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ABSTRACT: The characterization of variations in riverine
microbiota that stem from contaminant sources and transport
modes is important for understanding biogeochemical processes.
However, the association between complex anthropogenic nitrogen
pollution and bacteria has not been extensively investigated owing
to the difficulties faced while determining the distribution of
nitrogen contaminants in watersheds. Here, we employed the Soil
and Water Assessment Tool alongside microbiological analysis to
explore microbial characteristics and their responses to complex
nitrogen pollution patterns. Significant variations in microbial
communities were observed in sub-basins with distinct land−water
pollution transport modes. Point source-dominated areas (PSDAs)
exhibited reduced microbial diversity, high number of denitrification groups, and increased nitrogen cycling compared with others.
The negative relative deviations (−3.38) between the measured and simulated nitrate concentrations in PSDAs indicated that nitrate
removal was more effective in PSDAs. Pollution sources were also closely associated with microbiota. Effluents from concentrated
animal feeding operations were the primary factors relating to the microbiota compositions in PSDAs and balanced areas. In
nonpoint source-dominated areas, contaminants from septic tanks become the most relevant sources to microbial community
structures. Overall, this study expands our knowledge regarding microbial biogeochemistry in catchments and beyond by linking
specific nitrogen pollution scenarios to microorganisms.
KEYWORDS: complex nitrogen sources, SWAT, microbial community, point sources, nonpoint sources

1. INTRODUCTION
Surplus nitrogen is one of the greatest threats to water quality
and has been implicated in several ecological disasters.1

Nitrogen biogeochemical processes, mostly controlled by
microorganisms, are essential for the self-purification of
water. These microbes undergo multiple environmental
pressures, including inflow contamination from various nitro-
gen pollution sources, which alter the nitrogen cycling pathway
or rate in rivers.2−4 Generally, the microbial nitrogen cycling
network involves nitrogen fixation, nitrification, denitrification,
anaerobic ammonium oxidation (ANAMMOX), and dissim-
ilatory nitrate reduction to ammonium.5 The effluents
primarily affect microbial states by importing nutrients and
wastewater-originated microbes and altering habitat features,
thereby affecting water biogeochemistry.6,7 Effluent-influenced
reaches are beneficial for ammonia-oxidizing bacteria (AOB),
which are considered the primary microorganisms responsible
for nitrification.8,9 Two nitrite reductase genes (nirS and nirK)
exhibit opposite correlations with the environmental nitrogen
concentration, suggesting that organisms possessing different
nitrite reductase genes might occupy distinct niches.10,11 The
nirK/nirS ratio is lower in areas affected by effluents than in

unaffected areas, and nirS-type denitrifiers constitute the
primary contributors to denitrification.12 Moreover, incom-
plete heterotrophic denitrification is frequently observed in
rivers strongly affected by effluents, as reflected by a low nosZ/
nir ratio and an increased N2O emission potential.12−14 To the
best of knowledge, so far, most studies have only explored the
effect of a single pollution source on microorganisms, whereas
few studies have examined complex nitrogen contamination
scenarios. Hence, the microbial characteristics and their
responses to various nitrogen pollution sources warrant
clarification.
Nitrogen pollution can be classified into nonpoint and point

sources based on their transportation modes.15 Correspond-
ingly, nitrogen runoff via soil erosion and leaching comprise
the main transport pathways of contaminants from nonpoint
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sources into rivers; contaminants from point sources tend to
flow directly into rivers via pipe networks.16 Owing to the
differences in hydrological, physicochemical, and biotic
conditions between the two distinct transport modes, the
microbial composition and functionality in rivers in nonpoint
source-dominated areas (NPSDAs) might differ from those in
point source-dominated areas (PSDAs).1 Therefore, elucidat-
ing the mechanism of water self-purification requires further
clarification regarding microbial characteristics under various
contaminant transport modes.
Identifying pollution sources can be difficult because of the

complex sources and patterns of transport of nitrogen
contaminants.17,18 Several ecohydrological models have been
developed to simulate the transport and conversion of
contaminants from diverse regions of basins to receiving
water.19,20 Herein, the Soil and Water Assessment Tool
(SWAT) was used as it is an open-source software with a wide
range of applications. Furthermore, it can simulate the
transport process from multiple points and nonpoint sources
of contaminants in basins.4,21,22

Characterizing the biogeochemical feature is crucial for
environmental protection when the nitrogen pollution sources
are complex. Accordingly, we focused on the mutual feedback
mechanism between microbial activities and the sources and
land−water transport modes of river nitrogen contaminants to
address the following objectives: (1) to determine the
characteristics of prokaryotic microorganisms and their
responses to different transport modes of nitrogen pollution;
(2) to identify the primary nitrogen pollution sources
correlating with microbial communities; and (3) to evaluate
whether and to what extent changes in microbial communities
affect nitrogen transformation. We used SWAT in conjunction
with 16S rRNA gene sequencing and the quantitative
polymerase chain reaction (qPCR) to analyze the character-
istics of the microbiota in regions with varied nitrogen
pollution transport modes and sources.

2. MATERIALS AND METHODS
2.1. Study Site and Sample Collection. This study was

conducted in the Liuyang River Basin, which is located
downstream of the Xiangjiang River, a major tributary of the
Yangtze River (see Supporting Information, Text S1, for
details). According to the existing status of water pollution in
the main channel and tributaries of the Liuyang River, 17
reaches with various nitrogen contamination scenarios were
sampled. Each reach had three sample locations near the sub-
basin outlet (Figure S1). The water and sediment samples
were collected in January 2021. At each site, water samples
(10−30 cm in depth) were collected in triplicate using
precleaned polyethylene bottles. Sediment samples were also
gathered in triplicate from the top layer of riverbeds (0−5 cm
in depth) with a grab sampler (XDB0201, Pusen, China). The
water and sediment samples were then homogenized, sealed in
presterilized bags, and stored at −80 °C for further analysis.
Following the collection of samples, bacterial DNA was
extracted from the sediments, and physicochemical analysis
of the water and sediments was conducted.

2.2. Measurement of Physicochemical Parameters. A
total of 15 environmental parameters were monitored in this
study, including 9 water variables and 6 sediment variables
(Figure S2). The dissolved oxygen (DO), water temperature
(T), and pH were measured in situ with a portable multi-meter
(HQ2200, HACH, USA). The concentrations of nitrate

(NO3
−−N), ammonium nitrogen (NH4

+−N), total phospho-
rus (TP), total nitrogen (TN), sulfate (SO4

2−), and chloride
(Cl−) of water and sediments were measured using the
corresponding methods described in Supporting Information,
Text S2.

2.3. DNA Extraction and Sequencing Analysis. DNA
was isolated from homogenized sediment samples using a soil
genomic DNA extraction kit (Solarbio, Beijing, China). The
quality of isolated DNA was evaluated using 1% agarose gel
electrophoresis, and it was subsequently frozen at −20 °C.
PCR amplification and high-throughput sequencing were
performed at Majorbio Bio-Pharm Technology Co., Ltd.
(Shanghai, China). PCR amplification was conducted using
the 806R (5′-GGACTACHVGGGTWTCTAAT-3′) and 338F
(5′-ACTCCTACGGGAGGCAGCAG-3′) primers, which tar-
geted the V3−V4 regions of 16S rRNA (Supporting
Information, Text S3). The sample sequence data have been
deposited in Sequence Read Archive (http://www.ncbi.nlm.
nih.gov/sra/) for public access (bioproject number:
PRJNA845821).

2.4. Quantitative PCR. Six target genes were amplified
using PCR with different primers (Table S1). The reactions
were performed in a 20 μL reaction mixture comprising 10 μL
of qPCR mix, 0.4 μL of reference dye, 0.8 μL of each primer (5
μM), 6 μL of ddH2O, and 2 μL of template DNA. The ABI
7300 system (Applied Biosystems, USA) and SYBR green were
used to perform PCR reactions (Supporting Information, Text
S4).

2.5. SWAT Model Establishment. SWAT utilizes land
use data, soil properties, digital elevation model data,
meteorological data, daily streamflow data, and monthly
observations of TN, NH4

+−N, and NO3
−−N (Figure S3), as

detailed in Supporting Information, Text S5. Both point and
nonpoint contaminant sources contribute to water contami-
nation. In our analysis, point sources comprised industrial
zones, industries located outside of the zone, municipal
wastewater treatment facilities, rural sewage treatment plants,
concentrated animal feeding operations (CAFOs), and refuse
landfills (Supporting Information, Text S6 and Table S2).
Nonpoint sources of contaminants included crop cultivation
(Table S3 provides details on crop management practices for
double-crop rice rotation), scattered small-scale animal feeding
operations (SAFOs), and rural sewage without centralized
treatment (Supporting Information, Text S6).
SWAT calibration and uncertainty procedure (SWAT-CUP)

software was used for calibration and validation (Supporting
Information, Text S7).23 Herein, we calibrated the selected
parameters with several iterations of 500 simulations
calibration (Table S4). The model accurately stimulated
monthly discharges and nitrogen species loadings for the
calibration and validation periods (R2 of all >0.66 and Nash−
Sutcliffe model efficiency (NSE) of all >0.58) (Table S5 and
Figure S4).
The approach for nitrogen source attribution is provided in

Supporting Information, Text S8.
2.6. Statistical Analyses. Specific information regarding

statistical analyses is included in Supporting Information, Text
S9. Briefly, Mantel tests, canonical correlation analysis (CCA),
principal coordinate analysis (PCoA), and redundancy analysis
(RDA) were conducted using the vegan package in R 4.0.2.
Wilcoxon rank-sum tests, Kruskal−Wallis test, one-way
analysis of variance (ANOVA), and Spearman correlation
analysis were performed in the SPSS 22.0 platform. Random
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forests analysis was conducted using the randomForest
package in R 4.0.2. The phenotype and metabolic function
of microbiota were predicted using the BugBase database and
functional annotation of prokaryotic taxa, respectively. Linear
discriminant analysis and effect size (LEfSe) analysis were
performed using LEfSe software. Bipartite association network
analysis was conducted using the NetworkX package in the
Python 3.8.2 platform. Structural equation modeling (SEM)
was conducted using the “piecewiseSEM” R package.

3. RESULTS AND DISCUSSION
3.1. Key Environmental Variables Relating to Micro-

bial Community Composition. All sequences were classified
into 59 phyla (Figure S5). The Mantel test indicated that the
TN concentration in water (R = 0.40, p = 0.001) was the most
significant factor correlated with microbiota composition
(Table S6). CCA results also showed that the TN
concentration in water (with the longest arrow and highest
value of R2) was the most relevant factor (R2 = 0.67, p = 0.001)
for microbiota compositions (Figure S6 and Table S7). In
addition, nitrate and ammonia were associated substantially
with microbial populations (Tables S6 and S7). These results
verified the hypothesis that the nitrogen concentration in the
Liuyang River was one of the primary factors associated with
the organization of microbial communities. Therefore, further
investigation into the particular states of microorganisms under
diverse nitrogen pollution patterns is warranted.24,25

3.2. Nitrogen Concentration Simulation and Source
Attribution. The concentrations of TN, NH4

+−N, and
NO3

−−N increased from upstream to downstream locations,
ranging from 0.86 to 7.41, 0.05 to 2.41, and 0.23 to 4.40 mg/L,
respectively, as determined by the SWAT simulation (Figure
1a−c).
The source of TN and NO3

−−N pollution was comparable
at each outlet of the reach (Figure 1e,f). In the upstream area,
agriculture produced >50% of the total TN and NO3

−−N load,
while SAFOs contributed <1%. In certain midstream sub-

basins, SAFOs accounted for >33% of the total load of these
two nitrogen species as there were many small hog farms
scattered along the middle stream. The contribution
percentages of agriculture to TN and NO3

−−N decreased
from the upstream to downstream regions. The proportion of
point sources increased gradually downstream, as urban
domestic sewage treated by municipal plants and industrial
wastewater generated by commercial output increased down-
stream.26,27

NH4
+−N was derived from distinct sources than TN and

NO3
−−N (Figure 1d). Except a few agricultural regions in the

upper reaches where cultivation constituted the primary
pollution source, point sources comprised the primary source
of riverine NH4

+−N in the middle and lower reaches (i.e.,
point sources comprised >50% of the pollution sources). This
was possible because soil colloids are negatively charged while
NH4

+−N is positively charged; hence, NH4
+−N tends to bind

to soil particles. Additionally, when contaminants are trans-
ferred from land to water bodies via nonpoint source transport,
it might take a considerable amount of time for them to transit
through the surface, topsoil, vadose zone, and shallow aquifer,
ultimately reaching the main channel. During these phases,
native microorganisms could rapidly convert NH4

+−N to
various forms via nitrification and ANAMMOX processes.
Conversely, point source contaminants can be discharged
directly into rivers via pipe networks in a shorter time. The
short hydraulic retention time makes ammonia less susceptible
to transformation during land−water transport; thus, point
source pollution accounts for a relatively large proportion of
ammonia in rivers.28,29

3.3. Association between Contaminant Transport
Mode and Microbial Characteristics. Per the land−water
transport modes of nitrogen pollution in each reach simulated
by the SWAT model (Figure 1d−f), the sampling locations
were categorized into three types: PSDAs, NPSDAs, and
balanced areas (BAs) exhibiting equal contributions from point
and nonpoint sources. According to PCoA results (Figure 2a),

Figure 1. Simulated average nitrogen loadings from various sources and the concentration of nitrogen species in the river. The simulated average
riverine concentration of (a) ammonia, (b) nitrate, and (c) TN are shown in the color maps. The simulated proportions of the average nitrogen
loading of (d) ammonia, (e) nitrate, and (f) TN in the river from different sources are shown in the pie charts.
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the samples from PSDAs and NPSDAs were clustered into two
distinct groups, thereby confirming the hypothesis that sub-
basins with different contaminant transport modes support
distinct microbial communities.
The microbiota of NPSDAs exhibited significantly higher

species richness (p = 0.041; Wilcoxon rank-sum tests) (Figure
S7a) and community diversity (p = 0.020; Wilcoxon rank-sum
tests) (Figure S7b) than those of PSDAs and BAs, indicating
increased within-habitat diversity. NPSDAs demonstrated a
higher number of microbial species than PSDAs (Figure S8).
This may be due to the following: (1) the presence of
hazardous substances in the effluents of point sources, such as
halogenated organics and antibiotics, possibly prevent the
propagation of certain microbes in the receiving rivers30 and
(2) in point source-influenced regions, excessive nitrogen
levels (Figure S2) may help homogenize the microbial
communities, engendering the loss of majority of the species
and substitution with less expanding species, thereby reducing
biodiversity.31 Our findings indicated that the microbial
community in PSDAs exhibit reduced microbial population
size and diversity, thereby potentially favoring certain func-
tional groups and causing biotic homogenization.32,33

The eight most important features were used as biomarkers
to differentiate between PSDAs and NPSDAs in random
forests analysis (Figure 2b), and the abundances of the
biomarkers are detailed in Table S8. Three biomarkers were
more prevalent in PSDAs than in NPSDAs, while five
biomarkers were more prevalent in NPSDAs than in PSDAs
(Figure S9). Analysis of the correlation between the relative
abundance of the selected biomarkers and the measured
physiochemical properties of rivers revealed two distinct
clusters (Figure 2c). The three enriched biomarkers in the
PSDA group were positively correlated with the majority of
environmental factors, except for the pH and DO in water.
However, six bacterial families from the NPSDA group were
negatively correlated with the majority of environmental
factors. Therefore, areas with diverse land−water transport
modes of nitrogen contaminants exhibited heterogeneity in the
microenvironment of sediments and dissimilarity among
microbial communities.34,35

A significantly lower ratio of ammonia-oxidizing archaea
(AOA)/AOB amoA genes [mean value, 1.13; standard error of
the mean (SE), 0.04; standard deviation (SD), 0.15; p < 0.05;
one-way ANOVA] was observed in PSDAs compared with
NPSDAs (mean value, 1.28; SE, 0.04; SD, 0.19; p < 0.05; one-

Figure 2. (a) PCoA diagram of the composition of microbial communities in the PSDA group, the NPSDA group, and the BA group. (b) The top
eight most important features at the phylum level were used as the biomarkers to distinguish between the PSDA and NPSDA groups. (c) Spearman
correlations between the relative abundance of biomarkers and the measured environmental factors.
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way ANOVA) (Figure 3a). As AOB are considered the major
contributors to ammonia oxidation, nitrification might be
stimulated in PSDAs.8,9,36 Studies have reported that increase
in the available nitrogen concentration, ammonia in particular,
is beneficial for the growth of AOB over AOA, as AOB occupy
a broader ecological niche than AOA.37 The higher sediment
ammonia concentration (Figure S2) explains why the AOA/
AOB ratio is lower in PSDAs than in other places. Additionally,
manure is a major nitrogen source in NPSDAs and has been
proven to provide energy to ammonia oxidizers and
significantly increase the number of AOA.38 The ratio of
nirS/nirK was significantly increased by 1.06 times in the
PSDA group (mean value, 1.02; SE, 0.01; SD, 0.06; p < 0.01;
Kruskal−Wallis test) than in the NPSDA group (mean value,

0.96; SE, 0.01; SD, 0.07; p < 0.01; Kruskal−Wallis test)
(Figure 3b). Previous research has shown that high nirS/nirK
ratios might increase denitrification capacity.39 Furthermore,
the presence of one or more metals (Zn and Cu) in sediments
was reported to beneficially impact the nirS/nirK ratio.40 The
cumulative heavy metals (Zn and Cu) originating from the
point sources may cause a higher ratio of nirS/nirK in the
PSDA group than in the other groups.41 The nosZ/nir ratio
was significantly higher (mean value, 0.43; SE, 0.00; SD, 0.02;
p < 0.01; one-way ANOVA) in the PSDA group than in the
NPSDA group (mean value, 0.41; SE, 0.00; SD, 0.02; p < 0.01;
one-way ANOVA), suggesting that denitrification is more
complete and the N2O/N2 emission ratio is lower in PSDAs
than in NPSDAs (Figure 3c).13,42 Besides, the amoA of AOA

Figure 3. Boxplots of the relative abundance of (a) AOA/AOB, (b) nirS/nirK, and (c) nosZ/nir among the PSDA, NPSDA, and BA groups.

Figure 4. Taxonomic differences between sediments in the PSDA, the NPSDA group, and BA groups. Cladogram indicating the phylogenetic
distribution of microbial lineages in the sediment of the PSDA group (green), the NPSDA group (blue), and the BA group (red).
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was more abundant in NPSDAs (mean value, 5.88; SE, 0.19;
SD, 0.94; p < 0.05; one-way ANOVA) than in PSDAs (mean
value, 5.27; SE, 0.17; SD, 0.72; p < 0.05; one-way ANOVA),
indicating that the ammonia-oxidizing archaea were enriched
in the NPSDAs (Figure S10). These results confirmed the
variations in nitrogen-related metabolic pathways under
distinct pollutant transport modes.
Significantly higher levels of predicted functions involved in

nitrate reduction (p < 0.05; Kruskal−Wallis test), nitrate
respiration (p < 0.1; Kruskal−Wallis test), and nitrogen
respiration (p < 0.1; Kruskal−Wallis test) were observed in
PSDAs than in NPSDAs (Figure S11a). These results were
consistent with the findings of the aforementioned analysis
showing that point sources can accelerate the transformation of
nitrogen in rivers. The following factors may account for the
increased rate of nitrogen transformation in point than in
nonpoint sources: (1) the majority of sewage from point
sources is treated by various wastewater treatment technologies
before discharge into the river, which creates unique
microenvironments and promotes the aggregation of nitro-

gen-related taxa43 and (2) the colonization and proliferation of
nitrogen-related genera are promoted in point sources via the
high concentration of nitrogen in the riverine sediments of
PSDAs.44 Additionally, anaerobic microbes were more
abundant in PSDAs than in NPSDAs (Figure S11b),
suggesting that PSDAs are ideal sites for anaerobic
denitrification. However, field data indicated no significant
difference between PSDAs and NPSDAs in terms of DO levels
(Figure S2). A probable explanation for this is that the pipe
networks of point sources may have a relatively anaerobic
environment and that the effluents from the pipeline thus carry
a large concentration of anaerobic microbes, thereby
generating this behavior. Additionally, metabolic inferences
from functional annotation of prokaryotic taxa and BugBase
predictions warrant additional validation.
Sphingomonadaceae, Rhizobiales, Rokubacteriales, Acidimicro-

biia, Roseif lexaceae, and Gaiella were shown to be enriched in
NPSDAs. Rhizobiales and Sphingomonadaceae are known to fix
nitrogen and are symbionts with plant roots.45 In PSDAs, the
most prevalent taxa included Competibacteraceae, Pseudomona-

Figure 5. Relative deviations (i.e., the deviation between the measured concentrations and the simulated concentrations divided by the measured
concentrations) of (a) NO3

−, (b) NH4
+, and (c) TN in the PSDA, NPSDA, and BA groups.

Figure 6. (a) Relationship between the composition of microbial communities and nitrogen sources (point sources include CAFO, municipal and
rural sewage treatment plants, and industrial facilities; nonpoint sources include crop cultivation, SAFO, and rural sewage from septic tanks without
centralized processing) as indicated by the CCA and RDA diagram and (b) bipartite association network in the PSDA, BA, and NPSDA groups.
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dales, Steroidobacteraceae, Desulfobacterota, Rhodocyclaceae,
PeM15, Propionibacteriaceae, and Bacteroidales. Several micro-
organisms present in PSDAs belonged to the orders that

contributed to denitrification (e.g., Rhodocyclaceae, Compet-
ibacteraceae, Steroidobacteraceae, and Bacteroidales) (Figure
4).46,47 Accordingly, the results of LEfSe analysis indicated

Figure 7. (a) Relationship between the composition of microbial communities and nitrogen sources indicated by a heatmap of the results of
Spearman correlation analyses. (b) SEM image of the relationships among the pollution sources of nitrogen species, physicochemical properties of
water, and sediment characteristics.
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that the presence of nitrogen cycling-related microbes makes
PSDAs the active regions for denitrification.
The complete nutrient cycle in hydrological response units

was modeled using SWAT by simulating nitrogen transport
and microbial nitrogen transformation. Detailed information is
provided in previous studies.48 To characterize the microbial
nitrogen transformation level in the river of the three groups,
the riverine microbial-related parameters were made identical
for each reach to ensure that the SWAT-simulated riverine
microbial nitrogen transformation was identical in all rivers.
The relative deviations (i.e., the deviation between the
measured and simulated concentrations divided by the
measured concentrations) of nitrogen species varied among
the different regions (Figure 5a−c). The relative deviation of
NO3

− in the PSDA group was lower than that in other regions,
and the majority of observed deviations were negative,
indicating that active denitrifier-induced activities induced
stronger NO3

− removal in PSDAs (Figure 5a). The relative TN
concentration deviations in the BAs and NPSDAs were
positive, thereby indicating that the measured concentrations
were consistently greater than the simulated findings (Figure
5c). This could be attributed to the weaker nitrogen microbial
transformation via the nonpoint source pathway.49 These
findings allow us to expand our knowledge regarding microbial
biogeochemistry of the catchment and beyond, which can also
be used to optimize the performances of simulation models
involving nitrogen migration and transformation.

3.4. Relationship between Nitrogen Sources and
Microbiota Compositions. According to CCA and RDA of
the operational taxonomic unit (OTU) (Figure 6a), nitro-
genous contaminants from CAFOs and sewage treatment
plants comprised the most significant variables in the PSDAs.
In the BA group, the contaminants from two types of feedlots
(CAFOs and SAFOs) constituted the most important factors
associated with microbiota composition. In the NPSDA group,
nitrogen contamination from rural septic tanks and crop
cultivation was most strongly associated with microbiota
composition.
The bipartite association network of the PSDA group

(Figure 6b) revealed that 141 OTUs were significantly
correlated with CAFO contamination (node degree, 141 for
TN), which showed the highest number of close links between
pollution sources and OTUs. In the BA group, the maximum
number of OTUs was associated with CAFOs (node degree,
114 for nitrate). In the NPSDA group, OTUs were also
strongly linked with septic tanks (node degree, 81 for TN),
thus indicating that septic tank contamination exhibited a
substantial relationship with sediment microbial communities.
The sensitivity of dominant species to various contamination

sources was analyzed at the genus level (Figure 7a).
Xanthobacteraceae and Bradyrhizobium (both nitrogen-fixing
bacteria) were significantly positively correlated with CAFOs
in PSDAs and negatively correlated with septic tanks in
NPSDAs.50−52 The relative abundance of Clostridium (nitro-
gen-fixing bacteria) increased with increase in the levels of
industry effluents, CAFOs, and septic tanks in BAs.53,54

Arthrobacter, a functional microorganism involved in un-
common heterotrophic nitrification processes, propagated in
BAs and NPSDAs in the presence of the effluents of CAFOs
and SAFOs, respectively.55 The denitrifier Gaiella was
positively correlated with CAFO contaminants in PSDAs and
negatively correlated with septic tank contaminants in
NPSDAs.52 The denitrifier Flavobacterium was positively

correlated with septic tank contaminants in both the BA and
NPSDA groups.56 Comamonadaceae, a family of common
aquatic denitrifying bacteria, was negatively associated with the
nitrogen species of SAFOs in the NPSDA group.57

Hyphomicrobium, exhibiting both denitrification and nitrogen
fixation genes, was negatively correlated with the nitrogen
species of CAFOs and SAFOs in the BA group.58 Planktothrix,
a harmful cyanobacterium existing in eutrophic waters, was
positively correlated with sewage plant contaminants in the
PSDA group and CAFO contaminants in the BA group.
According to Spearman correlation analysis, CAFOs were
significantly correlated with the majority of the micro-
organisms involved in the nitrogen cycles in the PSDA and
BA groups. The discharge standard for effluents from CAFOs
is less stringent than that of wastewater from sewage plants and
industrial facilities; thus, the higher nutrient levels of CAFO
contaminants may explain their strong correlations with the
majority of microorganisms.59 Rural septic tank effluents were
significantly correlated with numerous genera in the NPSDA
group, followed by SAFOs and crop cultivation. Because
various pollution sources also introduce large quantities of
bacteria to the rivers, Figure 7a indicates the bacteria imported
from various sources as well. For instance, the genus
Arenimonas, which is reported to be abundantly enriched in
cropland, was found to be significantly associated with NH4

+−
N from agriculturally polluted effluents.60 In addition, the
genus Bacillus indicates the movement of septic tank effluents,
which was also positively relevant for NH4

+−N from septic
tanks.61 Moreover, the predominance of Romboutsia in jejuna
ruminants has been frequently reported previously; thus, a
significant relationship between Romboutsia and nitrogen series
from CAFOs was assumed.62 The above findings indicate that
the most significant factor associated with microbiota
composition among the selected pollution sources was the
nitrogen series from CAFOs in the PSDA and BA groups and
the nitrogenous contaminants from rural septic tanks in the
NPSDA group.
SEM results revealed that septic tank and point source

contaminants exerted the strongest direct correlation with the
physicochemical properties of water (Figure 7b). Septic tanks
had a direct relationship with sediment properties as well,
while other pollution sources demonstrated only indirect
correlations with sediment properties by altering the
physicochemical properties of water. The denitrification-
related genes narG, nirS, and nosZ were directly associated
with sediments, suggesting that sediments were hotspots for
denitrification.63,64 SAFOs showed direct relevance with narG,
indicating their involvement in nitrate reduction.

3.5. Implications for Environmental Remediation and
Supervision of River Courses. Determining how river
pollution affects the structure and function of microorganisms
is necessary for optimizing the trade-offs associated with
nitrogen pollution reduction strategies. The findings of this
study shed new light on how microorganisms react to various
riverine pollution scenarios.

3.5.1. Relationships between Microbial Characteristics
and Pollution Transport Modes. Compared with NPSDAs
and BAs, PSDAs appear to be hotspots for microbial nitrogen
removal. The transport mode of pollution does not act on the
microbes directly and is a comprehensive definition and hence
microorganisms are unable to detect the transport mode of
their habitats. However, pollution transport modes have been
significantly associated with several small-scale factors that
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affect microbiota directly (Figure 2c). Furthermore, as
freshwater biodiversity is structured by a hierarchy of
characteristics acting at different spatial scales, the transport
modes of nitrogen pollution cannot account for all differences
in the microbial populations. Nonetheless, as the transport
mode is the integrative attribute of polluting scenarios on a
catchment scale, it is relevant for the regional estimates of
microbial states. The heterogeneity in the microbial
composition and functionality at locations with various
nitrogen transport modes may be explained as follows: (1)
because of hydrological and biogeochemical nitrogen legacy
effects, it may take years for contaminants from nonpoint
sources to reach rivers. Contaminants from nonpoint sources
may have therefore impacted water quality in the past and
continue to degrade it presently, although the sources might
not be active.65 Conversely, pollution from point sources flows
into rivers via pipe networks with a short hydraulic retention
time; (2) when contaminants are transported from land to
water bodies via nonpoint source transport modes, the
contaminants need to permeate the surface, topsoil, vadose
zone, and shallow aquifer to ultimately reach the main channel,
thereby importing the native bacteria present in the different
phases to the rivers.66 Furthermore, end-of-pipe treatment,
which is frequently used to treat domestic and industrial
wastewaters, is also applied to point sources, which could cause
effluents to include a significant number of functional
microorganisms.67 Additionally, the release of bacteria from
the pipe biofilm affects bulk water;68 (3) diverse levels of
physicochemical variables, including temperature, pH, DO,
and nutrition, exist in areas with separate transport modes
(Figure 2c). Hence, differences in retaining nutrients,
importing microorganisms, and modifying microenvironmental
characteristics may cooperate to regulate bacterial states under
different pollution transport modes. Alternatively, laboratory-
based experiments that manipulate contaminant transport
would allow us to account for the impacts of other processes,
thereby isolating variance caused exclusively by pollution
transport modes.
Nitrogen abatement policies have been focusing on

improving the discharge standard for wastewater from point
sources. However, the self-purification of point source
discharge is inevitably disregarded. In addition, despite the
poor capacity of NPSDAs for microbial nitrogen removal,
nonpoint source nitrogen emissions are not regulated to some
extent. Therefore, stronger regulation is necessary to control
pollution originating from NPSDAs. Furthermore, natural-
based environmental remediation strategies should be
developed for NPSDAs’ discharge that can increase effluent
self-purification capacity, such as by adding inoculants
containing functional microorganisms.69 Furthermore, the
insufficient nitrogen transformation capacity of NPSDAs
renders them a hotspot for greenhouse gas emissions.70−72

3.5.2. Relationships between Microbial Characteristics
and Pollution Sources. Numerous studies have demonstrated
that river influents from various sources impact the micro-
environments of rivers.40,73,74 The microbiota of the river
sediments might be altered due to the changes in the relative
proportions of contaminants from various sources. CAFO
contaminants exhibited the strongest correlation with the
microbiota composition in the PSDA and BA groups, while
septic tanks constituted the most relevant factor in the NPSDA
group. These findings enhance knowledge regarding the self-
purification process of rivers and provide insights of optimizing

trade-offs associated with water quality protection strategies.
For example, the amounts of contaminants emitted by point
sources and septic tanks should be carefully considered while
developing pollution abatement plans as they may significantly
alter the microbial community and nitrogen transformation
capacities in rivers.

3.5.3. Limitations and Future Directions. Regarding the
limitations and outlooks of this work, we observed the
following: although nitrogen was the most significant factor
associated with microbial compositions in this study and was
confirmed to be one of the important variables affecting
microbes, the nitrogen-centric representation of pollution
inputs remains insufficient. In future work, the more
comprehensive measurement of environmental physicochem-
ical parameters could afford sufficient background data for
statistical analyses, helping us to identify factors that correlated
best with microorganisms. Moreover, the integrated models
based on the large-scale data collection of other significant
elements are necessary to provide sufficient coverage of
contaminants, particularly those reported to regulate microbial
status. Thus, we may examine the connections between
pollution scenarios and microbial states more comprehensively.
Physical transport as well as microbial transformation

processes are commonly believed to regulate nitrogen
concentration in rivers.75−79 However, the effect of abiotic
nitrogen transformation requires further investigation. There-
fore, the potential denitrification, dissimilatory nitrate reduc-
tion to ammonium, and ANAMMOX rates of sediments
should be evaluated using the 15N-labeled isotope experiment
to determine the microbial nitrogen removal capacities.80,81 To
distinguish between abiotic and biotic nitrogen transformation
pathways, isotopic tracing data might be compared with
nitrogen simulation and measurement differences. Hence,
these results can serve as the foundation for improving the
modeling of nitrogen conversion and strengthening the
conclusion.
The integrated analysis of other tools in conjunction with

hydrological simulation and microbial community composi-
tional and functional analyses may shed additional light on
microbial characteristics under various pollution scenarios. In
particular, the SourceTracker analysis, a method to understand
the dispersal dynamics of sediment microorganisms, can be
coupled with hydrological models to demonstrate how shifts in
imported microbes constrain riverine microbiota.82 Moreover,
the multiple stable isotope technique, which identifies the
source and destination of nitrogen, can be combined with
hydrological simulations to further enhance the ability to
distinguish pollution patterns.83,84 Therefore, the combination
of technologies provides a feasible method to distinguish
specific riverine pollution patterns and examine differences in
microbial composition and functionality between river catch-
ments with various pollution scenarios.
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