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The influence of river basin
nitrogen pollution sources and
their transport on microbial
community structure
Qianhang Sun1†, Jiangnan Li1†, Chunhe Zhou2, Weijun Jiang2*

and Kun Lei1*

1College of Environmental Science and Engineering, Ocean University of China, Qingdao, China,
2Lishui Ecological and Environmental Monitoring Center of Zhejiang Province, Lishui, China
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 Nitrogen and

Oxygen Stable Isotope Tools alongside microbiological analysis to explore

microbial characteristics and their responses to complex nitrogen pollution

patterns. Significant changes in microbial communities were observed in

watersheds with different complex nitrogen pollution sources migrating.

Complex nitrogen sources were closely associated with microbiota. The main

sources of nitrogen pollution in the dry season watershed were Manurc and

Sewage (M&S, 54.2%). M&S exhibited reducedmicrobial diversity, high number of

denitrification groups, and increased nitrogen cycling compared with others.

However, Soil Nitrogen sources (SN, 59.3%) in the watershed during the wet

season were the main contributors of nitrogen in the watershed. Eluviation

allows SN to increased microbial community similarity, in addition to

facilitating microbial immobilization processes. Overall, this study expands our

knowledge regarding microbial biogeochemistry in catchments and beyond by

linking specific nitrogen pollution scenarios to microorganisms.
KEYWORDS

riverinemicrobiota variations, complex anthropogenic nitrogen pollution, nitrogen and
oxygen stable isotope, nitrogen source analysis, microbial community responses
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1 Introduction

The influence of human activities on environmental quality is

intensifying markedly. Notably, wastewater from industrial,

agricultural, aquacultural, and domestic sources contributes to

substantial discharges of nitrogenous compounds into aquatic

ecosystems. This surge in nitrogen levels is exacerbating pollution

across these environments (Lawniczak et al., 2016). To mitigate

nutrient and nitrogen pollution in surface waters, numerous

countries, such as China, member states of the European Union,

and the United States, have implemented specific water quality

regulations (EC, 1997; GB3838-2002, 2002; USEPA, 2015). In river

ecosystems, nitrate pollution can lead to eutrophication and algal

blooms, which diminish oxygen availability for aquatic life. This

reduction in oxygen levels adversely impacts water quality, and

disrupts food sources and habitats for numerous aquatic organisms

(Diaz, 2001; Fenech et al., 2012). Microorganisms play a crucial role

in riverine nitrogen cycle networks, contributing to essential

processes such as nitrogen fixation, nitrification, denitrification,

and anaerobic ammonia oxidation (Kuypers et al., 2018). Nitrate

pollution impacts the microbial community by introducing

nutrients and wastewater-derived microorganisms, as well as by

altering habitat characteristics (Guo et al., 2019). Nitrate pollution

in rivers has emerged as a significant global environmental issue,

garnering widespread attention from society and researchers

worldwide (Xue et al., 2009). Furthermore, the impacts of nitrate

sources and transport on stream microbial communities and their

functions remain under-researched. There is a pressing need to

better characterize these microbes and elucidate their responses to

various sources of nitrogen pollution.

Nitrogen in rivers primarily accumulates in four forms: organic

nitrogen, ammonia nitrogen, nitrite nitrogen, and nitrate nitrogen

(Tobari et al., 2010). Nitrate, noted for its high solubility and

stability in surface water, constitutes the primary form of

nitrogen-containing pollutants in these waters (Zhao et al., 2020).

Differences in nitrate nitrogen isotope values (d15N) have been

observed among various sources. Additionally, the nitrate nitrogen-

oxygen double isotope signatures (d15N-NO3
− and d18O-NO3

−) are

employed to pinpoint the principal sources of NO3
− in surface

water (Xing and Liu, 2016; Xing et al., 2010; Xing and Liu, 2012;

Zhang et al., 2018). For instance, researchers have utilized nitrate

stable isotopes to determine that domestic wastewater is a

significant source of nitrate pollution in an agricultural watershed

(Cao et al., 2022). Similarly, Mayer et al. (2002) used NO3
− double

stable isotopes to determine possible sources of NO3
− in 16

watersheds in the United States (Mayer et al., 2002), and

Johannsen et al. (2008) determined the isotopic composition of

nitrate in five German rivers flowing into the North Sea (Johannsen

et al., 2008). Because the isotopic components of NO3
− from

different sources overlap and isotopic fractionation can blur the

initial distinction between isotopic compositions, there are still

some challenges in accurately estimating the relative

contributions of different NO3
− sources (Yi et al., 2020). The

MixSIAR model employs the Markov Chain Monte Carlo

(MCMC) algorithm, providing a more effective approach to

addressing uncertainty issues compared to the IsoSource and
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mass-balance mixing models. This includes handling complexities

such as seasonal variations in isotopes, isotope fractionation, and

contributions from multiple sources (Deutsch et al., 2006; Guo

et al., 2020; Nie et al., 2012).

Bacterial communities in rivers may react to rapid environmental

changes, including physical stressors like water flow and temperature

fluctuations, as well as chemical stressors such as nutrient levels

(Besemer et al., 2012). The transport of nitrate can be categorized

based on its sources: non-point sources, such as agricultural

cultivation, and point sources, including domestic and industrial

discharges. Additionally, soil leaching is recognized as a significant

source of nitrate in rivers (Wu and Chen, 2013). Wastewater

treatment plants (WWTP) serve as a point source of nitrate

pollution, and WWTP effluent can account for a significant

percentage of the flow in receiving waters. A recent analysis of

current conditions in the United States showed that WWTP

effluent accounted for more than 50 percent of stream flow in

more than 900 receiving systems at the point of discharge (Rice

and Westerhoff, 2017). Besides, China discharges more than 60

billion m3 municipal wastewater per year, of which more than 90%

is treated through WWTPs (Tong et al., 2020). The proportion of

effluent from wastewater treatment plants (WWTPs) relative to the

total flow in receiving waters frequently alters the bacterial diversity

within these streams (Price et al., 2018). Moreover, agricultural

activities during the irrigation season significantly contribute to

nitrate pollution (Mosley and Fleming., 2010). However, the

impacts of nitrate pollution from agricultural sources on the

structure and function of riverine microbial communities remain

poorly understood and require further clarification.

In the present study, we quantitatively apportion the sources of

NO3
− contamination in the Oujiang River watershed in East China

across two hydrological seasons (wet and dry) using an integrated

approach. This method combines nitrate dual stable isotope

signatures, hydrogeochemical parameters, land use patterns, and

the MixSIAR model. Additionally, we employed 16S rRNA gene

sequencing to analyze alterations in the community structure and

function of microbial communities, focusing on the impacts of

various pollution sources. We specifically aimed to (1) explore the

spatiotemporal variations of nitrogen concentrations in different

forms; (2) identify the NO3
− contamination sources with the

hydrogeochemical parameters and land use patterns by using

multivariate statistical approaches, assess the relative contributions

of potential NO3
− sources to Oujiang River watershed surface water

by using the MixSIAR model; and (3) to determine the characteristics

of prokaryotic microorganisms and their responses to different source

of nitrate pollution.
2 Materials and methods

2.1 Study area

The Oujiang River is located in the south of Zhejiang Province,

China. The basin ranges from 118°45′E – 121°00′E and 27°28′N – 28°

48′N in China with drainage area of 18,100 km2, mainly including the

Lishui City and Wenzhou City. The main river has a length 388 km
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and an elevation drop of 1.3 km. The average annual flow at the estuary

is approximately 612 m3/s. The main tributaries of the Oujiang River

are distributed in the form of dendrites. The area is dominated by in

industrial and agricultural land, and urban settlements. In addition, as

an important water source and sewage discharge channel in the area, it

plays a pivotal role in economic development and people’s lives. In

recent years, the continuous development of the economy and the

acceleration of industrialization have brought more and more serious

water pollution to the Oujiang River.
2.2 Sample collection

Water samples were collected from free-flowing reaches (FFRs)

between January 13–20, 2021 and June 10–17, 2021. A total of 26

surface water samples were collected in the whole basin of the

Oujiang River, including 18 from the main stream and 8 from the

main tributaries (Figure 1).
2.3 Sample analysis and
hydrogeochemical parameters

The pH, water temperature (T, ˚C), electrical conductivity (EC),

dissolved oxygen (DO), and oxidation-reduction potential (ORP/

Eh, mV) were measured in situ using a multiparameter portable

meter (HACH40d, USA) supplied by Hach Company (Loveland,

CO, USA). All water samples were collected at 0.5 m below the

water surface using two polyethylene bottles and preserved at 4˚C.
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They were then taken back to the laboratory and analyzed within 24

hours. Concentrations of chloride (Cl−), nitrate (NO3
−), nitrite

(NO2
−) , and ammonium (NH4

+) were analyzed using

ionchromatography (Dionex ICS-600). The d15N-NO3
− and d18O-

NO3
− values were obtained using the denitrifier method, by which

NO3
− was converted into nitrous oxide by Pseudomonas

aureofaciens, and then detected using an isotope ratio mass

spectrometer (IRMS,Isoprime100, Cheadle , UK) after

concentration and purification by the trace gas system (Liu

et al., 2018).
2.4 Nitrate dual stable isotope analysis

The nitrogen and oxygen isotopic analysis followed (McIlvin

and Altabet, 2005) by the chemical conversion of nitrate and nitrite

to nitrous oxide. International standards (USGS-32 and USGS-34)

were applied to calibrate “blank” samples. The stable isotopic rates

were expressed in parts per thousand (‰) relative to N2 in the

atmosphere and Vienna Standard Mean Ocean Water for d15N and

d18O, respectively:

dsample =
Rsample

Rstandard
�1

� �
� 1000 (1)

In Equation 1, dsample is the stable isotope ratio in the samples.

Rsample and Rstandard are the ratios of 15N/14N or 18O/16O in the

samples and the standards, respectively. Sample analysis had an

average precision of ± 0.2‰ for d15N and ± 0.5‰ for d18O,
respectively (Ji et al., 2017).
FIGURE 1

Location of the sampling sites in the Oujiang River Basin, China. There were 26 sampling sites in the study region, covering 8 tributaries of the
Oujiang River.
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2.5 SIAR mixing model

In this study, the SIAR mixing model was applied to estimate

proportional contributions of NO3
− sources to river water samples.

The model is also applicable when multiple pollution sources exist

simultaneously, and the uncertainty of the data is taken into

account. By defining J isotopes of K sources and N mixtures, the

equations were as follows (Parnell et al., 2010).

Xij =oK
k=1pk(Sjk + Cjk)

+ eij Sjk∼N(mjk,w2
jk)Cjk∼N(ljk, t2jk)ejk∼N(0,s2

j ) (2)

In Equation 2, Xij is the isotope value j of the water sample i (i =

1, 2, 3…N; j = 1,2,3…J); Pk is the proportional contribution of

source k, which is calculated using SIAR; Sjk is the isotope value j of

source k (k = 1, 2, 3…K) and followed a normal distribution with

mean mjk and standard deviation w2
jk; Cjk is the fractionation factor

for isotope j on source k and followed a normal distribution with

mean ljk and standard deviation t2jk; and eij is the residual error for
isotope value j in mixed sample and followed a normal distribution

with mean = 0 and standard deviation s2.
In the MCMC mixing model, the isotope values of water

samples were used as the “consumers”, and the “sources” profiles

consisted of the average and standard deviation of each potential

source obtained from the references (Supplementary Table S1). The

fractionation factor was used as “corrections”. MCMC mixing

model was run by using the SIAR package (Katzenberg and

Waters-Rist, 2018), with a burn-in of 40,000 iterations; the model

was run 400,000 times.

To estimate the contributions of NO3
− sources in the Oujiang

River, we used 4 potential sources of NO3
−: atmospheric deposition

(AD), nitrogen from soil (SON), nitrogen fertilizer (NF), and

manure and sewage (M&S) were applied as specific isotope values

in this study. As shown in (Supplementary Table S1), firstly, soil

samples are mainly composed of organic nitrogen. The mean d15N
value was 5.0 ± 1.5‰ for SON, which was in the reported ranges

summarized (Tobari et al., 2010). Then, Tobari measured the d15N
of synthetic fertilizers when studying several rivers located in the

Loess Plateau. The d15N range of ammonium bicarbonate/urea/

ammonium sulfate was 0.3 ± 3.0‰. Finally, the mean d15N value of

M&S was 11.3 ± 0.2‰ (Zhang et al., 2018). Because denitrification

was not identified in NO3
− of surface water as described in “Results

and discussion,” Cjk was set as zero (Tobari et al., 2010).
2.6 DNA extraction, PCR amplification, and
16S rRNA gene amplicon sequencing

The CTAB/SDS method was used to extract the total genome

DNA in samples. DNA concentration and purity were monitored

on 1% agarose gels. According to the concentration, DNA was

diluted to 1ng/μL with sterile water. The V3-V4 region of the

microbial 16S rRNA gene was amplified by using the universal

primers 341F (5′-CCT AYG GGR BGC ASC AG-3′) and 806R (5′-
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GGA CTA CNN GGG TAT CTA AT-3′). Mix an equal volume of

1X loading buffer (contained SYB green) with PCR products and

perform electrophoresis on 2% agarose gel for DNA detection. The

PCR products were mixed inequal proportions, and then Qiagen

Gel Extraction Kit (Qiagen, Germany) was used to purify the mixed

PCR products. Following manufacturer’s recommendations,

sequencing libraries were generated with NEBNext® Ultra™

IIDNA Library Prep Kit (Cat No. E7645). The library quality was

evaluated on the Qubit@ 2.0 Fluorometer (Thermo Scientific) and

Agilent Bioanalyzer 2100 system. Finally, the library was sequenced

on an Illumina NovaSeq platform and 250 bp paired-end reads

were generated.
2.7 Statistical analysis

The 16S rRNA gene sequence data were processed by using two

pipe-lines, LotuS (Hildebrand et al., 2014) and QIIME v1.9.1 as

described previously. In brief, the paired-end reads were quality

trimmed, merged, and clustered into operational taxonomic units

(OTUs) with a threshold of ≥ 97% similarity. The reads of each

OTU were classified using the Ribosomal Database Project classifier

(80% confidence) based on the SILVA database v132. Quantitative

analysis was performed using thespecies sequence abundance data

from each sampling site. We calculated a diversity and b diversity

using the ‘vegan’ package (v 2.6-4) in R. Linear discriminant

analysis and effect size (LEfSe) analysis were performed using

LEfSe software. Network analysis (MENA) was conducted using

Spearman correlations of log-transformed OTU abundances. A

threshold for the network was determined using the random

matrix theory (RMT)-based method, which automatically defines

the threshold (http://ieg4.rccc.ou.edu). FAPROTAX is mainly used

for predicting functional profiles of biogeochemical cycling

processes (especially the cycling of carbon, hydrogen, nitrogen,

phosphorus, sulfur and other elements) in environmental samples.
3 Results and discussion

3.1 Key environmental variables relating to
microbial community composition

All sequences were classified into 67 phyla (Supplementary

Figure S1), The Mantel test indicated that the TN concentration in

water (R = 0.35, p = 0.003) was the most significant factor correlated

with microbiota composition. Co-occurrence Network results also

showed that the N concentration in water was the most relevant

factor (R2 = 0.61, p = 0.002) for microbiota compositions (Figure 2).

In addition, nitrate and ammonia were associated substantially with

microbial populations. These results confirmed the hypothesis that

nitrogen concentration in the Oujiang River is a primary factor

influencing the structure of microbial communities. Therefore,

further investigation into the specific responses of microorganisms

under various patterns of nitrogen pollution is warranted.
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3.2 Identification of nitrogen migration and
transformation process

3.2.1 Characterization of hydrochemistry in dry
and wet season

A summary of water quality variables measured at the 26 sampling

sites in dry/wet season of the Oujiang River (Supplementary Figure S2).

In dry season, NO3
−-N concentrations of samples collected in the water

body ranged from 0.30 to 1.99 mg·L−1, with an average concentration

of 0.96 mg·L−1, the concentration of NO2
−-N is from 0.01 to 0.14

mg·L−1, with an average of 0.03 mg·L−1, and the concentration of

NH4
+-N ranges from 0.04 to 1.06 mg·L−1, with an average value of 0.28

mg·L−1. In wet season, NO3
−-N concentrations of samples collected in

the water body ranged from 0.32 to 3.31 mg·L−1, with an average

concentration of 1.67 mg·L−1, the concentration of NO2
−-N is from

0.01 to 0.03 mg·L−1, with an average of 0.02 mg·L−1, and the

concentration of NH4
+-N ranges from 0.02 to 0.72 mg·L−1, with an

average value of 0.16 mg·L−1. The concentration of NO3
−-N in water in

wet season was higher than that in dry season. In general, NO3
−-N

accounted for the highest concentration of inorganic nitrogen

(Supplementary Figure S3) and was the main pollutant, followed by

NH4
+-N and then NO2

−-N.

The DO concentrations of the basin averaged at 10.9 ±

0.96 mg·L−1 in dry season, and at 10.9 ± 0.96 mg·L−1 in wet

season, suggesting oxidation environment. People studied the

behavior of the nitrification system during consecutive changes in

DO values (Ruiz et al., 2003). The results showed that DO had no

influence on nitrite accumulation at values of 2.7–5.7 mg·L−1.

Elevated riverine Cl− concentrations are derived from

fertilizer, manure and wastewater discharge, etc. It can often

serve as an indicator of different pollutant sources, due to Cl−

which has good stability (Kellman and Hillaire-Marcel, 1998;

Mengis et al., 1999). The concentration of Cl− is from 14.40 to

46.50 mg·L−1, with an average of 28.74 mg·L−1 in dry season. The

concentration of Cl− is from 10.03 to 23.54 mg·L−1, with an

average of 13.88 mg·L−1 in wet season. Most samples show low

NO3
−/Cl− ratio (< 0.1) and high Cl− concentration. It indicates

that domestic sewage and livestock manure are one of the main
Frontiers in Marine Science 05
possible sources of nitrate (Yue et al., 2017). The NO3
−/Cl− ratio in

wet season is higher than that in dry season, the ratio of influence

of agricultural non-point source fertilizer is higher in irrigation

season (Pei et al., 2022).

3.2.2 Transformation of NO3
−

The application of NO3
− stable isotope technology for

identifying the sources of NO3
− in riverine environments relies

on the inherent stability of NO3
−-N once it enters the aquatic

system. During the migration and transformation of nitrogen in

aquatic environments, a series of biochemical processes including

nitrification, denitrification, nitrogen fixation, mineralization, and

volatilization lead to nitrogen isotope fractionation. This

fractionation significantly influences the isotopic composition of

both nitrate nitrogen and oxygen. Notably, processes such as

mineralization and nitrogen fixation typically exhibit less

pronounced isotopic fractionation (Jin et al., 2021). The process

of ammonia volatilization is governed by pH levels. At a pH of

approximately 9.3, NH4
+ in aqueous solutions is converted to NH3.

When the pH is below 9.3, ammonia nitrogen remains in its ionic

state (Kendall, 1998). In the study area, the pH value at each

sampling point was below 9.3, indicating that the effect of

ammonia volatilization on nitrate isotope composition was

negligible. Nitrification, the oxidation of NH4
+ to NO3

−, plays a

pivotal role in the nitrogen cycle and serves as a crucial mechanism

for replenishing NO3
− in the natural environment. Theoretically,

during nitrification, two-thirds of the oxygen atoms should

originate from water, while the remaining one-third should come

from atmospheric O2 (Bottcher et al., 1990). From this, the

following formula can be obtained:

d18O ‐NO−
3 =

1
3
d18O ‐O2 +

2
3
d18O −H2O (3)

The theoretical value of d18O-O2 in the atmosphere is 23.5‰,

d18O-H2O is usually between −25‰~4‰. According to Equation 3,

if nitrification occurs process occurs, d18O-NO3
− values should

range from −8.33‰ to 10.5‰ (Pei et al., 2022). The d18O-NO3
−

values in both dry and wet seasons were within the range, so the
FIGURE 2

Network diagram of the correlation between microorganisms and environmental factors: (A) the dry season; (B) the wet season.
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conversion process of nitrate in the Oujiang River Basin is mainly

nitrification (Figure 3). In addition, the effect of isotope

fractionation can be ignored when the nitration reaction

is complete.

Denitrification refers to the reduction process of NO3
− to

nitrogen (N2) and nitrous oxide (N2O) under anaerobic

conditions, which can effectively reduce the degree of

NO3
−pollution in water (Brandes and Devol, 1997). Some

relevant studies have suggested that denitrification causes a

correlation between d15N and d18O in the ratio of 1.3 to 2 in the

aquatic system. Oujiang River basin samples were basically not in

this range, in addition, OU11 samples has denitrification process in

the water body due to the interception effect of gates and dams. In

addition, denitrifying enzyme requires O2 concentration lower than

0.2 mg/L (Yue et al., 2014). The average DO value in the Oujiang

River basin was 10.9 mg/L in the dry water season and 10.1 mg/L in

the wet water season. Therefore, the fractionation effect of

denitrification on isotope production is not considered, and the

fractionation factor Cjk in Equation 3 is set to 0.

3.2.3 Spatial-temporal variations of nitrate
isotopic signatures and Source contributions

In the Oujiang River basin, the d15N-NO3
− and d18O-NO3

−

ranged from 2.17‰ – 23.09‰ and −6.64‰ – 9‰, respectively,

during the wet season, and were slightly higher during the dry

season (d15N-NO3
−,0.56‰ – 10.1‰; d18O-NO3

−, −0.86‰ –

9.87‰). The results showed that exogenous nitrate inputs in the

Oujiang River Basin were mainly FN (Nitrogen Fertilizer), SN (Soil

Nitrogen) and M&S (Manure&Sewage) (Figure 4).

The classic dual isotope bi-plot approach facilitated tracing the

dominant sources affecting NO3
− concentrations in the river

system. The typical d15N value of NO3
− in precipitation ranged

from −3 to +7‰ (Xu et al., 2014). NH4
+ fertilizer and NO3

−

fertilizer were commonly used synthetic fertilizers, which were
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produced by atmospheric N2 fixation; thus, the d15N value of

these fertilizers was similar, ranging from −6 to +6‰ (Kendall,

1998). The d15N-NO3
− deposited through soil nitrogen exhibited a

large variation, with values ranging from 0 to +8‰ (Kendall, 1998).

The NO3
–N derived from M&S generally had a high d15N value

ranging from +3 to +17‰ (Xu et al., 2014). For d18O, NO3
− in

precipitation and NO3
− fertilizer had the typical value ranging from

+25 to +70‰ and +17 to +25‰, respectively (Kendall, 1998;

Amberger and Schmidt 1987), while the d18O-NO3
− values

sourced from microbial nitrification of NH4
+ fertilizer, N soil and

M&S often vary from −5 to +15‰ (Kendall, 1998; Mayer

et al., 2001).

Figure 4 illustrates that the d15N- NO3
− and d18O- NO3

− values

for the majority of water samples fall within the typical range

observed for manure and sewage, soil nitrogen, and nitrogen

fertilizer. This suggests that these three sources are the primary

contributors to NO3
− levels in the Oujiang River Basin. This finding

corroborates the conclusions from the analysis presented in section

3.2.1. Notably, the isotopic signatures of some samples overlap with

those of the three primary nitrate sources. Comparative analysis

between the wet and dry seasons reveals that the contribution of soil

nitrogen as a nitrate source is more significant during the wet

season. This difference is likely due to increased precipitation, which

enhances soil leaching and the subsequent transport of nitrate into

the river. As a result, the prominence of soil nitrogen as a source of

nitrate in the Oujiang River Basin escalates during the wet season.

The results of the MixSIAR simulation showed that the

contribution of M&S to nitrate in the basin was 54.2% during the

dry season, which was significantly higher than during the

abundant water season (21.6%). This difference may be an

amplification effect due to low flows during dry seasons (Ongley

et al., 2010). In addition, SN was the main source of exogenous

nitrate in the Oujiang River basin during the abundant water

season, contributing 59.3%, which was slightly higher than during
FIGURE 3

The shaded region in the plot represents the area corresponding to nitrification, comparing the d18O values of water (H2O) and nitrate (NO3
−).
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the dry water season (36.1%) (Figure 5). Precipitation is high during

seasons of abundance, and previous studies have shown that

precipitation may lead to intensive leaching of AF (Atmospheric

Deposition) and SN, resulting in their high contribution to nitrate

pollution in receiving waters (Jiang et al., 2021). There is a

consistent relationship between land use types and water

chemistry indicators, as evidenced by the MixSIAR model

calculations (Supplementary Figure S4).
3.3 Relationship between nitrogen sources
and microbiota compositions

Based on the contribution of nitrogen sources (greater than

50%) from the two seasons simulated by the MixSIAR model

(Supplementary Figure S5), the sampling sites were categorized

into three groups: SN, FN, andM&S. The samples from SN, FN, and

M&S clustered into three distinct groups, thereby confirming the
Frontiers in Marine Science 07
hypothesis that basins with different contaminant transport modes

support distinct microbial communities.

The microbiota of M&S exhibited significantly higher species

richness (p = 0.041; Wilcoxon rank-sum tests) (Figure 6A) and

community diversity (p = 0.020; Wilcoxon rank-sum tests)

(Figure 6B) than those of FN and SN, indicating increased

within-habitat diversity. FN and SN demonstrated a higher

number of microbial species than M&S. This may be due to the

following: (1) the presence of hazardous substances in the effluents

of M&S, such as halogenated organics and antibiotics, possibly

prevent the propagation of certain microbes in the receiving rivers

(Zhang et al., 2020) and (2) M&S source-influenced regions,

excessive nitrogen levels may help homogenize the microbial

communities, engendering the loss of majority of the species and

substitution with less expanding species, thereby reducing

biodiversity (Monchamp et al., 2018). Our findings indicated that

the microbial community in M&S exhibit reduced microbial

population size and diversity, thereby potentially favoring certain
FIGURE 5

The proportional contributions of each pollution source are depicted in boxplots, illustrating the 5th, 95th, mode, and mean values for both (A) the
dry season and (B) the wet season.
FIGURE 4

Plot of d15N-NO3
− versus d18O-NO3

−.
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functional groups and causing biotic homogenization (Drury et al.,

2013; Lu et al., 2014). The results of the community distance

analysis revealed (Supplementary Figure S7) that microbial

community distances generally increased with the rising

contribution of nitrogen sources, accompanied by a decrease in

similarity. Interestingly, during seasons of abundant water, a

notable pattern emerged: microbial communities displayed

decreasing community distances and increasing similarity as the

contribution of soil nitrogen increased.

In the indicator species analysis, distinct indicator species were

identified for each of the two water seasons across the SN, FN, and

M&S groupings, as shown in Figure 7. During the dry season, the

M&S group exhibited higher indicator values compared to the FN

and SN groups. Conversely, during the wet season, the FN group

displayed larger indicator values than the other two groups. This

variation may be attributed to the relatively high discharge of

domestic wastewater in winter when river volumes are low and it

is not the agricultural irrigation season. Conversely, in summer,

agricultural activity peaks, leading to increased use of fertilizers and

enhanced runoff from rainwater scouring, which carries more

paddy water into the river (Li et al., 2023). Higher effluent

concentrations correlated with a decrease in hgcI_clade

abundance, while simultaneously matching the patterns of genes

associated with nitrogen cycling pathways, such as denitrification
Frontiers in Marine Science 08
and nitrogen fixation, as detailed by (Ruprecht et al., 2021). Within

the SN group, Chryseobacterium is identified as a pivotal taxon in

woodland soil microbial communities, playing a significant role in

the decomposition of apoplastic materials (Zheng et al., 2021).

Additionally, Leptospira bacteria within the FN group serve as

important indicator flora for the rice field root system, effectively

signaling the agricultural contribution to nitrate nitrogen levels

(Zheng et al., 2021). The findings from the indicator flora analysis

offer significant research value for future efforts in tracing

nitrogen pollution.

In the dry season, significantly higher levels of predicted

functions involved in nitrate reduction (p< 0.05), nitrate respiration

(p< 0.1), and nitrogen respiration (p< 0.1), as determined by the

Kruskal-Wallis test, were observed in the M&S group compared to

other groups (Figure 8). These findings align with previous analyses

indicating that M&S sources can accelerate nitrogen transformation

in rivers. This effect is likely due to the fact that sewage from point

sources undergoes various wastewater treatment processes before

being discharged into the river, thereby creating unique

microenvironments that foster the aggregation of nitrogen-related

taxa (Potgieter, 2019). Additionally, anaerobic microbes were found

to be more abundant in M&S than in FN and SN, suggesting that

these locations are ideal for anaerobic denitrification processes. In

contrast, during the wet season, chemical nitrogen fertilizers are
FIGURE 6

Wilcoxon rank-sum tests for the (A) Chao index and (B) Simpson index for the M&S group, the SN group, and the FN group.
FIGURE 7

Indicator species for the (A) dry season and (B) wet season for the M&S group, the SN group, and the FN group.
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necessary throughout the growth seasons of crops to achieve

sufficient yields. However, the nitrogen use efficiency for cereals

has fallen to approximately 34% (Food and Agriculture Organization,

2022), with the remaining approximately 56% of nitrogen fertilizer

lost to land and water systems (Guo et al., 2023). Consequently, FN

and SN are associated with increased nitrogen fixation and

nitrification processes in the water column (Li et al., 2020).

Nonetheless, field data revealed no significant differences in

dissolved oxygen (DO) levels between M&S, FN, and SN.
4 Conclusions

This study investigates the relationship between bacteria and

complex nitrogen pollution sources in the water column of a

watershed affected by terrestrial nitrogen inputs, an area that has

been relatively underexplored. It addresses the challenges associated

with identifying and tracking nitrogen pollution sources. Using

nitrogen and oxygen stable isotope techniques alongside

microbiological analyses, the study examines microbial

characteristics and their responses to diverse nitrogen pollution

patterns. The primary nitrogen sources in the watershed are soil

nitrogen, agricultural inputs, and domestic sources, each with varying

contributions across different seasons: M&S (54.2%) predominates

during the dry season, while SN (59.3%) is more significant during

periods of high water flow. The study reveals significant shifts in

microbial communities in response to different nitrogen sources.

Specifically, regions influenced by M&S showed reduced microbial

diversity, elevated denitrification rates, and enhanced nitrogen

cycling compared to other areas. Conversely, SN and FN sources

were associated with increased nitrogen fixation and nitrification

processes in streams. Overall, this study enhances our understanding

of microbial ecological dynamics in watersheds affected by nitrogen

pollution, extending beyond specific local contexts.
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