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fectively. In the present study, the potential rates of sediment denitrification, anaerobic am-
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were mapped using N isotope tracing methods along salinity gradients across the Yellow
River Delta wetland (YRDW) in China. The contribution of anammox to total dissimila-
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tory N transformations in YRDW was merely 6.8%, whereas denitrification and DNRA con-

Denitrification

tributed 52.3% and 40.9%, respectively. The potential rate of denitrification (5.82 μmol/kg/h)

Anammox

decreased significantly along salinity gradients and markedly exceeded DNRA potential rate

DNRA

(2.7 μmol/kg/h) in fresh wetlands, but was lower than that of DNRA in oligohaline wetlands

Salinity

(3.06 and 3.18 μmol/kg/h, respectively). Moreover, a significantly positive relationship be-

C/N ratio

tween salinity and DNRA/denitrification was obeserved, indicating that increased salinity
may favor DNRA over denitrification. Furthermore, total sulfur (TS) content and ratio of total organic carbon to total nitrogen (C/N) increased with the salinity gradient and showed
evident positive relationships with the DNRA/denitrification ratio. In this study, we proved
that increased salinization resulted in the dominance of DNRA over denitrification, possible through the addition of S and alteration of the C/N in estuarine wetlands, leading to
increased N retention in estuarine wetlands during salinization, which would enhance the
eutrophication potential within wetlands and in downstream ecosystems.
© 2021 The Research Center for Eco-Environmental Sciences, Chinese Academy of
Sciences. Published by Elsevier B.V.

Introduction
Estuarine wetlands (EW), which are situated at the interface between land and sea, feature a special dynamic bio∗
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geochemical landscape that provides unique ecosystem services. Along with protecting biodiversity and regulating environmental disturbances, EW can purify water that flows adjacent to the sea (Barbier et al., 2008). Given that N is the biologically limiting nutrient along global coastlines, the N removal
ability of EW is critical for offshore water quality. Nitrate reduction can be differentiated into pathways of denitrification
(from NO3 − to ultimately N2 ) and dissimilatory nitrate reduc-
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tion to ammonium (DNRA) (from NO3 − to ultimately NH4 + ),
in which N can be removed or retained. Anaerobic ammonium
oxidation (anammox), that converts NH4 + to N2 using NO2 − as
the electron acceptor is another important N removal pathway
(Kuypers et al., 2018).
These three N transformation processes determine the ultimate fate of N in EW. However, their magnitudes for N transformation are inconsistent in different microhabitats. For instance, anammox generated a higher proportion of N2 in
freshwater wetlands than in saltwater wetlands in New England marshes (Koop-Jakobsen and Giblin, 2009). Denitrification attributed to majority of the N removal in freshwater
marshes (Giblin et al., 2010; Herbert et al., 2015), while DNRA
was equally important as denitrification in coastal systems
(Bernard et al., 2015; Dunn et al., 2013). A growing body of research has indicated that the ratio of total organic carbon to
total nitrogen (C/N) majorly regulated the partitioning of the
relative amount of nitrate consumed by DNRA versus denitrification (Hardison et al., 2015; Hoffman et al., 2019; Jia et al.,
2020).
EW have been susceptible to saltwater intrusion mainly
due to sea level rise, reductions in riverine freshwater flow, alterations in subsurface freshwater, anthropogenic alteration
of coastal geomorphology, and storm surges (Herbert et al.,
2015). Salinization has clear implications for the biogeochemical cycling of major elements, such as carbon (C), phosphorous (P), sulfur (S), iron (Fe), and particularly N in wetlands.
Generally, salinity has an adverse effect on denitrification in
coastal wetlands (Giblin et al., 2010; Neubauer et al., 2019;
Rysgaard et al., 1999), but the implications are not always consistent (Fear et al., 2005; Li et al., 2019). The impacts of salinization on C availability and S and Fe cycling may favor DNRA
(Herbert et al., 2015). Thus, nitrate reduction could possibly
shift from the removal pathway to internal transformation
along the salinity gradient in the EW systems. However, this
shift is not well characterized in a single EW system and the
attendant factors are still undefined.
In this study, we aimed to collect data on variability patterns of denitrification, anammox, and DNRA in EW that
experiences saltwater intrusion. We worked in the Yellow
River Delta wetland (YRDW), a temperate estuarine wetland in
Shangdong province, China. Potential rates of denitrification,
anammox, and DNRA as well as other environmental factors,
such as salinity, total organic C, total N, and total S were measured using the YRDW sediments. The objectives of this study
were to: 1) assess the dominance of dissimilatory N transformation processes in the YRDW, 2) examine the variability patterns of the three processes along the salinity gradient, and
3) illustrate primarily, how salinization affects changes in dissimilatory N transformation processes.

1.

Materials and methods

1.1.

Site description

The Yellow River merges into the Bohai Sea in Shangdong
Province, with its estuary forming an estuarine wetland (the
Yellow River Delta wetland, YRDW), that is characterized by
weak tides and sandy soil. It is the most comprehensive, ex-

Fig. 1 – Sampling sites in the Yellow River Delta wetland
(YRDW). F represents fresh wetlands and O represents
oligohaline wetlands.

tensive, and youngest wetland ecosystem in the warm temperate zone in China. Some areas of the YRDW have experienced a high N load. In addition, due to decreases in precipitation, increase in sea level, high rates of evaporation, high water consumption in human settlements, and low water levels
in the estuary, seawater intrusion has occurred often in this
wetland (Fan et al., 2012; Ye et al., 2004).

1.2.

Sampling

EW can be classified as fresh (0–0.5 psu), oligohaline (0.5–
5 psu), mesohaline (5–18 psu), polyhaline (18–30 psu), and
mixoeuhaline (> 30 psu). For this study, 12 sites were examined along the salinity gradient in July 2019; they included
five fresh sites (F1–F5) and seven oligohaline sites (O1–O7)
(Fig. 1). Three mixed samples of surface sediment (height 0–
5 cm) were collected at each site. The samples were stored in
a portable fridge at the sampling site and were immediately
brought to the laboratory for detection and analysis of chemical characteristics and processes.

1.3.

Measurement of sediment properties

Dried aliquots of sediments were ground and homogenized
to determine the total N (TN) content using a CHN elemental analyzer (CE-440, EAI, USA). The total organic carbon (TOC)
content was determined using a TOC analyzer (Multi N/C 3100,
Jena Analytics, Germany). The total S (TS) content was determined using the BaSO4 turbidimetry method (Zhang et al.,
2017). For measurements of total P (TP), 0.2 g of finely ground
dry soil was combusted at 450 °C in a muffle furnace for 3 hr.
After extraction of P with 3.5 mol/L HCl (Ruban et al., 1999), the
resulting solutions were initially digested (Ebina et al., 1983)
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and then spectrophotometrically analyzed for the presence of
orthophosphates (Murphy and Riley, 1986).

1.4.
Potential rates of anammox and denitrification and
dissimilatory nitrate reduction to ammonium (DNRA)
measurements
Slurry experiments were conducted to detect the potential
rates of anammox, denitrification, and DNRA using N isotope
tracing methods, according to the slurry experiment protocols
by Engström et al. (2005) and Yin et al. (2014). Briefly, slurries
were made with the sampled sediments and artificial seawater at a ratio of 1:7. The slurries were aerated with He for
30 min before being transferred into 12 mL glass vials under
a helium (He) atmosphere for 12 hr of pre-incubation at 25 °C,
with the aim to eliminate native NO3 − , NO2 − , and O. After preincubation, these vials were divided into three treatments,
which were spiked through the septa of each vial with heliumpurged stock solutions of 1) 15 NH4 + (100 μmol 15 N/L) (Treatment1), 2) 15 NH4 + + 14 NO3 − (Treatment 2) and 3) 15 NO3 − (100
μmol 15 N/L) (Treatment 3). After 8 hr incubation, ZnCl2 (50%)
was added to inhibit microbial activity. The concentrations of
N2 produced during the incubation period were measured using membrane inlet mass spectrometry (MIMS). In Treatment
1, no significant production of 15 N-labeled gasses (29 N2 and/or
30 N ) was detected, indicating that the ambient nitrite and
2
nitrate in slurries were consumed during pre-incubation. In
Treatment 2, the production of 29 N2 was measured whereas
no production of 30 N2 was observed, implying that anammox
occurred at our study area. In Treatment 3, both 29 N2 and 30 N2
were determined. The potential rates of anammox and denitrification were calculated based on the 15 NO3 − incubation
(Treatment 3) using the methods developed by Thamdrup and
Dalsgaard (2002) and Yin et al. (2014).
The same pre-incubation procedures were conducted before DNRA measurements. After pre-incubation, the slurry
vials were spiked with 15 NO3 − (final concentration approximately 100 μmol/L; final 15 N percentage approximately
90%u−99%, depending on the concentration of background
NO3 − ). Furthermore, these vials were divided into two groups
having three replicates each. Group 1 represented the initial
samples, which were preserved with 300 μL of saturated ZnCl2
solution. The vials in Group 2 were shaken (at 200 r/min) and
incubated for approximately 8 hr at a 25 °C. After incubation,
the slurries were stirred and purged with He for 30 min to remove any 29 N2 and/or 30 N2 generated by denitrification and/or
anammox. Later, all vials were injected with 0.2 mL of hypobromite iodine solution to convert NH4 + to N2 . The concentrations of 29 N2 and 30 N2 produced during the incubation were
measured using MIMS. The potential rates of DNRA were calculated according to Yin et al. (2014).

1.5.

Statistical analysis

Differences between the potential rates and physiochemical
parameters in fresh and oligohaline wetlands were analyzed
using Analysis of Variance (ANOVA), which was followed by
Tukey’s test for pairwise comparisons (α=0.05). These analyses were performed using SPSS statistical software (Version21,
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IBM Corp., Armonk, NY, USA). In addition, Pearson’s correlation tests were conducted to identify the relationships between the physiochemical parameters and the potential rates
on log(x) transformed data to ensure that the distribution of
the data was minimally skewed and to achieve a fit close to
a normal distribution. Pearson’s correlation tests and graphical representation were done with Sigmaplot 14 software. The
level of statistical significance was set atα=0.05 (P value<0.05).

2.

Results

2.1.
Physiochemical characteristics of the yellow river
delta wetland (YRDW)
Our sampling sites in the YRDW were classified as fresh and
oligohaline wetlands with average salinity values of 0.22 and
1.24 psu, respectively. Variations in the physiochemical characteristics of these wetlands were observed (Table 1). The average TOC contents in sediments from the fresh and oligohaline wetlands were 3610 and 3880 mg/kg, respectively. Furthermore, the TN content in fresh and oligohaline wetlands was
226.7 and 194.4 mg/kg, respectively. The average TS and TP
contents were significantly higher in fresh wetland sediments
(349.9 and 573.3 mg/kg, respectively) than those in oligohaline wetland sediments (287.2 and 543.3 mg/kg, respectively)
(P<0.05). Notably, the TOC/TN ratio (C/N ratio) in oligohaline
wetland sediments (21.0) significantly exceeded that in fresh
wetland sediments (17.96) (P<0.05).

2.2.

Denitrification, anammox and DNRA activities

The potential rates of anammox, denitrification, and DNRA
were observed in the range of 0.15–1.04, 0.14–9.61, and 0.43–
6.33 μmol/kg/hr, respectively. The contribution of anammox
to total dissimilatory N transformations in YRDW was merely
6.8%, whereas denitrification and DNRA contributed 52.3%
and 40.9%, respectively (Fig. 2a). In addition, the contribution
of anammox to total dissimilatory N transformations in fresh
and oligohaline wetlands was 6.4% and 7.6%, respectively. The
relative contribution of denitrification to the total dissimilatory N transformations in fresh wetland (62.6%) was significantly higher than that in oligohaline wetland (38.8%) while
the relative contribution of DNRA was significantly lower in
fresh wetland (40.0%) than in oligohaline wetlands (53.5%)
(P<0.05) (Fig. 2b).
Moreover, the potential rates of the three dissimilatory N
transformations varied significantly between the fresh and
oligohaline wetlands; the average values of potential rates
of anammox were 0.58 and 0.48 μmol/kg/h, respectively, 5.82
and 2.70 μmol/kg/h, respectively, for denitrification, and 3.06
and 3.18 μmol/kg/h, respectively, for DNRA (Fig. 3). The potential rates of anammox and denitrification demonstrated a significant downward trend from fresh to oligohaline wetlands
(P<0.05). In addition, the potential rate of denitrification significantly exceeded anammox and DNRA potential rates in
fresh wetlands (P<0.05) while was down from DNRA slightly
in oligohaline wetlands (Fig. 3).

42

journal of environmental sciences 106 (2021) 39–46

Table 1 – Physicochemical characteristics of sediments of different salinities from YRDW.
Salinity (psu)
fresh
oligohaline

a

0.22±0.14
1.24±0.47b

TOC (mg/kg)
b

3610±600
3880±880b

TN (mg/kg)

C/N

b

226.7±90.4
194.3±53.0b

TS (mg/kg)
a

17.96±6.77
20.89±6.63b

a

287.2±10.9
349.9±19.8b

TP (mg/kg)
563.4±39.8a
573.3±38.9b

TOC: total organic carbon; TN: total nitrogen; C/N: total organic carbon/ total nitrogen; TS: total sulfur; TP: total phosphorus.
Values are the average-standard deviation of results. Significant difference level of different physicochemical parameters between two types
of wetlands are indicated by a and b with P<0.05.

Fig. 3 – Potential rates of dissimilatory N transformations in
sediments along a salinity gradient in YRDW. Significant
difference level of N transformation rates between types of
wetlands were indicated by A and B with P<0.05. Error bars
represent standard error of the mean of different sites in
fresh and oligohaline wetlands, respectively.

Fig. 2 – (a) Contributions of anammox, denitrification, and
dissimilatory nitrate reduction to ammonium (DNRA) to
total dissimilatory N transformations from all sites and (b)
along salinity gradient in YRDW sediments. Uppercase
letters in (a) indicate significant differences among
contributions of anammox, denitrification, and DNRA with
P<0.05. ∗ above the column in (b) indicates there is a
significant difference between fresh and oligohaline
wetlands (P<0.05). Error bars represent standard error of
the mean of different sites from YRDW (a) and from fresh
and oligohaline wetlands, respectively (b).

2.3.
Relationship between physiochemical characteristics
of estuarine wetlands and associated dissimilatory N
transformations
The analyses results of the relationship between the physiochemical characteristics of EW and the potential rates of associated dissimilatory N transformations are shown in Table 2.

TOC and TN contents were significantly and positively correlated with the potential rates of anammox, denitrification, and
DNRA in the YRDW sediments (P<0.05). However, increased
salinity reduced the potential rates of anammox and denitrification activities but was scarcely correlated with DNRA; this
was also observed during the analysis of the relationship between the C/N ratio and the TS content. Furthermore, the relationships between the ratios of DNRA to denitrification and
salinity (Fig. 4) and C/N and TS (Fig. 5) were markedly positive
along the fresh and saline gradients (P<0.05).

3.

Discussion

Salinization in coastal wetlands is a global ecological problem.
Salinization in EW can change the dominant biogeochemical processes and eventually alter their ability to provide key
ecosystem services (Herbert et al., 2015). One of the most important ecosystem services of EW is their ability to improve
water quality by removing N, thereby reducing N loads into
the adjacent seas; high N loads are one of the major causes of
red tides in the ocean.
Microbes that are susceptible to changes in salinity mediate anammox, denitrification, and DNRA, the magnitudes of
which determine the removal or retention of N in the EW system. In our study sites, denitrification and DNRA were signif-
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Table 2 – Pearson’s correlation between physicochemical characteristics and potential rates of anammox, denitrification,
and DNRA.

lg(Apr )
lg(Dpr )
lg(DNRApr )

lg (Salinity)

lg(TOC)

lg(TN)

lg(C/N)

lg(TS)

lg(TP)

−0.65∗
−0.75∗ ∗
0.4

0.88∗
0.83∗∗
0.87∗∗

0.85∗∗
0.79∗∗
0.60∗

−0.57∗
−0.55∗
0.05

−0.56∗
−0.72∗ ∗
0.21

0.01
0.07
0.18

Apr , Dpr and DNRApr represents potential rate of anammox, denitrification, and DNRA, respectively.
Significance at ∗∗ α= 0.01 level; ∗ α= 0.05 level.

Fig. 4 – Relationship between salinity and ratios of potential
rates of DNRA to denitrification in fresh and oligohaline
wetlands in YRDW. DNRApr and Dpr represents potential
rate of DNRA and denitrification, respectively.

icantly more active than anammox (Fig. 2 and Fig. 3), which
merely contributed 6.8% to the total dissimilatory N transformations. Consistent with our study, anammox was shown to

decrease along salinity gradients in estuarine environments
(Rich et al., 2008; Risgaard-Petersen et al., 2004), thereby indicating that denitrification and DNRA may contribute comparatively great to total dissimilatory N transformations than
anammox in EW (Fig. 3). This could be partially attributed
to high sediment organic carbon content (2140–5380 mg/kg)
since previous studies have established that organic carbonrich environments generally favored denitrification bacteria
over anammox bacteria (Costa et al., 2006; Han et al., 2021).
In addition, salinity was critical to determine the distribution
of anammox bacteria (Oshiki et al., 2016; Wu et al., 2019). Some
freshwater anammox consortium were prevailed in coastal
wetland sediments (Li et al., 2020; Han et al., 2021; Zheng et al.,
2020), and showed low tolerance to salinity (Dsane et al., 2020;
Kartal et al., 2006) and their functional enzyme activities were
inhibited significantly under salinization condition (Lin et al.,
2021).
Salinization could significantly affect denitrification by altering substrate availability, concentration, and equilibrium
(Burgin et al., 2012; Herbert et al., 2015), as well as by mediating the biota of denitrifiers (Han et al., 2021; Neubauer et al.,
2019; Wang et al., 2018). Nevertheless, the effects of salinization on denitrification in wetlands were inconsistent in the
different types of the latter (Herbert et al., 2015). Denitrification was more active in fresh wetlands than in oligohaline

Fig. 5 – Relationships between ratios of DNRA to denitrification and (a) TS content as well as (b) TOC/TN, in fresh and
oligohaline wetlands in YRDW. DNRApr and Dpr represents potential rate of DNRA and denitrification, respectively.
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wetlands (Fig. 2b and Fig. 3). Furthermore, the potential denitrification rates were significantly and negatively correlated
with salinity (P<0.05) (Table 2). Additionally, salinity was a
major factor inhibiting denitrification activity in the YRDW
study area. Similar results were observed in the upper section of the oligohaline Parker River estuary, where denitrification rates were inversely correlated with salinity (Giblin et al.,
2010); similar results were observed in the estuarine marshes
in Demark (Rysgaard et al., 1999) and South Carolina, USA
(Neubauer et al., 2019). DNRA retained N and could contradict
denitrification rates in many coastal estuarine environments
(Burgin and Hamilton, 2007; Murphy et al., 2020). Denitrification consistently outperformed DNRA in fresh wetlands while
it was equally important in oligohaline wetlands in our study
(Fig. 3). Furthermore, the ratios of DNRA to denitrification in
the fresh and oligohaline wetlands of the YRDW had a significantly positive correlation with salinity (P<0.05) (Fig. 4). These
results suggested a regime shift from N removal (denitrification) to the internal transformation of N (DNRA), which could
be due to increase in salinity in oligohaline EW (Giblin et al.,
2010).
DNRA could occur through either a heterotrophic or
chemoautotrophic metabolic pathway (Burgin and Hamilton, 2007). Similar to denitrification, organic C sources were
important for heterotrophic DNRA; this was indicated by the
significant positive relationship between the TOC content
and the potential rates of denitrification and DNRA (P<0.05)
(Table 2). The quality of organic C sources is equally important;
the sources are often considered to be the decisive factors for
estimating whether NO3 − reduction occurs via denitrification
or fermentative DNRA (Crawshaw et al., 2019; Franklin et al.,
2017; Giblin et al., 2013). In our study areas, C/N ratio, which
is a function of the quality of organic C, was significantly
positively correlated with the ratio of denitrification to DNRA
along a fresh to oligohaline gradient (P<0.05) (Fig 4). In addition, salinity had positive implications for the C/N ratio, which
was higher in oligohaline wetlands than in fresh wetlands
(P<0.05) (Table 1). This might be due to the suppression of the
mineralization of organic C in the higher salinity environment
(Setia et al., 2011).
As chemoautotrophic DNRA uses inorganic substrates (for
example, S2− ) as reductants (Tugtas and Pavlostathis, 2007),
higher salinity levels favored DNRA by increasing SO4 2− levels (Burgin and Hamilton, 2008). In addition, sulfide has
been shown inhibitory effects on heterotrophic denitrification (Schonharting et al., 1998; Osborne et al., 2015). Moreover,
it has been also inhibitor of autotrophic denitrification, despite its potential as an electron donor (Aelion and Warttinger,
2010; Cardoso et al., 2006; Ma et al., 2020; Murphy et al., 2020).
High concentration of S2- may inhibit the reductase enzymes
that catalyze nitric oxidation and nitrous oxidation in denitrification, and thus the accumulated nitrite can be used by
DNRA bacteria (Zhu et al., 2018). The dual influence of S induced by salinity could drive denitrification towards DNRA.
This was partially confirmed in our study, in which denitrification activity was lower in oligohaline wetlands (P<0.05)
(Fig. 3) with higher TS content than in fresh wetlands (P<0.05)
(Table 1); additionally, the ratio of denitrification to DNRA was
also significantly positively related to TS (P<0.05) (Fig. 5). Furthermore, due to salting out effect, elevated concentrations of

ions induced by increased salinity reduce the solubility of O2
(Stumm and Morgan 2012), resulting in more negative redox
potential in the sediment of salinizing wetlands (Herbert et al.,
2015). And more electrons can be transferred per mole NO3 −
through DNRA since it needs three more electrons per mole
of reduced NO3 − than denitrification does (Kraft et al., 2014;
Tiedje et al., 1982), DNRA has the advantage over denitrification under more reducing (anoxic) condition (Matheson et al.,
2002; Pandey et al., 2019, 2020; Rutting et al., 2011), where electrons donors abound relative to terminal electron acceptors.
Under these conditions, an increase in salinity can stimulate
reductive conditions to direct NO3 − reduction towards DNRA.

4.

Conclusion

Denitrification and DNRA contributed significantly more than
anammox to dissimilatory N transformations in sediments
of YRDW. Increase in salinity in the sediments of the wetlands significantly partitioned NO3 − reduction by altering C,
N, and S biogeochemical cycles in YRDW. Firstly, although sediment enrichment with organic C and N could stimulate denitrification and DNRA, higher C/N ratio induced by increase in
salinity favored DNRA over denitrification. Secondly, the increase in S contents suppressed denitrification but facilitated
DNRA. Thus, the increased wetland salinity eventually shifted
the NO3 − reduction regime from denitrification towards DNRA
through the above two possible mechanisms in YRDW.

Acknowledgements
This work was supported by the National Key Research and
Development Program of China (No. 2017YFC0404401) and the
Central Public-interest Scientific Institution Basal Research
Fund (No. HKY-JBYW-2018-07).

references

Aelion, C.M., Warttinger, U., 2010. Sulfide inhibition of nitrate
removal in coastal sediments. Estuaries Coasts 33, 798–803.
Barbier, E.B., Koch, E.W., Silliman, B.R., Hacker, S.D., Wolanski, E.,
Primavera, J., et al., 2008. Coastal ecosystem-based
management with nonlinear ecological functions and values.
Science 319, 321–323.
Bernard, R.J., Mortazavi, B., Kleinhuizen, A.A., 2015. Dissimilatory
nitrate reduction to ammonium (DNRA) seasonally dominates
NO3 (-) reduction pathways in an anthropogenically impacted
sub-tropical coastal lagoon. Biogeochemistry 125, 47–64.
Burgin, A.J., Hamilton, S.K., 2007. Have we overemphasized the
role of denitrification in aquatic ecosystems? A review of
nitrate removal pathways. Front. Ecol. Environ. 5, 89–96.
Burgin, A.J., Hamilton, S.K., 2008. NO(3 )(- )-driven SO(4 )(2- )
production in freshwater ecosystems: implications for N and
S cycling. Ecosystems 11, 908–922.
Burgin, A.J., Hamilton, S.K., Jones, S.E., Lennon, J.T., 2012.
Denitrification by sulfur-oxidizing bacteria in a eutrophic lake.
Aquat. Microb. Ecol. 66, 283–293.
Cardoso, R.B., Sierra-Alvarez, R., Rowlette, P., Flores, E.R., Gómez, J.,
Field, J.A., 2006. Sulfide oxidation under
chemolithoautotrophic denitrifying conditions. Biotechnol.
Bioeng. 95, 1148–1157.

journal of environmental sciences 106 (2021) 39–46

Crawshaw, J., O’Meara, T., Savage, C., Thomson, B., Baltar, F.,
Thrush, S.F., 2019. Source of organic detritus and bivalve
biomass influences nitrogen cycling and extracellular enzyme
activity in estuary sediments. Biogeochemistry 145, 315–335.
Dunn, R.J.K., Robertson, D., Teasdale, P.R., Waltham, N.J.,
Welsh, D.T., 2013. Benthic metabolism and nitrogen dynamics
in an urbanised tidal creek: domination of DNRA over
denitrification as a nitrate reduction pathway. Estuarine
Coastal Shelf Sci. 131, 271–281.
Dsane, V.F., An, S., Oh, T., Hwang, J., Choi, Y., Choi, Y., 2020. Saline
conditions effect on the performance and stress index of
anaerobic ammonium oxidizing (anammox) bacteria.
Chemosphere doi:10.1016/j.chemosphere.2020.129227.
Ebina, J., Tsutsui, T., Shirai, T., 1983. Simultaneous determination
of total nitrogen and total phosphorus in water using
peroxodisulfate oxidation. Water Res. 17, 1721–1726.
Engström, P., Dalsgaard, T., Hulth, S., Aller, R.C., 2005. Anaerobic
ammonium oxidation by nitrite (anammox): implications for
N2 production in coastal marine sediments. Geochim.
Cosmochim. Acta. 69, 2057–2065.
Fan, X., Pedroli, B., Liu, G., Liu, Q., Liu, H., Shu, L., 2012. Soil salinity
development in the yellow river delta in relation to
groundwater dynamics. Land Degrad. Dev. 23, 175–189.
Fear, J.M., Thompson, S.P., Gallo, T.E., Paerl, H.W., 2005.
Denitrification rates measured along a salinity gradient in the
eutrophic Neuse River Estuary, North Carolina, USA. Estuaries
28, 608–619.
Franklin, R.B., Morrissey, E.M., Morina, J.C., 2017. Changes in
abundance and community structure of nitrate-reducing
bacteria along a salinity gradient in tidal wetlands.
Pedobiologia (Jena) 60, 21–26.
Han, B., Mo, L.Y., Fang, Y.T., Di, H., Wang, J.T., Shen, J.P., et al., 2021.
Rates and microbial communities of denitrification and
anammox across coastal tidal flat lands and inland paddy
soils in East China. Appl. Soil Ecol.
doi:10.1016/j.apsoil.2020.103768.
Kartal, B., Koleva, M., Arsov, R., van der Star, W., Jetten, M.S.M.,
et al., 2006. Adaptation of a freshwater anammox population
to high salinity wastewater. J. Biotechnol. 126, 546–553.
Giblin, A.E., Tobias, C.R., Song, B., Weston, N., Banta, G.T.,
Rivera-Monroy, V.H., 2013. The importance of dissimilatory
nitrate reduction to ammonium (DNRA) in the nitrogen cycle
of coastal ecosystems. Oceanography 26, 124–131.
Giblin, A.E., Weston, N.B., Banta, G.T., Tucker, J., Hopkinson, C.S.,
2010. The effects of salinity on nitrogen losses from an
oligohaline estuarine sediment. Estuaries Coasts 33,
1054–1068.
Hardison, A.K., Algar, C.K., Giblin, A.E., Rich, J.J., 2015. Influence of
organic carbon and nitrate loading on partitioning between
dissimilatory nitrate reduction to ammonium (DNRA) and N2
production. Geochim. Cosmochim. Acta 164, 146–160.
Herbert, E.R., Boon, P., Burgin, A.J., Neubauer, S.C., Franklin, R.B.,
Ardon, M., et al., 2015. A global perspective on wetland
salinization: ecological consequences of a growing threat to
freshwater wetlands. Ecosphere doi:10.1890/ES14-00534.1.
Hoffman, D.K., McCarthy, M.J., Newell, S.E., Gardner, W.S.,
Niewinski, D.N., Gao, J., et al., 2019. Relative contributions of
DNRA and denitrification to nitrate reduction in thalassia
testudinum seagrass beds in Coastal Florida (USA). Estuaries
Coasts 42, 1001–1014.
Jia, M., Winkler, M.K.H., Volcke, E.I.P., 2020. Elucidating the
competition between heterotrophic denitrification and DNRA
using the resource-ratio theory. Environ. Sci. Technol. 54,
13953–13962.
Kraft, B., Tegetmeyer, H.E., Sharma, R., Klotz, M.G., Ferdelman, T.G.,
Hettich, R.L., et al., 2014. The environmental controls that
govern the end product of bacterial nitrate respiration.
Science 348, 676–679.

45

Koop-Jakobsen, K., Giblin, A.E., 2009. Anammox in tidal marsh
sediments: the role of salinity, nitrogen loading, and marsh
vegetation. Estuaries Coasts 32, 238–245.
Kuypers, M.M.M., Marchant, H.K., Kartal, B., 2018. The microbial
nitrogen-cycling network. Nat. Rev. Microbiol. 16, 263–276.
Li, X.F., Gao, D.Z., Hou, L.J., Liu, M., 2019. Salinity stress changed
the biogeochemical controls on CH4 and N2O emissions of
estuarine and intertidal sediments. Sci. Total Environ. 652,
593–601.
Li, Y., Hong, Y., Wu, J., Wang, Y., Ye, F., 2020. Spatial variability
pattern of the anaerobic ammonia-oxidizing bacterial
community across a salinity gradient from river to ocean.
Ecotoxicology doi:10.1007/s10646-020-02282-5.
Lin, L., Pratt, S., Crick, O., Xia, J., Duan, H., Ye, L., 2021. Salinity
effect on freshwater Anammox bacteria: ionic stress and ion
composition. Water Res. doi:10.1016/j.watres.2020.116432.
Ma, Y., Zheng, X., Fang, Y., Xu, K., He, S., Zhao, M., 2020.
Autotrophic denitrification in constructed wetlands:
achievements and challenges. Bioresour. Technol.
doi:10.1016/j.biortech.2020.123778.
Matheson, F.E., Nguyen, M.L., Cooper, A.B., Burt, T.P., Bull, D.C.,
2002. Fate of N-15-nitrate in unplanted, planted and harvested
riparian wetland soil microcosms. Ecol. Eng. 19, 249–264.
Murphy, A.E., Bulseco, A.N., Ackerman, R., Vineis, J.H., Bowen, J.L.,
2020. Sulphide addition favours respiratory ammonification
(DNRA) over complete denitrification and alters the active
microbial community in salt marsh sediments. Environ.
Microbiol. 22, 2124–2139.
Murphy, J., Riley, J.P., 1986. Citation-classic - a modified single
solution method for the determination of phosphate in
natural-waters. Curr. Contents/Agric. Biol. Environ. Sci. 12, 16.
Neubauer, S.C., Piehler, M.F., Smyth, A.R., Franklin, R.B., 2019.
Saltwater intrusion modifies microbial community structure
and decreases denitrification in tidal freshwater marshes.
Ecosystems 22, 912–928.
Osborne, R.I., Bernot, M.J., Findlay, S.E.G., 2015. Changes in
nitrogen cycling processes along a salinity gradient in tidal
wetlands of the Hudson River, New York, USA. Wetlands 35,
323–334.
Oshiki, M., Satoh, H., Okabe, S., 2016. Anammox bacterial ecology
and physiology. Environ. Microbiol. 18, 2784–2796.
Pandey, A., Suter, H., He, J.Z., Hu, H.W., Chen, D., 2019.
Dissimilatory nitrate reduction to ammonium diminates
nitrate retention in long-term low nitrogen fertilized rice
paddies. Soil Biol.Biochem 131, 149–156.
Pandey, C.B., Kumar, U., Kaviraj, M., Minick, K.J., Mishra, A.K.,
Singh, J.S., 2020. DNRA: a short-circuit in biological N-cycling
to conserve nitrogen in terrestrial. Sci. Total Environ.
doi:10.1016/j.scitotenv.2020.139710.
Rich, J.J., Dale, O.R., Song, B., Ward, B.B., 2008. Anaerobic
ammonium oxidation (Anammox) in Chesapeake Bay
sediments. Microb. Ecol. 55, 311–320.
Risgaard-Petersen, N., Meyer, R.L., Schmid, M., Jetten, M.S.M.,
Enrich-Prast, A., Rysgaard, S., et al., 2004. Anaerobic
ammonium oxidation in an estuarine sediment. Aquat.
Microb. Ecol. 36, 293–304.
Rutting, T., Boeckx, P., Muller, C., Klemedtsson, L., 2011.
Assessment of the importance of dissimilatory nitrate
reduction to ammonium for the terrestrial nitrogen cycle.
Biogeosciences 8, 1779–1791.
Rysgaard, S., Thastum, P., Dalsgaard, T., Christensen, P.B.,
Sloth, N.P., 1999. Effects of salinity on NH4+ adsorption
capacity, nitrification, and denitrification in Danish estuarine
sediments. Estuaries 22, 21–30.
Thamdrup, B., Dalsgaard, T., 2002. Production of N-2 through
anaerobic ammonium oxidation coupled to nitrate reduction
in marine sediments. Appl. Environ. Microbiol. 68, 1312–1318.
Tiedje, J.M., Sexstone, A.J., Myrold, D.D., Robinson, J.A., 1982.

46

journal of environmental sciences 106 (2021) 39–46

Denitrification: ecological niches, competition and survival.
Antonie Leeuwen 48, 569–583.
Schonharting, B., Rehner, R., Metzger, J.W., Krauth, K., Rizzi, M.,
1998. Release ofnitrous oxide (N2O) from denitrifying
activated sludge caused by H2S-containing wastewater:
quantification and application of a new mathematical model.
Water Sci. Technol. 38, 237–246.
Setia, R., Marschner, P., Baldock, J., Chittleborough, D., Verma, V.,
2011. Relationships between carbon dioxide emission and soil
properties in salt-affected landscapes. Soil Biol. Biochem. 43,
667–674.
Stumm, W., Morgan, J.J. (Eds.), 2012. Aquatic Chemistry: Chemical
Equilibria and Rates in Natural Waters, 3rd edn.. Wiley.
Tugtas, A.E., Pavlostathis, S.G., 2007. Effect of sulfide on nitrate
reduction in mixed methanogenic cultures. Biotechnol.
Bioeng. 97, 1448–1459.
Wang, H.T., Gilbert, J.A., Zhu, Y.G., Yang, X.R., 2018. Salinity is a key
factor driving the nitrogen cycling in the mangrove sediment.
Sci. Total Environ. 631, 1342–1349.
Wu, Z.Y., Meng, H., Huang, X.W., Wang, Q., Chen, W.H., Gu, J.D.,
Lee, P.H., 2019. Salinity-driven heterogeneity toward
anammox distribution and growth kinetics. Appl. Microbiol.
Biotechnol. 103, 1953–1960.

Ye, Q., Tian, G., Liu, G., 2004. Land cover succession of
newly-formed wetland in the Yellow River Delta. Geographical
Research 23, 255–264.
Yin, G.Y., Hou, L.J., Liu, M., Liu, Z.F., Gardner, W.S., 2014. A novel
membrane inlet mass spectrometer method to measure
(NH4+ )-N-15 for isotope-enrichment experiments in aquatic
ecosystems. Environ. Sci. Technol. 48, 9555–9562.
Zhang, W.Q., Jin, X., Liu, D., Tang, W.Z., Shan, B.Q., 2017.
Assessment of the sediment quality of freshwater ecosystems
in eastern China based on spatial and temporal variation of
nutrients. Environ. Sci. Pollut. Res. 24, 19412–19421.
Zheng, L., Liu, T.T., Yuan, D.D., Wang, H.P., Zhang, S.R., Ding, A.Z.,
et al., 2020. Abundance, diversity, and distribution patterns
along with the salinity of four nitrogen
transformation-related microbes in the Yangtze Estuary. Ann.
Microbiol. doi:10.1186/s13213-020-01561-0.
Zhu, J., He, Y., Zhu, Y., Huang, M., Zhang, Y., 2018. Biogeochemical
sulfur cycling coupling with dissimilatory nitrate reduction
processes in freshwater sediments. Environ. Rev. 26, 121–132.

