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Abstract Excessive nitrogen (N) loading has had se-
vere consequences in coastal zones around the world.
Denitrification and anammox are major microbial path-
ways for removing N in aquatic environments before it
is exported to the coast. To assess two processes in
eutrophic riverine systems, the denitrification and
anammox and their bacterial participants were investi-
gated in sediments of the Xiaoqing (XQ) River and
Jiaolai (JL) River in Northeast China. By combining
the evidence from N15 isotope tracing experiment and
functional gene-based analysis, it was found that deni-
trification and anammox are ubiquitous along the inves-
tigated riverine sediments. The denitrification varied
from 39.38 to 1433.01 nmol N2 m−2 h−1. Moreover,
the anammox rates were in the range of 15.91 to
1209.97 nmol N2 m−2 h−1. Quantitative PCR results
revealed that the nirK and nirS genes were in the order
of 104–106 copies g−1 and 103–105 copies g−1, respec-
tively, in both river sediments, while the hzsAwas in the
order of 106–105 copies g−1 in XQ at approximately two

orders of magnitude compared with JL. The phyloge-
netic analysis of functional genes revealed the high
diversity of the denitrifier and low diversity of anammox
bacteria. Variance partitioning analyses verified that the
grain particle characteristics were the major factor group
determined the N removal efficiency. The denitrification
and anammox processes were estimated to have re-
moved 16.1% of the inorganic nitrogen inputs before
being exported to Laizhou Bay, which highlights that a
more extensive understanding of the regularity of the N
removal processes is important in the technical remedi-
ation of eutrophication problems.

Keywords Denitrification . Anammox . Functional
community .Geochemical constraint . Eutrophic riverine
sediments

1 Introduction

Substances containing N that leak into the environment
as a result of inefficient fertilizer usage have led to
aquatic eutrophication problems around the world, par-
ticularly in estuarine and coastal zones (Painting et al.
2007; van Wijnen et al. 2015). The application of N
fertilizer has increased the crop production to levels that
enable the feeding of 40% of the world’s population,
while 50–70% of the applied fertilizer have been lost
into the water and air environment over the past century
(Masclaux-Daubresse et al. 2010). The negative effects
of the increased nitrate input are visible in coastal envi-
ronments and inc lude biodiver s i ty losses ,
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eutrophication, harmful algal blooms, and in more se-
vere cases as hypoxia and even dead zones (Diaz and
Rosenberg 2008; Qu and Kroeze 2010). Considering the
growing population and increased use of irrigation, fer-
tilizer usage is predicted to increase (Liu et al. 2005).
Hence, the N eutrophication of aquatic environment is
expected to severely situation (Strokal et al. 2014).

The biochemical removal of N in natural rivers re-
duces the delivery of N to coastal ecosystems and con-
trols the development of marine eutrophication and dead
zones (Donner and Kucharik 2008). It is estimated that
40 to 80% of N can be removed through assimilatory
and dissimilatory processes before being exported to
oceans (Breemen et al. 2002). Denitrification and
anammox are the only two known microbiological path-
ways that can permanently remove N from aquatic
systems by the end products of gaseous N2 or N2O.
Denitrification is a step-wise anaerobic reduction from
nitrate to nitrite, nitric oxide, nitrous oxide, and ulti-
mately N2, through a complete reaction, or to N2O
through an incomplete reaction. Several environmental
conditions have been identified as key factors in con-
trolling the denitrification rates, including temperature,
nitrate concentrations, oxygen supply, water content,
and even aquatic plants (Alldred and Baines 2016, Liu
et al. 2015, Small et al. 2016, Speir et al. 2017).
Anammox is also an anaerobic process converting am-
monium with nitrite to N2 as the end product. The rates
of anammox may vary depending on the available am-
monium and nitrite competing with nitrification and
denitrification. Previous studies on N removal in natural
aquatic environments have suggested that denitrification
and anammox are ubiquitous in anaerobic environ-
ments; however, their contributions may exhibit spatial
and temporal variations. For example, anammox has
been found to account for approximately 7% of N2

production in clay sediments, and for up to 58% in sand
sediments at the Hampshire Avon Catchment, UK
(Lansdown et al. 2016). Regarding the importance of
denitrification and anammox in the efficiency of N
removal in aquatic ecosystems, the available knowledge
is still inadequate in terms of their responses and contri-
butions under eutrophic constrains (Tang et al. 2018).

It is commonly assumed that microbial-mediated
processes should be affected by the characteristics of
their functional community, including abundance and
diversity (Rocca et al. 2015). Both the nirK and nirS
genes are frequently targeted to investigate denitrifier
communities because they encode nitrite reductase

which catalyzes the rate-limiting step of denitrification
(Petersen et al. 2012). The hzsA gene, which encodes
hydrazine synthase, has been proposed by studies that
investigated anammox bacteria (Harhangi et al. 2012).
Moreover, previous studies have reported that the func-
tional gene abundance is positively related to the deni-
trification rate in riverine channels and coastal sedi-
ments (Guentzel et al. 2014; Zhang et al. 2018; Fozia
et al. 2020). However, inconsistent trends have also
been observed, which indicates that the environmental
conditions, rather than the bacterial communities, main-
ly influence the denitrification rates (Lindemann et al.
2016; Temasek et al. 2017; Liu et al. 2018). It has been
suggested that the denitrifier quantities may be the rate-
limiting factor of the denitrification rates in oligotrophic
environments, such that the nir gene abundances may
appear to influence the denitrification rates. However,
varying physicochemical conditions can restrict the de-
nitrifier capacities in eutrophic environments, which
may weaken the correlations between the genes and
rates (Liu et al. 2018). Anammox bacterial communities
and their biogeochemical activities have been observed
in diverse environments (Crowe et al. 2017), but the
relationship between the microbial communities and the
anammox rates has rarely been reported, and the asso-
ciations between the gene abundance and the process
rates remain largely uncertain.

For semi-enclosed bays, N overloading can cause
more severe problems on water quality owing to the
weak water exchange. Laizhou Bay is a typical semi-
enclosed inner sea in the southern Bohai Gulf of North
China. According to the Chinese Ocean Environmental
Quality Bulletin in 2013, more than one-fourth of
Laizhou Bay failed to satisfy the grade IV national sea
water quality standard, and N was found to be the
primary pollutant leading to the deterioration of water
quality and algal bloom onsets. Riverine inputs have
been identified as the main source of N eutrophication,
carrying approximately 13 thousand tons of dissolved
inorganic nutrients (DIN) into Laizhou Bay every year
(Zhang et al. 2006). Among these rivers surrounding
Laizhou Bay, Xiaoqing (XQ) River and Jiaolai (JL)
River are major contributors to eutrophication and their
DIN discharges during 2013 have been reported as high
as 3213 tons. This study investigated the denitrification
and anammox patterns in the removal of N within the
XQ and JL sediments with the objective of clarifying the
biotic and abiotic variables affecting these two process-
es. Previous studies doubted that the denitrification and
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anammox processes would be accelerated under the
impacts of the amount of substrate supply and abun-
dance of functional microbes in eutrophic rivers (Kim
et al. 2016; Lin et al. 2020). The denitrification and
anammox rates along the XQ and JL Rivers were deter-
mined using the isotope pairing method (IPM). Addi-
tionally, DNA-based analyses were carried out to verify
the distribution of functional bacteria and estimate their
relationship with the N removal rates. This study had the
following objectives: (1) verify the occurrence of deni-
trification and anammox processes in the sediments of
two rivers; (2) investigate the control of environmental
parameters and functional communities on the process
rates and identify their relationships; (3) clarify the
mechanism of N removal processes under eutrophic
conditions and their contribution to the N loading of
Laizhou Bay from the two eutrophic rivers.

2 Materials and Methods

2.1 Study Site and Sampling Procedure

XQ and JL are located north of Shandong Peninsula in
the south coastal area of Laizhou Bay. The mean annual
rainfall of the river basin is approximately 740 mm, with
70–75% of precipitation occurring in the wet season
from July to September (Liu et al. 2007). XQ is the
second largest freshwater input to Laizhou Bay, estimat-
ed at 1.9 × 109 m3/year and flowing from the southwest-
ern coast into Laizhou Bay. From the river’s 216-km
length, four sites were selected with regard to their
runoff and eutrophication from the estuary to the
upstream 78-km meandering area, which is close to
the petrochemical manufacturing base. In the southeast-
ern part of Laizhou Bay, JL mainly flows through agri-
cultural areas. As a smaller river, it dries up occasionally
during the dry season. Four more sites were selected in
the 50-km downstream area from JL’s total length of
130 km. The study areas of the eight sampling sites are
shown in Fig. S1.

Sampling was carried out during the low tide from
the riparian zone in April, August, and October of 2012
to account for seasonal variations. However, sampling
was not conducted in winter because the river was
frozen. All samples were labeled with site names
followed by the month of collection. Sediment samples
were collected in triplicate from the 5-cm surface of
each site using a 5-ml syringe with the top removed

for molecular microbial analysis. The samples were
immediately stored in liquid N and transported to the
laboratory. Then, the samples were stored at − 80 °C
prior to being used for DNA extraction. Additional
sediment samples were collected in triplicate using a
20-ml syringe to measure the geochemical variables,
and were stored in a cooler at 4 °C before analysis. For
all samples, six sediment cores (depth of 5 cm) were
collected in perspex tubes (internal diameter of 3.4 cm,
length of 0.2 m) and stored in a refrigerator at 4 °C for
denitrification and anammox rate measurement. The
overlying water was filtered through a 0.2-μm mem-
brane and also collected to measure the rate in the two
processes.

2.2 Investigation of Geochemical Variables

The physicochemical properties of the overlying water,
including the temperature, pH, and salinity, were mea-
sured in situ using model 556MPS YSI. The interstitial
water nutrients and sediment characteristics, including
the particle diameter, water content, organic carbon
(OC), and total N (TN), were determined from the
sediment cores collected in triplicate. For nutrient anal-
ysis, interstitial water was obtained by centrifugation
(10 min at 5000×g). The nutrient concentrations, includ-
ing NH4

+-N, NO2
−-N, NO3

−-N, and PO4
3—P, were

measured using standard colorimetric methods in an
AA3 segmented flow analyzer (Seal Analytical GmbH,
Germany). The grain-size parameter of the mean diam-
eter was investigated using a laser diffraction instrument
(Malvern Mastersizer 2000, Malvern, UK). The water
content percentage was determined by dividing the loss
weight by the wet weight of the sediment. Freeze-dried
sediment samples were used to measure the OC and TN
in an elemental analyzer (Elementar, Vario Micro).

The wet weight of the sediment was recorded, and
the sediment was subsequently freeze-dried for 48 h to
determine the dry weight. The sediment volume was
15.71 cm3, as calculated by multiplying the cross-
sectional area of the syringe by the depth of 5 cm. The
wet bulk density was determined by dividing the wet
weight by the sediment’s volume.

2.3 Determination of Denitrification and Anammox
Rates

The sediment cores were overlaid with filtered-sterilized
water collected from the sampling site and equilibrated
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overnight in a bath at the in situ temperature. Na15NO3

solution (abundance of 15N: 99.3%, Sigma) was added
to every tube with 12.5μmol or 25.0μmol to obtain two
sets of cores with different nitrate amendments (four
replicate cores in each set). Thus, the denitrification
and anammox could be measured using the isotope
pairing technique (Dong et al. 2002; Risgaard-Petersen
et al. 2003). The cores were immediately sealed with a
rubber plug and re-equilibrated for 30 min to homoge-
nize the distribution of the added 15NO3

−, and then
incubated at the in situ temperature for 3 h. The refer-
ence cores of the two concentration sets were sacrificed
at the beginning of incubation by adding 0.5 ml of
ZnCl2 solution (50%, wt/vol). At the end of the incuba-
tion, 0.5 ml of ZnCl2 solutionwas added to terminate the
reaction. The sediment and water in each core tube were
carefully mixed and a sample of the slurry was removed
with a syringe inserted into a head-space anaerobic
bottle containing 100 μl of ZnCl2. Then, the masses
wherein N2 was produced with the m/z values of 28,
29, and 30 in the slurry samples were extracted and
measured using a gas chromatographer coupled with
an isotope ratio mass spectrometer (Gasbench-
MAT253, Thermo Fisher Scientific, USA). The N pro-
duction rates of denitrification and anammox were cal-
culated using the formula proposed by Risgaard-
Petersen et al. (2003).

2.4 Measurement of Denitrification and Anammox
Bacterial Abundance and Biodiversity

DNA was extracted from the 0.50 g wet weight of the
triplicate sediment samples using the PowerSoil DNA
Isolation Kit (Mo Bio Laboratories, USA). All qPCRs
were carried out using a 7500 Fast Real-Time PCR
System (Applied Biosystems, USA). The PCR reaction
mixtures contained 12.5 μl of 2 × SYBR Premix Ex Taq
(TaKaRa Biotechnology, China), 200 nmol of forward
primer and 200 nmol of reverse primer, and 1 μl of
DNA template in a final volume of 25 μl. The primer
sets and conditions used for the qPCRs are summarized
in Table S1. Attempts were made to detect the hzo gene
which encodes the hydrazine oxidoreductase that dehy-
drogenates hydrazine to dinitrogen gas. However, these
attempts were not successful for any samples using the
primer set of hzocl1F1-hzocl1R2 (Li et al. 2010).

Standard DNA plasmids were prepared by cloning
the target gene fragment, which was amplified by the
sediment samples using the same primer as that used for

qPCR. The gene fragments in the standard plasmid
DNA were confirmed by their sequences, which are
presented in Table S2. The copy number in the standard
solution was calculated using a previously proposed
method (Li et al. 2015). Standard samples and no-
template controls were analyzed in triplicate. For every
qPCR run, the standard target DNAs were included in
the 96-well plate. The data were analyzed against the
standard curve using the 7500 software ver. 2.0.6 (Ap-
plied Biosystems), and then converted into copies per
gram of sediment.

The clone library approach was employed to charac-
terize the functional microbial community and deter-
mine the participants to the N removal processes in the
two rivers. Based on the denaturant gradient gel electro-
phoresis (DGGE) gel images (for detailed methods and
results, see supplementary material S1), several samples
were selected to construct the nirK, nirS, and hzsA
clone libraries for phylogenetic analysis. The primer sets
and conditions used for amplification are summarized in
Table S1. The PCR products were cloned and then
sequenced after confirming that the inserted DNA frag-
ments had appropriate sizes. The sequences were clus-
tered into operational taxonomic units (OTUs) using the
Mothur program, which employs employing the furthest
neighbor algorithm (Schloss et al. 2009). The partial
sequences were aligned within the same region of the
closest strains available in the GenBank database using
the BLAST facility. The sequence alignment was
achieved using ClustalW. The phylogenetic trees were
constructed in Mega 5.0 using the maximum-likelihood
(ML) method (Tamura et al. 2011).

The unique functional nucleotide sequences generat-
ed in this study were deposited in the GenBank database
with the following accession numbers: MK497295 to
MK497556 for nirK, MK497557 to MK497726 for
nirS, and MK497258 to MK497294 for hzsA.

2.5 Statistical Analysis

Before these statistical analyses, normal distribution of
all dataset was checked by carrying out the Shapiro-
Wilk test. The non-normally distributed data were sub-
jected to natural log or square root transformation.

One-way analysis of variance (ANOVA) tests were
conducted to evaluate the significant differences among
the environmental parameters, functional bacterial
abundances, and N removal rates in sediments that were
seasonally sampled along the two rivers considered in
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this study. AP value < 0.05was considered a difference,
and < 0.01 as a significant difference. Two-way
ANOVA was conducted to test the effects of the envi-
ronmental variables and the functional gene abundances
in the N removal process rates; their relationships are
represented by the Pearson correlation coefficient. Var-
iation partitioning analysis was used to identify which
environmental variables explained most of the variation
in the denitrification and anammox rates. A series of
partial multiple regression analyses were carried out to
decompose the variation in the N removal rates ex-
plained by the four variable groups, namely, the physi-
cochemical properties, water nutrients, sediment char-
acteristics, and functional bacterial abundances, which
are explained jointly by these factor categories, and not
explained by any of these factors (Heikkinen et al.
2004). The abovementioned statistical analyses were
carried out using R (The R Foundation for Statistical
Computing) with the “vegan” package (Dixon, 2003).

3 Results

3.1 Sediment Environmental Parameters

The environmental parameter arrays, including the
physicochemical properties, nutrient concentrations,
and sediment characteristics, which likely influence the
microbial growth and activities, or reaction processes,
were measured in the riparian sediment of each site
(Table S3). The summer peak flows were reflected on
the salinity in August, which decreased by the increase
of freshwater runoff. During the investigation period,
high nitrogen contents were observed in the sediments
of the two rivers. The interstitial water NH4

+ concentra-
tion varied between 0.004 and 12.558 mg L−1. Down-
stream of JL and close to the river mouth, the NH4

+

con ten t inc reased in the range o f 9 .436–
12.558 μmol L−1 in April and October. The NO2

−

concentration in the sediment varied from a minimum
of 0.008 to a maximum of 2.827 mg L−1, while the
NO3

− concentration ranged between 0.023 and
3.414 mg L−1. Relatively higher NO2

− and NO3
− con-

tents were detected in April at all XQ sites.
The fluctuation between the measured parameters of

the two rivers was observed in the seasonally collected
samples (Table 1). The NO3

− and OC concentration and
mean diameter in the XQ sediments were significantly
higher than those in the JL sediments (P < 0.01, and F =

11.561, 39.624, and 32.789, respectively). Similarly, the
JL sediments contained significantly higher NH4

+ com-
pared with the XQ sediments (with P < 0.01). However,
these fluctuations did not exhibit differences among the
considered sites, except for the mean diameter
(P < 0.001, F = 8.782), which exhibited a significantly
larger sediment size along the two rivers.

3.2 N Removal Rates

The microbial denitrification and anammox rates were
determined in laboratory incubations using the seasonal
sediments collected from the two rivers (Fig. 1). The
sediment denitrification rates exhibited large temporal
and spatial variations, with the lowest values observed
for JL2 in August (39.38 ± 12.13 nmol N2 m

−2 h−1) and
the highest values observed for XQ2 also in August
(1433.01 ± 57.58 nmol N2 m

−2 h−1). The occurrence of
anammox in both sediments was confirmed by the sub-
stantial 29N2 production in the incubations. In the sedi-
ment, 15NO3

− labelling revealed anammox rates ranging
from 15.91 ± 7.50 nmol N2 m

−2 h−1 for XQ3 to 1206.97
± 178.02 nmol N2 m

−2 h−1 for XQ2, both of which were
observed in August. The rates of the two processes
always had the same order of magnitude in the same
sample. Denitrification and anammox appeared to be
equally important processes for the removal of N in both
rivers, with anammox contributing between 14 and
74%. The XQ sediments had an N removal rate (average
of 592.19 nmol N2 m

−2 h−1) that was slightly, but not
significantly, greater than that of the JL sediments (av-
erage of 521.89 nmol N2 m−2 h−1). Apart from the
anammox between April and October (P = 0.026), there
was no other difference in the denitrification and
anammox rates across sites and seasons. The correlation
of the denitrification and anammox rates with the envi-
ronmental variables was not observed. Notably,
anammox and denitrification exhibited a significantly
positive relationship (n = 24, r = 0.898, P < 0.01).

3.3 Functional Gene Abundances

The copy numbers of the corresponding genes using
absolute quantitative PCR estimated the abundance of
the selected genes involved in the N removal processes.
The denitrifier was counted using the nirK and nirS
gene copy numbers, which encode the copper and cyto-
chrome cd1-containing nitrite reductases, respectively.
In riparian sediments, the abundance of the nirK gene
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ranged from 1.60 × 104 to 3.03 × 106 copies g−1, while
the abundance of the nirS gene varied from 8.21 × 102 to
1.79 × 105 copies g−1 (Table 2). In all samples, the nirK
copies outnumbered the nirS copies, and exhibited a
positive correlation (n = 24, r = 0.455, P = 0.025). Al-
though a significant difference was not observed in the
denitrification gene copy numbers across sites and sea-
sons, JL4 exhibited higher fluctuations, while the

maximal/minimal values of the nirK and nirS copy
numbers appeared in different seasons (Table 2). The
denitrifier abundance encoded by nirK was positively
correlated with the pH change (P = 0.012).

Gene hzsA was used to estimate the number of
anammox bacteria. This gene encodes one of the sub-
units of hydrazine synthase, which is unique and irre-
placeable for the anammox metabolism catalyzing the

Table 1 Summary and comparison of geochemical parameters of sediment samples collected from XQ and JL

Parameters Unit XQ JL P valuea

Mean SD Mean SD

Physicochemical properties

T °C 20.78 3.82 19.35 4.06 0.0177*

pH 7.75 0.18 8.28 0.50 0.0132*

Salinity ‰ 2.73 1.25 7.96 9.03 0.0544

Interstitial water nutrients

NH4
+ mg L−1 0.274 0.301 5.089 5.445 0.0094**

NO2
− μg L−1 0.377 0.798 0.093 0.115 0.2653

NO3
− mg L−1 1.470 1.261 0.174 0.172 0.0059**

PO4
3− μg L−1 0.190 0.190 0.225 0.173 0.5606

Sediment characteristics

Mean diameter μm 5.317 0.455 4.357 0.554 0.0001**

Water content g kg−1 30.06 8.48 25.09 3.97 0.0930

OC % 2.84 1.76 0.58 0.43 0.0010**

TN ‰ 1.56 1.21 0.60 0.37 0.0150

The difference between XQ and JL with * P < 0.05 and ** P < 0.01.

Fig. 1 Denitrification and anammox rates (mean ± SD) in sediment samples of XQ and JL

Water Air Soil Pollut (2020) 231: 274274 Page 6 of 16



hydrazine synthesis from nitric oxide and ammonium
(Harhangi et al. 2012). In all samples, the copy numbers
of this gene were detected within the range of 1.72 × 103

to 1.25 × 106 copies g−1. The average gene hzsA copies
in the XQ and JL sediments were 2.49 × 105 and 2.80 ×
104 copies g−1, respectively, which indicates their dif-
ference with a P value = 0.042. The abundance of
anammox bacteria revealed by hzsA exhibited a signif-
icantly positive correlation with the water and OC con-
tent of the sediment (P = 0.008 and 0.007, respectively),
and positive correlation with the mean diameter and TN
content of the sediment (P = 0.010 and 0.041, respec-
tively). Correlation was not observed between the gene
numbers of the denitrifier or anammox bacteria and the
denitrification rates (n = 24, P = 0.185 and 0.883, re-
spectively) or anammox rates (n = 24, P = 0.863).

3.4 Presence of Denitrifier and Anammox Bacteria

The identification and distribution of denitrifier and
anammox bacteria inhabiting theXQ and JLwere assessed
by the nirK, nirS, and hzsA sequences retrieved from the
river sediments. More samples were selected to construct
the denitrifier clone library encoded by nirK gene, owing
to its dominance in terms of having more abundance and
larger community diversity comparedwith the nirS gene in
these samples (Table 2 and S1 result in Supplementary
Material). Gene hzsA exhibited low diversity (S1 result in
Supplementary Material) and only two samples were se-
lected for clone library analysis. The fact that the anammox
bacteria frequently have low diversity in lake and river
ecosystems is another reason for selecting few samples to
investigate anammox diversity (Wang et al. 2012; Zhang
et al. 2007).

In the nirK clone library analysis, 280 sequences
were obtained, among which 59, 57, 55, 56, and 53
clones were obtained from the XQ4-SP, JL3-SP, JL2-
SU, XQ1-FA, and JL3-FA samples, respectively. The
110 OTUs were grouped by a sharing homology of 85%
in nucleotide acid sequences and distributed within eight
phylogenetic clades (enumerated from I to VIII) in the
ML phylogenetic tree (Fig. 2). All clades were affiliated
with nirK from Proteobacteria, including the known
genera of Rhizobium, Nitrosomonas, Pseudomonas,
and Rhodobacter. A total of 200 nirS sequences were
retrieved from the XQ4-SP, XQ1-FA, and JL3-FA sam-
ples, and subsequently allotted into 68 OTUs at a 10%
nucleotide acid divergence. The nirS phylogenetic tree
was divided into seven clusters (enumerated from I toT

ab
le
2

V
ar
ia
tio

n
of

ge
ne

co
pi
es

fo
r
ni
rK

,n
ir
S,

an
d
hz
sA

de
te
ct
ed

in
se
di
m
en
ts
us
in
g
q-
PC

R
an
al
ys
is

Se
as
on

T
ar
ge
tg

en
e

U
ni
t

A
bu
nd
an
ce

X
Q
1

X
Q
2

X
Q
3

X
Q
4

JL
1

JL
2

JL
3

JL
4

Sp
ri
ng

ni
rK

10
5
co
pi
es
/g
dw

0.
21

±
0.
06

1.
48

±
0.
00

2.
53

±
0.
81

1.
78

±
0.
04

1.
60

±
0.
00

1.
78

±
0.
14

19
.4
0
±
4.
84

30
.3
3
±
7.
29

ni
rS

10
4
co
pi
es
/g
dw

1.
22

±
0.
17

2.
42

±
0.
62

1.
04

±
0.
40

3.
88

±
0.
31

0.
28

±
0.
09

0.
85

±
0.
04

3.
55

±
0.
14

7.
16

±
1.
43

hz
sA

10
5
co
pi
es
/g
dw

1.
23

±
0.
16

1.
67

±
0.
24

1.
83

±
0.
36

1.
25

±
0.
17

0.
02

±
0.
02

0.
02

±
0.
01

0.
84

±
0.
11

0.
05

±
0.
01

Su
m
m
er

ni
rK

10
5
co
pi
es
/g
dw

0.
34

±
0.
06

14
.9
6
±
2.
08

17
.8
4
±
1.
46

3.
10

±
0.
75

1.
62

±
0.
07

2.
47

±
0.
13

1.
33

±
0.
15

13
.0
8
±
0.
36

ni
rS

10
4
co
pi
es
/g
dw

1.
32

±
0.
39

1.
85

±
0.
14

2.
38

±
0.
67

4.
07

±
0.
22

0.
25

±
0.
04

1.
48

±
0.
24

2.
47

±
0.
81

17
.9
4
±
4.
33

hz
sA

10
5
co
pi
es
/g
dw

1.
48

±
0.
46

2.
40

±
0.
26

2.
21

±
0.
09

1.
39

±
0.
17

0.
02

±
0.
00

0.
04

±
0.
02

0.
02

±
0.
01

0.
21

±
0.
13

F
al
l

ni
rK

10
5
co
pi
es
/g
dw

1.
87

±
0.
19

11
.8
0
±
1.
42

9.
46

±
0.
81

4.
01

±
0.
15

0.
67

±
0.
07

6.
69

±
0.
23

8.
85

±
0.
19

0.
16

±
0.
02

ni
rS

10
4
co
pi
es
/g
dw

4.
74

±
0.
64

5.
13

±
0.
10

3.
10

±
0.
85

3.
49

±
0.
04

0.
28

±
0.
02

5.
81

±
2.
38

7.
52

±
0.
20

0.
08

±
0.
02

hz
sA

10
5
co
pi
es
/g
dw

1.
49

±
0.
14

1.
23

±
0.
04

1.
19

±
0.
03

12
.4
8
±
1.
58

0.
02

±
0.
00

0.
02

±
0.
00

2.
09

±
0.
11

0.
02

±
0.
00

Water Air Soil Pollut (2020) 231: 274 Page 7 of 16 274



Fig. 2 ML tree using the GTR +G + I model representing the
phylogenetic position of nirK sequences obtained from the sedi-
ments of rivers XQ and JL. The values for nodes with over 50%
bootstrap support are shown. The numbers in parentheses

following each OTU indicate the numbers of clones recovered
from the samples of XQ4-SP (a), JL3-SP (b), JL2-SU (c), XQ1-FA
(d), and JL3-FA (e)
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Fig. 3 ML tree using the GTR +G + I model representing the phylogenetic position of the nirS sequences obtained from the sediments of
XQ and JL. See Fig. 2 for more details
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VII; Fig. 3). Phylogenetic analysis indicated the known
denitrifier genera, including Paracoccus, Pseudomonas,
Rhodobacter, and Hakomanas. Additionally, unknown
denitrifier-like groups were observed in the XQ and JL
sediments. In total, 37 clones of the hzsA gene were
sequenced from the XQ4-SP and JL3-SP samples,
which represented 11 OTUs at a 3% nucleotide acid
divergence. All sequences shared a homology over 78%
and were divided into two clusters (referred to as I and
II; Fig. 4). Phylogenetic analysis revealed that 25 clone
sequences were closely related to the known anammox
bacteria belonging to the Candidatus Brocadia group.
The remaining clones were related to Candidatus
Kuenenia.

3.5 Variance Partitioning of Environmental Variables

The results obtained by multiple regression analyses
indicated that all environmental factors considered in
this study accounted for 73% and 82% of the variances
in the sediment denitrification and anammox rates, re-
spectively (Fig. 5). The variance partitioning analyses
demonstrated that the joint effect exerted by the four
categories is the primary explanation for the variances of
the sediment denitrification and anammox rates, which
implies that the environmental factor groups could reg-
ulate the rates by cooperating with one another. Addi-
tionally, the N removal processes were mainly influ-
enced by the sediment characteristics, which accounted
for 23% of the variance in each rate. However, the
denitrifying and anammox bacterial communities had a
very small and statistically insignificant effect on their
corresponding rates.

4 Discussion

In XQ and JL, the river sediments exhibited higher
levels of N (NH4

+, NO3
−, and TN) and C (OC) com-

pared with typical eutrophic rivers such as Ishikari River
in Japan (Jha and Minagawa 2013), Saint Louis River in
France (Loken et al. 2016), and Cape Fear River in the
USA (Lisa et al. 2015). XQ and JL have similar trophic
status, but the main form of dissolved inorganic nitrogen
was much different in the sense that the nitrate concen-
tration was high in XQ while JL had high ammonia
concentration. Additionally, the obvious effect of river
flow on the environmental conditions was that, in the
summer rainy season, the salinity and nutrient concen-
trations changed accordingly, particularly for JL which
has smaller flow. In this study, we attempted to verify
the contributions of denitrification and anammox in the
XQ and JL sediments to clarify the effects of eutrophi-
cation in relatively shallow rivers with occasionally
oxygen-exposed environments.

The denitrification and anammox rates measured in
XQ and JL are comparable with the results obtained by
previous studies in similar environments. The denitrifi-
c a t i o n r a t e s r a n g e d f r o m 3 9 . 3 8 t o
1433.01 nmol N2 m

−2 h−1. By scaling on the basis of
weight using the wet bulk density and height of sedi-
ments, the variation range was between 0.013 and
0.48 ng N g−1 h−1, which is within the range reported
for other river sediments (Jia et al. 2016; Liu et al. 2018;
Ritz et al. 2018). The rates of anammox (15.91–
1206.97 nmol N2 m−2 h−1, equivalent to 0.005–
0.40 ng N g−1 h−1) were within the lower quartile of
the values reported for other eutrophic aquatic

Fig. 4 ML tree using the NT +G + I model representing the phylogenetic position of the hzsA sequences obtained from the sediments of
XQ and JL. See Fig. 2 for more details
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sediments (Zheng et al. 2016). Moreover, the positive
relationship between the denitrification and the
anammox rates was significant. This conclusion is cor-
roborated by earlier studies in Yangtze River which
have reported that the denitrification rates are signifi-
cantly coupled with the anammox rates with a linear
correlation index of 0.803 (Zheng et al. 2016). These
findings are also supported by the hypothesis that nitrite
as the anammox substrate could be released by the
denitrifier owing to the imbalance of the required nitrate
and carbon condition (Brin et al. 2014). The relative
contribution of anammox in the N2 production (ra%)
ranged between 14 and 74%, with an average value of
43.5%. This indicates that anammox is another main
process in the removal of N from river sediments. No-
tably, this result is contrary to that obtained by several
previous studies investigating N removal processes in
river sediments which have reported an anammox con-
tribution of less than 10% (Wang et al. 2012; Zhu et al.
2013; Naeher et al. 2015). The difference in the findings
may have resulted from the high concentration of inor-
ganic nitrogen and relatively lower supply of organic
matter (Lu et al. 2018).

In XQ and JL, the average abundance of the nirK
gene (6.56 × 105 copies g−1) was approximately 20
times higher than that of nirS (3.43 × 104 copies g−1).
The total nir-gene abundances were lower by approxi-
mately 1–3 orders of magnitude compared with previ-
ously reported findings for other rivers, such as the
urban stream of Campus Greeks (Graham et al. 2010),
Cape Fear River Estuary (Lisa et al. 2015), and Santa Fe
River (Kim et al. 2016). The dominance of the nirK

denitrifier over the nirS denitrifier is typically observed
in the water-column and surface sediment of shallow
rivers, where there occasionally exist oxygen-exposed
environments stimulating the existence of the nirK de-
nitrifier in overwhelming amounts (Graham et al. 2010).
Conversely, the overwhelming dominance of the nirS
denitrifier has been observed in the eutrophic sediments
of lakes and estuaries under limited oxygen conditions
(Abell et al. 2010; Yao et al. 2018). Tomasek et al.
(2017) reported a similar trend of the nirS denitrifier
being a majority group in flood locations, but a minority
group in nonflood zones. In this study, a strong positive
relationship between the abundance of the nirK gene
and pH was observed. Their correlation has rarely been
detected in aquatic habitats, but has been repeatedly
confirmed under field and incubation conditions, and
with a wider pH range in terrestrial environments
(Šimek and Cooper 2010). The effect of pH is attributed
to the fact that less organic carbon and inorganic nitro-
gen are available in relatively acidic environments. The
denitrifier community composition exhibited high di-
versity without a sample-specific clade. Moreover, this
diverse and homogeneous distribution has also been
observed in other estuarine sediments, which implies
broad adaptability to the environmental conditions
(Jiao et al. 2018).

Gene hzsA is a more unambiguous functional marker
for the anammox bacteria compared with the anammox-
specific 16S rRNA gene, which is also present in other
Planctomycetes (Harhangi et al. 2012). Considering the
typical 3- to 6-fold ratio between the 16S rRNA and
hzsA genes, the abundance of anammox detected in this

Fig. 5 Results of variation partitioning for denitrification and anammox rates. The percentages of the explained deviance are shown for each
variable category

Water Air Soil Pollut (2020) 231: 274 Page 11 of 16 274



study (1.72 × 103–1.25 × 106 copies g−1) is consistent
with that detected in most previous studies, including
those conducted at Cape Fear River (1.3 × 105–8.4 ×
106 copies g−1) (Dale et al. 2009), Dongjiang River
(2.66 × 105–1.07 × 107 copies g−1) (Sun et al. 2014),
and Pearl River Estuary (Wang et al. 2012). Significant
positive correlations were detected between the
anammox bacterial abundance and the parameters of
sediment characteristics including the mean diameter,
water content, OC, and TN. Considering the relation-
ships of these four variables, partial correlation analysis
was further used to verify their effects. However, the
correlation of each variable with anammox bacterial
abundance was insignificant (P > 0.05). Hence, it was
hypothesized that the significant joint influences exerted
by the four variables were likely caused by the potential
interactions between grain-associated anammox bacte-
ria and heterotrophic bacteria. Various studies have
revealed that grain particles can create an anaerobic
microenvironment through the aerobic respiration and
oxidation of anaerobic metabolites, which provide a
suitable environment for anammox bacteria to oxidize
ammonium (Jia et al. 2016; Xia et al. 2019). Addition-
ally, grain particles with larger size (in the range of 0.8–
8 μm) and high OC concentration are capable of sus-
taining more bacterial cells to form oxygen-limited con-
ditions and facilitate the growth of anammox bacteria
(Zeng et al. 2018). The extremely low diversity of the
anammox bacteria was revealed by the phylogenetic
analyses of the hzsA gene, which were mainly restricted
to the Bracadia and Kuenenia genera that have been
reported to bemost common in freshwater and terrestrial
ecosystems (Lisa et al. 2015). Bracadia dominated the
anammox assemblages in the XQ4-SP sample and
Kuenenia was only observed in the JL3-SP sample.
Differential competition with substrates and differential
sensitivity to salinity may explain their distribution.
With regard to nitrite, Bracadia may be outcompeted
by other anammox bacteria, particularly under eutrophic
conditions, which determines its predominance in N-
overloaded environments (Naeher et al. 2015). Addi-
tionally, Kuenenia has been reported to have a higher
tolerance to salinity compared with Bracadia and has
been discovered in JL, where obvious salinity fluctua-
tions occur owing to the smaller flow and lower saltwa-
ter intrusion (Zheng et al. 2016).

The variation partitioning analysis results revealed
that the sediment characteristics play a critical role in
determining the sediment denitrification and anammox

rates in the two investigated rivers (Fig. 5). Considering
the close coupling of denitrification and anammox, and
the influence of abiotic conditions on the denitrifier and
anammox bacteria, it could be attempted to clarify the
mechanism of N removal processes and the reason for
which the single variables cannot explain the rate chang-
es. In relatively shallow river sediments, the grain par-
ticles may provide a suitable microenvironment under
suboxic conditions by the respiration of attached micro-
organisms for anaerobic reactions such as denitrification
and anammox. In this case, sediment characteristics
such as the particle size, bulk density, water content,
and organic content may influence the N removal rates
by promoting conditions favorable to the attached or-
ganisms. Similar results have been reported for other
river and stream systems (Jha and Minagawa 2013; Xia
et al. 2017). Owing to the slow growth of autotrophic
organisms and low affinity for nitrate, in the substrate,
the anammox bacteria are outcompeted by denitrifica-
tion, and even rely on the supply of nitrite by denitrifi-
cation in a stepwise manner (Naeher et al. 2015). Com-
plicated environmental conditions such as the physio-
logical reaction, potential connections between denitri-
fication and anammox, and unstable environments
eventually result in weak correlations between abiotic
or biotic conditions and the rates of nitrification and
denitrification.

The N removal capacity of denitrification and
anammox for XQ and JL can be estimated by multiply-
ing the measured rates of denitrification and anammox
rates at each site and in each season by the total sediment
area in the sector of the river centered on that site. The
total denitrification and anammox in the investigated
downstream reaches were approximately 5.84 and
5.45 Mmol N per year for XQ, respectively, and ap-
proximately 1.16 and 1.11 Mmol N per year for JL. The
total annual flux of DIN into Jiaozhou Bay from XQ
was 59.0Mmol N, as calculated by the data provided by
the Chinese Ocean Environmental Quality Bulletin in
2012. The DIN fluxes from JL were estimated to be
approximately one-fifth of XQ, according to the nutrient
concentration and flow discharge ratio data for the two
rivers (Zhang and Gao 2016; Zhang et al. 2012). Thus,
the denitrification and anammox both achieved 16.1%
removal of the annual flux of the total nitrogen in XQ
and JL. It was estimated that the denitrification and
anammox account for the removal of approximately
13 to 50% of N sources in rivers and estuaries globally,
as calculated based on the relationship between the N
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removal rates and the water travel time (Seitzinger et al.
2006). This removal percentage is comparable with that
occurring in XQ and JL, which indicates that the deni-
trification and anammox in the two rivers play a signif-
icant role in mitigating the nitrogen inputs to the
estuarine.

5 Conclusions

Sediment is an important natural system for removing
ammonia and nitrate because denitrification and
anammox can mitigate the biologically available nitro-
gen exported to coastal ecosystems. Because the avail-
ability of the N substrate increases with the N input, it
was considered that the denitrification and anammox
rates are higher in eutrophic lakes, rivers, or estuaries
(Seitzinger et al. 2006). Denitrification and anammox
were detected in the sediments along XQ and JL and
identified by conducting molecular and 15N isotope
experiments. Their rates in the two rivers fall in the
lower range of values compared with other river eco-
systems. Hence, higher substrate availability dose not
promote the processes. During the study period, signif-
icant spatial and temporal variations were observed for
the rates, and the variance partitioning analysis charac-
teristics of the sediments can explain the major portion
of the variability. Considering the relationships between
the environmental conditions and the functional bacte-
rial abundances, it is proposed that the anoxic conditions
on the surface of grain particles are limiting factors for
denitrification and anammox. This result may be uni-
versal for all relatively shallow rivers, where the sedi-
ments are aerobic with a surface thickness of a few
centimeters (Naeher et al. 2015). Future work should
assess the effect of particle characters and dissolved
oxygen on the removal of N in river systems. Although
there was no significant increase in the denitrification
and anammox rates in eutrophic rivers, their contribu-
tion to the reduction of N exports from rivers to coastal
ecosystems cannot be disregarded. In XQ and JL, the
denitrification and anammox approximately accounted
for the removal of 16.1% of N loading from rivers.
Owing to the positive effects exerted by reducing the
eutrophication associated with excess N input, technical
approaches can be proposed to modify the geochemical
conditions and increase the denitrification and
anammox rates in sediments. However, this study shows
that it is difficult to establish clear links between a single

environmental variable and the N removal capacities,
which implies that it is probably unrealistic to enhance
the denitrification and anammox rates simply by man-
aging the physicochemical conditions or launching
functional bacterial inoculum. Overall, the results of this
study stress the significant contribution of denitrification
and anammox to the reduction of N loading in coastal
zones. Future studies on the regularity of nitrogen re-
moval processes should refer to the findings of this
study to develop a targeted technique for enhancing
the capacity of removing N in river systems.
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