous findings in fresh water61.

The ecological assembly results further revealed changes in micro-
bial and metabolite communities after water stagnation62,63. In flowing 
water, microbial communities were shaped by both homogeneous 
selection and stochastic processes, while DOM was mainly influenced 
by heterogeneous selection, indicating a decoupling between their 
assembly drivers64. At the treatment plant outlet, similar processes 
led to convergence of microbial communities at some sites. Along 
the distribution system, differences in pipe material and hydraulics 
increased stochasticity and community divergence. By contrast, DOM 
was more sensitive to environmental factors such as pipe material, 
and residence time, leading to environment-driven differentiation—
consistent with patterns observed in permafrost thaw and mudflat 
intertidal study64,65. In stagnant water, both microbial and DOM βNTI 
values increased, showing more similar assembly responses, support-
ing their coupled shifts under prolonged stagnation. Heterogeneous 
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selection dominated in stagnant zones, reflecting internal heterogene-
ity driven by differences in stagnation time, hydraulic conditions and 
environmental factors (pH, microelements or toxic metals)66.

The bipartite co-occurrence network based on abundance dif-
ferences between microorganisms and DOM provided more intuitive 
evidence of their coupling. The network exhibited a high degree of 
modularity. Previous studies have indicated that a module within one 
network can be regarded as a functional unit that may perform similar 
ecological tasks67,68. For example, microbial taxa within a given module 
may cooperate in the degradation of specific types of DOM69. Note 
that significant correlations do not necessarily imply actual meta-
bolic relationships, but they can provide useful directions for future 
experimental studies. However, unlike previous studies69,70, all module 
hubs in our network were DOM molecules, suggesting that a few DOM 
compounds may act as key metabolic or multifunctional substrates, 
thereby occupying central positions in biochemical transformations 
and forming a resource-dominant network. This pattern may be attrib-
uted to the continuous depletion of DOM and the lack of external inputs 
under water stagnation, leading to nutrient limitation71,72. Moreover, 
as indicated by our previous analysis, hypoxic conditions reduced the 
thermodynamic degradability of DOM. The composition of DOM not 
only profoundly influenced microbial community structure, but also 
probably drove microbial niche differentiation by shaping resource 
utilization preferences73–75. Together, DOM is probably the dominant 
selective pressure in stagnant drinking water, shaping microbial niche 
occupation and community assembly.

Implications and outlook
This study is an innovative investigation of the densely distributed 
hydrant endpoints within DWDSs. By integrating microbiome and 
DOM analysis, we systematically compared the microbial and meta-
bolic compositions of flowing and stagnant water, revealing ecological 
mechanisms underlying the covariant microbial–metabolite succes-
sion following water stagnation. While previous studies have primar-
ily focused on microbial regrowth and biofilm release76,77, our results 
demonstrate that hydrant endpoints, owing to prolonged stagnation, 
exhibit rapid chlorine decay and oxygen depletion, becoming hid-
den ‘hotspots’ for microbial enrichment and intensified metabolic  
activity.

Importantly, the ‘stagnation water’ in this study does not strictly 
originate from a single water phase. In areas of long-term stagnation, 
such as the ‘dead zones’ in hydrants, the boundaries between phases 
become blurred owing to continuous diffusion, biological activity 
and other factors. Some biofilms, sediments and corrosion prod-
ucts are in a loose state, and any changes in flow rate or pressure can 
lead to the redistribution of these components, which then enter the 
water. Therefore, the stagnation water collected in this study is not a 
single water phase, but rather a mixture of various loose components, 
which more accurately reflects the potential risks associated with 
dead zones. Under normal flow conditions, contaminant migration 
is primarily diffusion-limited. However, when hydraulic integrity is 
compromised (for example, pipe breaks, maintenance activities and 
intermittent supply) or when transient negative pressures occur (for 
example, intermittent pump activation, valve slamming or failures), 
contaminants may be rapidly introduced into the main flow. Impor-
tantly, although the contribution from an individual hydrant branch 
is limited, numerous and dense distribution of hydrants can produce 
cumulative effects that pose non-negligible risks to overall distribu-
tion system water quality. It is worth noting that this study does not 
quantify the actual impact of these zones on the DWDS. Sampling in 
this investigation does not capture the stable biofilm communities 
on the pipe walls, which imposes certain limitations on the discus-
sion of microbial risks and ecological processes in hydrant stagnation 
zones. A more complete understanding of the ecosystem in hydrant 
branches therefore requires direct sampling of biofilms in the future, 

for example, by collecting attached communities after flushing. Water 
utilities generally lack awareness of interventions for managing these 
dense stagnation zones in hydrant branches. Based on our findings 
about water deterioration, we call for further research to help inform 
the establishment of appropriate flushing frequencies and mandatory 
management strategies for hydrant terminals. We also recommend that 
researchers or water utilities incorporate sensitive and rapid indicators, 
such as TCC, ATP and excitation-emission matrices (EEMs), into future 
studies or monitoring efforts, for example, to track deterioration in 
stagnation zones or to assess the impact of pressure fluctuations on 
water quality in the main pipelines.

Although this study provides field-based comparisons between 
flowing and stagnant water, the static sampling design does not cap-
ture the dynamic interactions between the two, nor does it assess 
the effects of influencing factors such as flow rate or pipe diameter. 
Future studies should incorporate controlled simulation experiments, 
including computational fluid dynamics modelling, to examine the 
potential impact of stagnant water backflow or mixing on flowing water 
quality and to elucidate the mechanisms of risk propagation under 
varying hydraulic conditions. In addition, while our study identified 
key environmental indicators such as dissolved oxygen and redox 
potential, further quantitative analysis is needed to clarify their roles. 
Integrating environmental factors, multi-omics analysis and dynamic 
simulation will be essential in future research to uncover the functional 
and expression-level mechanisms governing microbial–chemical 
cosuccession at non-consumer terminals, as well as their interactions 
with the main water supply. In addition, health data are also essential, 
and it is necessary to investigate whether areas with high fire hydrant 
density have a higher incidence of diseases related to drinking water.

Methods
Site description and sample collection
This study was conducted in a city in northern China, where the munici-
pal drinking water supply is primarily sourced from both surface water 
and groundwater. The municipal drinking water undergoes a compre-
hensive treatment process consisting of pre-ozonation, coagulation, 
sedimentation, sand filtration, activated carbon filtration and chlorine 
disinfection. The city has approximately 81,000 fire hydrants, from 
which we selected 15 representative sites covering a broad geographic 
range—from the city centre to suburban areas and from northern to 
southern regions. At each site, both stagnant and flowing water samples 
were collected from fire hydrants. All the fire hydrants in the city are 
installed underground (Fig. 1a), standardized as model SA100/65-1.6 
and made of ductile cast iron. To prevent freezing, the hydrants are 
equipped with a drain valve, which automatically empties the water 
in the upper red section after the outlet is closed. Therefore, stagnant 
water is mainly found in the black section of the hydrant below the drain 
valve and in the branch pipes connected to the main supply line. During 
sampling, the fire hydrant was first fully opened to allow high-pressure 
water to flush out potential contaminants from around and inside the 
hydrant outlet. After a few seconds, the valve was partially closed to 
allow stagnant water to flow out steadily. Once the flow stabilized, the 
stagnant water sample was collected. After sampling, the hydrant was 
fully reopened to flush out any remaining stagnant water. To eliminate 
potential interactions, we ensured that, after the stagnant water sample 
was collected, a large volume of residual stagnant water (exceeding 
twice the sample volume) could still be flushed out. Otherwise, the 
sampling site was discarded. When the water ran clear and a chlorine 
odour was detectable, the hydrant was allowed to flow steadily for an 
additional 10 min before residual chlorine was measured consecutive 
times. Once the readings stabilized, the flowing water was collected, 
and the residual chlorine concentrations for each site were recorded 
(Supplementary Table 1). At each site, each type of water sample was 
collected in triplicate (three subsamples, totalling 4.5 litres) using  
black plastic containers lined with polytetrafluoroethylene78,79. 
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Samples were kept in the dark and transported under cooled condi-
tions to the laboratory.

Please note that, for each sampling point and each water type, three 
biological replicates were collected (n = 15 × 2 × 3 = 90). All subsequent 
analyses were based on these three biological replicates (n = 90), except 
for FT-ICR MS, which was performed on three pooled replicates (n = 30).

Characterization of metal ions
Metals (Al, Fe, Mn, Cu, Zn, As, Cr, Cd, Hg, Pb, Se, Ni, Co, Sn, Sb and Ba) 
were analysed using inductively coupled plasma mass spectrometry 
(Thermo Scientific, iCAP RQ). Before analysis, 10 ml of each water 
sample was filtered through a 0.45-μm membrane and acidified with 
0.1 ml of concentrated nitric acid. The method detection limits are 
summarized in Supplementary Table 2.

Biomass quantification
TCC. TCC in water samples were quantified using a flow cytometer 
(Agilent NovoCyte 1040) following established protocols80–82. In brief, 
1 ml of sample was stained with 10 μl ml−1 SYBR Green I (1:100 dilution 
in dimethyl sulfoxide), incubated in the dark at 35 °C for 10 min and 
then analysed.

ATP. ATP levels were measured using a GloMax Navigator Micro-
plate Luminometer (Promega) with Water-Glo Detection Reagent 
as described previously83. Each 500-µl water sample was mixed with 
500 µl lysis reagent, incubated at room temperature for 2 h, and 125 µl 
was transferred to a 96-well plate for triplicate measurements. ATP 
concentrations were calculated using a standard curve (R2 > 0.99).

DNA extraction, quantitative PCR and amplicon sequencing
A total of 1,000 ml water was filtered through a 0.22-μm membrane 
filter (Whatman), and the filters were stored at −20 °C until DNA extrac-
tion. DNA was extracted using the FastDNA SPIN Kit for Soil (MP Bio-
medicals) following the manufacturer’s instructions.

Quantitative PCR assays were conducted on a CFX96 Real-Time 
PCR System (Bio-Rad) using the TaqMan probe chemistry. Ten oppor-
tunistic pathogens commonly associated with drinking water were 
targeted: Acinetobacter baumannii, Aeromonas hydrophila, Acineto-
bacter johnsonii, Bacteroides fragilis, enterohaemorrhagic Escherichia 
coli O157:H7, enterotoxigenic E. coli, Klebsiella pneumoniae, Legionella 
pneumophila, Mycobacterium avium and Pseudomonas aeruginosa. 
Experimental details, including methods, primers/probes and reaction 
conditions, are provided in the Supplementary Information (Supple-
mentary Text 1 and Supplementary Tables 3 and 4).

The V3–V4 region of the 16S rRNA gene was amplified using  
primers 341 F (5′-CCTACGGGNGGCWGCAG-3′) and 785 R (5′-GACTACH 
VGGGTATCTAATCC-3′)84. PCR products were purified and sequenced 
on the Illumina Nova 6000 platform (Guangdong Magigene Biotechno
logy) to generate 2 × 250 bp paired-end reads. Raw reads were trimmed 
to remove primers using Cutadapt v3.1 (ref. 85). Quality control, denois-
ing, read merging, chimera removal and ASV table construction were 
performed using DADA2 v1.21.0 (ref. 86). Taxonomic assignment and 
phylogenetic analysis were carried out with QIIME2 v2020.11 (ref. 87).

DOM quantification and fluorescence analysis
Water samples were prefiltered through GF/F filters (nominal pore 
size 0.7 µm)28,88. DOC was measured using a Shimadzu TOC-L analyser 
(detection limit 0.01 mg l−1, precision ±2%). UV254 was determined with 
a Cary 60 UV–vis spectrophotometer (Agilent) using a 1-cm quartz 
cuvette. As all absorbance values at 254 nm were below 0.3 (ref. 89), 
fluorescence EEMs were measured directly using an F-7000 spectro-
fluorometer (Hitachi). Excitation wavelengths ranged from 200 nm 
to 450 nm (5-nm steps), and emission wavelengths from 220 nm to 
600 nm (2-nm steps). The detector voltage and scan speed were set 
to 700 V and 12,000 nm min−1, respectively.

EEM data were processed using the StaRDOM package in R  
(ref. 90), including blank subtraction, Raman normalization and 
removal of Rayleigh and Raman scatter. Parallel factor analysis (PARA-
FAC) was used to extract four fluorescent components (C1–C4), which 
were compared with the OpenFluor database (https://openfluor.labli-
cate.com). All matched components had excitation and emission simi-
larity scores above 0.95.

FT-ICR MS analysis
Collected 300-ml water samples were acidified to pH 2.0 using for-
mic acid (HCOOH) and subjected to solid-phase extraction. Agilent 
Bond Elut-PPL cartridges (500 mg, 6 ml) were preconditioned with 
12 ml methanol, followed by 12 ml of acidified ultrapure water (pH 2, 
HCOOH). Samples were loaded onto the cartridges at a flow rate of 
5 ml min−1. After loading, cartridges were rinsed with 12 ml of acidified 
ultrapure water to remove salts and dried under a nitrogen stream. 
The retained compounds were eluted with 12 ml of methanol, and the 
eluates were blow-dried with nitrogen, redissolved in 1 ml of methanol 
and stored in the dark at −20 °C. Notably, formic acid was used instead 
of hydrochloric acid to avoid chloride adduct formation between 
chloride ions and DOM91,92.

The molecular composition of DOM was analysed using a 15.0 
Tesla Bruker Solarix FT-ICR MS (Bruker Daltonics) equipped with a 
negative electrospray ionization source. Detailed analytical conditions 
and data analysis procedures are provided in Supplementary Texts 2 
and 3, respectively. The criteria for DOM molecule categorization are 
presented in Supplementary Table 5.

Statistical analysis
Alpha and beta diversity. The alpha diversity of bacteria was calcu-
lated using observed ASV number (Observed), and Shannon–Wiener 
(Shannon) indices. For DOM, relative peak intensities were calculated 
by normalizing each peak to the total intensity per sample, and the 
alpha diversity of DOM was calculated using observed molecule num-
ber (observed), and Shannon–Wiener (Shannon) indices. In the bar 
plots of microbial biomass, DOC, opportunistic pathogens, alpha diver-
sity and fluorescent components for the two water types, connecting 
lines indicate samples from the same site, and statistical significance 
was assessed using paired Wilcoxon tests. Beta diversity was analysed 
using Weighted-Unifrac (bacteria) and Bray–Curtis (DOM) dissimilarity 
and visualized with PCoA. Differences in bacterial and DOM composi-
tion between flowing and stagnant water were tested using ADONIS 
(permutational multivariate analysis of variance, PERMANOVA). All 
analyses were performed with the vegan package93.

Ecological assembly process. Ecological assembly processes of 
microbial and metabolite communities were assessed using βNTI 
and Raup–Crick Bray–Curtis index (RCbray), calculated with the NST 
package94. According to previous studies62,64,95,96, when |βNTI| >2, deter-
ministic processes dominate community assembly: βNTI >2 indicates 
heterogeneous selection, where divergent environmental conditions 
drive high community turnover; βNTI <−2 indicates homogeneous 
selection, where stable environmental pressures lead to low turnover. 
When |βNTI| <2, stochastic processes are considered predominant. 
In these cases, RCbray was used to further distinguish the underly-
ing mechanisms: |RCbray| <0.95 indicates undominated assembly; 
RCbray >0.95 reflects dispersal limitation; RCbray <−0.95 represents 
homogenizing dispersal.

Co-occurrence network. Co-occurrence networks were built using 
the differences in relative abundance of microbial ASVs and DOM 
molecules between stagnant and flowing water. ASVs and molecules 
in fewer than half of the samples were excluded. P values were adjusted 
with the Benjamini–Hochberg method97. Strong correlations (|ρ| ≥ 0.8, 
P < 0.05) were used to construct bipartite networks, visualized and 
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clustered in Gephi (https://gephi.org). Nodes have been divided into 
four categories98: (1) peripheral nodes (Zi ≤2.5, Pi ≤0.62), (2) connectors 
(Zi ≤2.5, Pi >0.62), (3) module hubs (Zi >2.5, Pi ≤0.62) and (4) network 
hubs (Zi >2.5, Pi >0.62). All the statistical analyses were performed in 
R (version 4.3.1, R Core Team, 2023).

Reporting summary
Further information on research design is available in the Nature 
Portfolio Reporting Summary linked to this article.

Data availability
Sequence data associated with this project have been deposited in 
the National Center for Biotechnology Information (NCBI) Short 
Read Archive database (accession number PRJNA1267700). FT-ICR 
MS raw data are available via Zenodo at https://doi.org/10.5281/
zenodo.17422657 (ref. 99). Source data are provided with this paper.

Code availability
All codes used in this study are available in the Article or its  
Supplementary Information.
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