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ABSTRACT: Anaerobic ammonium oxidation coupled with
nitrite reduction is an important microbial pathway of nitrogen
removal in intertidal wetlands. However, little is known about
the role of anaerobic ammonium oxidation coupled with ferric
iron reduction (termed Feammox) in intertidal nitrogen
cycling. In this study, sediment slurry incubation experiments
were combined with an isotope-tracing technique to examine
the dynamics of Feammox and its association with tidal
fluctuations in the intertidal wetland of the Yangtze Estuary.
Feammox was detected in the intertidal wetland sediments,
with potential rates of 0.24−0.36 mg N kg−1 d−1. The
Feammox rates in the sediments were generally higher during
spring tides than during neap tides. The tidal fluctuations
affected the growth of iron-reducing bacteria and reduction of ferric iron, which mediated Feammox activity and the associated
nitrogen loss from intertidal wetlands to the atmosphere. An estimated loss of 11.5−18 t N km−2 year−1 was linked to Feammox,
accounting for approximately 3.1−4.9% of the total external inorganic nitrogen transported into the Yangtze Estuary wetland
each year. Overall, the co-occurrence of ferric iron reduction and ammonium oxidation suggests that Feammox can act as an
ammonium removal mechanism in intertidal wetlands.

1. INTRODUCTION

Nitrogen (N) pollution in aquatic ecosystems has become a
more significant environmental issue at regional and global
scales,1−3 mainly due to the excessive use of N fertilizers in
agricultural activities4,5 and to the release of N from fossil fuel
combustion.2,4 Specifically, the substantial amount of N
released into aquatic environments is considered an important
driver of water pollution (e.g., coastal eutrophication, hypoxia,
and harmful algal blooms).2,3,6−8 Shifts in microbial commun-
ities and diversity in response to N inputs9 also likely influence
N transformations.10 Therefore, increasing concerns regarding
the pathways of N cycling in aquatic environments have been
raised for decades and can be used to help reveal N budgets in
natural ecosystems and provide a thorough understanding of
global N biogeochemistry.1,2 Of the N transformation
processes, canonical denitrification, which is the heterotrophic
reduction of nitrate to N2, has traditionally been considered the
only important mechanism of N loss from aquatic ecosys-
tems.1,2,11 However, in recent years, anaerobic ammonium
oxidation (anammox), which oxidizes ammonium into
dinitrogen gas by reducing nitrite,12,13 has been found to
contribute to the removal of N from freshwater, estuaries, and
coastal marine environments.12−17 More recently, anaerobic
ammonium oxidation coupled with Fe(III) reduction (termed
Feammox), which can produce N2,

5,18 NO3
−,5,18 or

NO2
−,5,18−20 has been identified in many ecosystems including

riparian sediments,19,20 tropical forest soils,18 and paddy soils.5

Because the production of N2 by Feammox is more
energetically favorable than the generation of NO2

− or
NO3

−,18 this process is considered a potentially significant
contributor to N removal.5,18 However, no reports regarding
the occurrence of Feammox or its contribution to total N losses
are currently available for intertidal wetlands.
Intertidal wetlands are key transitional zones between land

and marine ecosystems, play an important role in global
biogeochemical cycles, and provide extensive ecosystem
services.21−24 However, intertidal wetlands are usually subjected
to periodic water inundation and atmospheric exposure due to
tidal fluctuations.27 In such environmental systems, sediments
endure periodic desiccation, especially during neap tides, which
can result in the oxidation of Fe(II) to Fe(III) and of
ammonium to nitrite and nitrate. After desiccation, the
rewetting of sediments during spring tides can contribute to
Fe(III) reduction and to the generation of sedimentary
ammonium through organic matter mineralization or ion
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exchange.25,26 In addition, changes between dry and wet
processes can alter the sediment structure and sedimentary
microenvironments.27 Overall, alternant processes, such as the
results of tidal fluctuations, can cause a series of interrelated
biotic and abiotic changes that can affect biogeochemical
reactions in intertidal wetlands.27,28 Considering the environ-
mental characteristics of intertidal wetlands,8,27 we hypothesize
that the periodic dry and wet processes induced by spring and
neap tidal fluctuations can facilitate the microbial process of
Feammox in these environments.
In this study, we provide geochemical evidence for Feammox

in surface sediments from the intertidal wetland of the Yangtze
Estuary. The main objective of this study is to examine the
occurrence of Feammox and the associations of Feammox
dynamics with sedimentary inorganic nitrogen changes and Fe
redox reactions under tidal fluctuations. The abundance of iron-
reducing bacteria (FeRB) which regulate Fe(III) reduction was
measured. Furthermore, the contribution of Feammox to the
total N loss from the intertidal wetland was identified. This
work provides new insights regarding nitrogen biogeochemical
cycles coupled with Fe redox reactions in intertidal wetlands.

2. MATERIALS AND METHODS
Site Description and Sediment Sampling. The Yangtze

Estuary is located in the center of China’s eastern coast.
Extensive intertidal mudflats have developed along the Yangtze
estuarine and coastal zone due to the deposition of substantial
amounts of suspended sediment from the Yangtze River
Basin.29,30 In this work, the research site (121°59′E, 31°30′N)
was located in the Chongming Eastern Intertidal Wetland
which is the largest and most extensively developed mudflat in
the mouth of the Yangtze Estuary (Figure S1, Supporting
Information). Because of semilunar tidal fluctuations, the
inundation duration in this intertidal wetland can be maintained
for approximately 3−5 d during spring tide. In contrast, this
area is continuously exposed to air for approximately 10−12 d
during intermediate and neap tides. Thus, these sediments in
the intertidal wetland experience periodic dry and wet
processes during semilunar tidal cycles, and this intertidal
wetland was consequently selected as the case-study site.
Fieldwork was conducted at the end of the spring and neap
tides for two successive semilunar tidal cycles in August and
December 2014, respectively. At each sampling, six replicates of
sediment samples (0−5 cm depth) were collected from 3 m2 of
homogeneous intertidal mudflat using plexiglass corers. After
collection, the sediment core samples were packed into cleaned
polyethylene bags and sealed without air before transporting on
ice to the laboratory within 2 h. After returning to the
laboratory, each sediment core was immediately homogenized
under helium and divided into three fractions. The first fraction
was immediately incubated to determine the potential nitrogen
transformation rates using isotope tracer incubations, the
second fraction was stored at −80 °C for molecular analyses,
and the third fraction was stored at 4 °C for sediment
characteristics measurements, including the sediment water
content, pH, redox potential, total organic carbon content,
sedimentary inorganic nitrogen content, and reactive Fe
concentrations.
Isotopic Tracer Incubations. Sediment slurry incubations

combined with nitrogen isotope-tracing technique were
conducted in an anaerobic glovebox to measure Feammox
and Fe(III) reduction rates using the procedure from Ding et
al.5 and Yang et al.18 with slight modifications. Briefly, slurries

were made by adding sterile anoxic artificial seawater (salinity:
10‰) to sediments at a ratio of 2:1 (v/w) and adequately
homogenized using a magnetic stirrer before anaerobic
preincubation in the dark at nearly in situ temperatures (30
°C for August and 10 °C for December) for approximately 12 h
to eliminate background nitrite, nitrate, and oxygen. After
preincubation, 12 g of the homogenized slurries were
transferred into 100 mL serum vials under helium before
immediately sealing the vials with butyl rubber septa and crimp-
capping with aluminum caps. These vials were divided into the
three following treatments: (1) sterile anoxic artificial seawater
instead of 15NH4Cl (control); (2)

15NH4Cl addition (15N at
99.0%, Cambridge Isotope Laboratories, Inc., Tewksbury, MA,
15NH4

+); and (3) 15NH4Cl and C2H2 addition (15NH4
+ +

C2H2). The vials for both 15NH4
+ and 15NH4

+ + C2H2
treatments were spiked with 1.0 mL of ultrahigh purity He-
purged stock solutions of 15NH4Cl through the septa to achieve
a dry weight of 45 mg N kg−1, which was based on the annual
inorganic N (IN) load into the Yangtze Estuary wetlands.21 For
the 15NH4

+ + C2H2 treatments, 30 mL of headspace gas in each
vial was replaced with C2H2. All vials were vigorously shaken to
homogenize the treatment solutions before incubation. After 24
h of incubation, 12 mL of gas samples were collected
immediately using gastight syringes and then injected into 12
mL pre-evacuated Labco Exetainer vials sealed with butyl-
rubber septa (Labco Limited, High Wycombe, Buckingham-
shire, U.K.). The 15N enrichment of N2 in the gas samples was
determined using an isotope ratio mass spectrometry (IRMS,
Thermo Finnigan Delta V Advantage, Bremen, Germany), and
a more detailed description is provided in the Supporting
Information. The potential Feammox rates were conservatively
quantified using the difference in 30N2 production with and
without 15NH4

+ addition.5 Furthermore, after the gas samples
were collected to determinate the Feammox rates, the
incubated slurries were also immediately subsampled to
quantify the Fe(III) reduction rates based on changes in the
Fe(II) concentration during the incubations.5

Analysis of Sediment Characteristics. The sediment
water content was determined from the amount of weight lost
from a known amount of wet sediment that had been dried at
60 °C to a constant value. The redox potential (Eh) of the
sediment was measured using a combined Ag/AgCl and Pt (s)
electrode connected to a potentiometer, and Zobell solution
was used for calibration.27 The sediment pH was measured
using a Mettler-Toledo pH meter after mixing the sediment
with deionized water free of CO2 at a ratio (w/v) of 1:2.5.21

The total organic carbon (TOC) in sediments was determined
using a thermal combustion furnace analyzer (Elementar vario
MaxCNOHS analyzer, Germany) after leaching with 1 M HCl
to remove carbonate.21 The exchangeable NH4

+, NO3
−, and

NO2
− in the sediments were extracted using a 2 M KCl

solution and determined via a continuous-flow nutrient
autoanalyzer (SAN plus, Skalar Analytical B.V., Breda, The
Netherlands) with detection limits of 0.5 μM for NH4

+ and 0.1
μM for NO3

− and NO2
−.21 The total extractable Fe and Fe(II)

in the sediments were determined using the procedure
described by Lovley et al.31 with slight modifications. Briefly,
1.0 g samples were extracted in 10 mL mixtures of 0.5 M HCl
and 0.25 M hydroxylamine hydrochloride for 2 h to determine
the total extractable Fe and Fe(II), respectively, using the
ferrozine method.31 The amount of microbially reducible
Fe(III) (considered as hydroxylamine-reducible Fe(III)) was
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calculated as the difference between the total extractable Fe and
Fe(II).5,31

DNA Extraction and PCR Amplification. The total
genomic DNA of the sediment was extracted from 0.25 g of
sediment and sampled using Power Soil DNA Isolation kits
(MoBio, U.S.A.) according to the manufacturer’s directions.7,21

The purities and concentrations of DNA were measured on a
Nanodrop-2000 Spectrophotometer (Thermo, U.S.A.). Quan-
titative PCR (qPCR) of the iron-reducing bacteria (FeRB) was
performed using the specific primer sets and qPCR conditions
reported by Somenahally et al.32 FeRB was determined by

targeting Geobacteraceae spp. and Shewanella spp., which are
important microbial communities involved in iron reduction
under anaerobic conditions.32 The Geobacteraceae fragments in
the extracted DNA were amplified using the Geo564F (5′-AAG
CGT TGT TCG GAW TTA T-3′) and Geo840R (5′-GGC
ACT GCA GG GGT CAA T A-3′) primers. The Shewanella
fragments were amplified using the She 120F (5′-GCC TAG
GGA TCT GCC CAG TCG-3′) and She 220R (5′-CTA GGT
TCA TCC AAT CGC G -3′) primers. In addition, qPCR was
conducted using an ABI 7500 Sequence Detection System
(Applied Biosystems, Canada) and the SYBR green qPCR

Figure 1. Dynamics of water content, Eh, pH, TOC, exchanged inorganic nitrogen, Fe(II), and Fe(III) in sediments collected at the two successive
spring and neap tides in summer and winter, respectively. NOx

− = NO3
− + NO2

−. The different small letters above the column denote statistically
significant (P < 0.05) differences between the spring and neap tides in summer and winter. Error bars represent standard errors (n = 6).
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method.7 Additional detailed descriptions of the qPCR
amplification for FeRB are provided in the Supporting
Information.
Statistical Analyses. All statistical analyses were performed

using SPSS version 17.0 for Windows (SPSS Inc., Chicago, IL).
Statistical analyses for comparing the obtained data during
spring and neap tides were conducted using a one-way analysis
of variance (ANOVA) followed by a LSD test. Pearson’s
correlation analysis was performed to reveal the relationships
among the environmental factors, Fe(III) reduction rates, FeRB
abundance, and nitrogen transformation rates.

3. RESULTS

Dynamics of the Sediment Characteristics. Changes in
the sediment characteristics during the neap and spring tidal
fluctuations are shown in Figure 1. The sediment water
contents were significantly higher during spring tides (66.4−
73.3%) than during neap tides (25.4−31.3%) (P < 0.01). In
contrast, the sediment Eh was significantly lower during spring
tides (62.7−72.4 mV) than during neap tides (387.6−484.3
mV) (P < 0.01); the sediment pH was slightly lower during
spring tides (8.32−8.46) than during neap tides (8.48−8.75),
but no significant seasonal difference was observed (P > 0.05).
The sediment TOC contents during the spring tides (0.51−
0.76%) were comparable to those during the neap tides (0.58−
0.81%) and were significantly lower (0.51−0.59%) during the
summer than during the winter (0.72−0.81%) (P < 0.05). The
sediment NH4

+ concentrations generally increased during the
spring tides (3.26−3.73 mg N kg−1) and significantly decreased
during the neap tides (2.25−2.63 mg N kg−1) (P < 0.01).
Compared with NH4

+, opposite changes in the sediment NOx
−

concentrations were observed during the periodic tidal
fluctuations. The Fe(II) contents in the sediments varied
from 0.54 to 1.03 g Fe kg−1 during the summer and from 0.74

to 1.04 g Fe kg−1 during the winter, and the Fe(III) contents
varied from 0.57 to 1.07 g Fe kg−1 during the summer and from
0.57 to 0.87 g Fe kg−1 during the winter. Specifically, the Fe(II)
contents increased significantly during the spring tides as the
Fe(III) contents significantly decreased relative to the neap
tides (P < 0.01).

15N2 Production Measured through Isotopic Tracer
Incubations. The potential 30N2 and

29N2 production rates in
intertidal sediments influenced by the spring and neap tides
were determined using 15N-labeled ammonium-based isotope
tracing and acetylene inhibition techniques (Figure 2).
Significant 30N2 contents were detected in the treatments
with both 15NH4

+ and 15NH4
+ + C2H2, but no 30N2 was

detected in the control treatments (without 15NH4
+ addition).

This result demonstrates the occurrence of Feammox in the
intertidal sediments because the N2 resulting directly from
Feammox and/or Feammox-produced NO3

− or NO2
−, which

resulted from denitrification or anammox after Feammox, are
the only potential sources of 30N2 under anoxic conditions.

5,18

The mean 30N2 production rates in the 15NH4
+ treatments were

significantly greater than those in the 15NH4
+ + C2H2

treatments, regardless of seasonal changes or tidal fluctuations
(P < 0.05; Figure 2c, d). In the 15NH4

+ treatments, the mean
30N2 production rates during the spring tides ranged from 0.35
to 0.36 mg N kg−1 d−1 in the summer and from 0.32 to 0.33 mg
N kg−1 d−1 in the winter, which were significantly higher (P <
0.05) than the rates observed during the neap tides (0.26−0.27
mg N kg−1 d−1 in summer and 0.24−0.25 mg N kg−1 d−1 in
winter). In contrast, the presence of C2H2 resulted in a decrease
of 0.02−0.06 mg N kg−1 d−1 in the 30N2 production rates. The
30N2 production rates in the 15NH4

+ + C2H2 treatments showed
similar seasonal changes to those observed in the 15NH4

+

treatments. The formation of 29N2 in the sediments under
the tidal fluctuations was approximately twofold greater than

Figure 2. Mean 30N2 and 29N2 production rates in the control, 15NH4
+ and 15NH4

+ + C2H2 treatments for the sediments influenced by tidal
fluctuations. The different capital and small letters above the column denote statistically significant (P < 0.05) differences between the spring and
neap tides in the 15NH4

+ and 15NH4
+ + C2H2 treatments, respectively. Error bars represent standard errors (n = 6). nd = not detectable within a

detection limit of 0.006 mg 15N kg−1 d−1.
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that of 30N2 (Figure 2a, b). During the isotope-tracing
incubations treated with both 15NH4

+ and 15NH4
+ + C2H2,

the 29N2 production rates showed similar variations as the 30N2
production rates.
Fe(III) Reduction Rates in Isotopic Tracer Incubations.

In this study, the Fe(III) reduction rates were significantly
enhanced in the 15NH4

+ and 15NH4
+ + C2H2 treatments,

compared with the rates observed in the control treatments (P
< 0.05; Figure 3). Additionally, the increase in Fe(III)

reduction rates was greater in the 15NH4
+ treatments than in

the 15NH4
+ + C2H2 treatments (P < 0.05). These results

indicate that a portion of the sedimentary indigenous Fe(III)
was reduced to Fe(II) and that the addition of 15NH4

+

facilitated Fe(III) reduction. The Fe(III) reduction rates were
generally higher during the summer than during the winter (P
< 0.05), likely because of the seasonal differences in
temperature, sediment microbial communities, and/or sedi-
ment compositions. Moreover, in the 15NH4

+ and 15NH4
+ +

C2H2 treatments, the Fe(III) reduction rates in the neap tidal
sediments were greater during the summer (0.21−0.24 g Fe
kg−1 d−1) than during the winter (0.19−0.21 g Fe kg−1 d−1) and
increased by 31.0−52.5% and 18.4−36.3%, respectively,
compared with the control treatments (P < 0.05). In the
spring tidal sediments, the Fe(III) reduction rates during the
summer (0.23−0.29 g Fe kg−1 d−1) were significantly higher
than those during the winter (0.20−0.23 g Fe kg−1 d−1).
Abundance of Iron-Reducing Bacteria in Intertidal

Sediments. The gene copy numbers of iron-reducing bacteria
in the sediments under the tidal fluctuations were measured to
demonstrate their activity, which may regulate Feammox
(Figure 4). The abundance of Geobacteraceae spp. serves a
significant role in iron reduction, varying from 1.0 × 108 to 1.4

× 108 copies g−1 during neap tides and increasing significantly
from 1.9 × 108 to 2.3 × 108 copies g−1 during spring tides (P <
0.05). Significant seasonal variations in the abundance of
Geobacteraceae spp. occurred during the neap tides (P < 0.05),
and no significant seasonal difference in Geobacteraceae spp.
abundance was observed during the spring tides. The
Shewanella spp. abundances during neap tides ranged from
1.5 × 107 to 1.9 × 107 copies g−1 and were lower than the
abundances (2.2 × 107−3.7 × 107 copies g−1) observed during
spring tides (Figure 4). Furthermore, significant seasonal
differences in the abundances of both Geobacteraceae spp. and
Shewanella spp. were observed during spring tides (P < 0.05),
while no seasonal differences were detected during neap tides
(P > 0.05).

4. DISCUSSION

Occurrence of Feammox in Intertidal Wetlands. Tidal
fluctuations can result in periodic changes in sediment
characteristics, which can alter the microbial nitrogen trans-
formation processes in the intertidal wetlands.33 Nitrification,
the sequential oxidation of NH4

+ to NO2
− and then to NO3

−, is
a dominant microbial process in aerobic environments.35

However, under anaerobic conditions, the accumulation of
NH4

+ derived from organic nitrogen mineralization increases,33

and NOx
− is reduced by anammox and denitrification.5 In this

study, significant differences in the sedimentary NOx
− and

NH4
+ concentrations were detected between the spring and

neap tidal sediments (P < 0.05) (Figure 1), which indicates the
likely occurrence of tide-mediated microbial nitrogen trans-
formations. In addition, Fe oxidation/reduction reactions can
occur with tidal fluctuations, resulting in changes in the Fe(III)
and/or Fe(II) concentrations in intertidal wetlands.36 Fe(III),
which serves as an electron acceptor, is widely available in
intertidal wetlands and plays an important role in anaerobic
organic matter oxidation37 and microbial nitrogen cycling.19 In
this study, the Fe(II) concentrations were significantly higher
during the spring tides than during the neap tides. In contrast,
Fe(III) concentrations were higher during the neap tides than
during the spring tides. The changes in reactive Fe
concentrations under these tidal fluctuations indicate that
tidal action is an important factor regulating the Fe redox
reactions in intertidal wetlands. Overall, these concurrent
changes in sedimentary IN and reactive Fe concentrations
induced by tidal fluctuations may be important for Feammox in
intertidal wetlands.
Our isotopic experiments further demonstrated that

Feammox occurred in the intertidal sediments, because
significant 30N2 production (Figure 2c, d) and high Fe(III)
reduction (Figure 3) occurred following the addition of 15NH4

+

in the treatments with 15NH4
+ and 15NH4

+ + C2H2.
Furthermore, a significant and positive correlation was observed
between the Fe(III) reduction and 30N2 production rates (P <
0.01) (Figure 5), which supports the occurrence of Feammox
in the intertidal sediments. Before the isotopic tracer
incubations, the sediment slurries were anoxically incubated
to eliminate initial NOx

− and O2 (Figure S2, Supporting
Information). In addition, experimental procedures were
conducted in an anaerobic glovebox filled with high-purity
helium. Therefore, N2 directly from Feammox and/or
Feammox-produced NO3

− or NO2
−, which are produced by

denitrification or anammox following Feammox, are the only
potential pathways for 30N2 generation.

5,18

Figure 3. Fe(III) reduction rates measured through isotope tracer
incubations. The different small letters above the column denote
statistically significant (P < 0.05) differences between the spring and
neap tides. Error bars represent standard errors (n = 6).
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In this study, the potential Feammox rates estimated from
30N2 production in the 15NH4

+ treatments5,18 ranged from 0.24
to 0.36 mg N kg−1 d−1 (Figure 2c, d), which are comparable to
the Feammox rates observed in tropical forest soils
(approximately 0.32 mg N kg−1 d−1) by Yang et al.18 and in
paddy soils (0.17−0.59 mg N kg−1 d−1) by Ding et al.5

Additionally, the estimated Feammox rates were significantly
higher during the spring tides (0.32−0.36 mg N kg−1 d−1) than
during the neap tides (0.24−0.27 mg N kg−1 d−1), which
implies that tidal actions favor the occurrence of Feammox.
Previous studies have revealed that Feammox reactions strongly
depend on microbially reducible Fe(III) levels in soils.5,18−20

Likewise, a significant correlation was observed between the
Feammox rates and Fe(III) concentrations in the present study
(r = 0.81, P < 0.01), which indicates that the Feammox
dynamics (Figure 2c, d) are likely attributable to the
accumulation and/or reduction of Fe-oxides induced by tidal
fluctuations. The Feammox process could also be affected by

pH and Eh5,18,19 because pH and Eh are important factors
regulating the reactivity of Fe oxide minerals and Fe redox
reactions.32,36,39 However, no significant relationship was
observed between sediment pH and Feammox rates in this
study (r = −0.29, P > 0.05), indicating that sediment pH may
have a slight influence on Feammox reactions in intertidal
wetlands. In contrast, the sediment Eh was significantly
correlated with the Feammox rates (r = −0.87, P < 0.01).
This relationship indicates that changes in sediment Eh may
effectively control the conversion of Fe, which would drive the
occurrence of Feammox. In addition, high concentrations of
organic matter have been reported to increase the release of
structural Fe from clay minerals and result in the formation of
Fe(III) oxides, which would promote the Feammox reactions.5

Nevertheless, in this study, no significant relationship was
observed between Feammox and TOC (r = 0.34, P > 0.05),
which suggests that the availability of organic matter is not an
important factor responsible for Feammox in intertidal

Figure 4. Gene copy numbers of Geobacteraceae spp. and Shewanella spp. bacteria in the sediments influenced by tidal fluctuations. The different
capital and small letters above the column denote statistically significant (P < 0.05) differences between the spring and neap tides in summer and
winter, respectively. The asterisks above the horizontal line denote statistically significant (P < 0.05) differences in seasonal variations. Error bars
represent standard errors (n = 6).

Figure 5. Pearson’s correlations of iron reduction rates with both 30N2 (a) and
29N2 (b) production rates in the 15NH4

+ treatment.
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wetlands. Therefore, these results suggest that environments
with high Fe(III)-oxide availability and low or fluctuating redox
conditions are favorable for the occurrence of the microbial
Feammox process.5,18−20

Links among Fe(III) Reduction Rates, 15N2 Production
Rates, and Iron-Reducing Bacterial Abundance. Fe(III)
reduction rates were significantly enhanced in the 15NH4

+ and
15NH4

+ + C2H2 treatments (0.19−0.29 g Fe kg−1 d−1) relative
to the control treatments (0.16−0.18 g Fe kg−1 d−1) (P < 0.05;
Figure 3), which indicates that the addition of NH4

+ can
facilitate Fe(III) reduction.5 Furthermore, the Fe(III) reduction
rates varied significantly between the neap and spring tides,
providing further evidence for the importance of tidal
fluctuations in regulating the Fe redox reaction in intertidal
sediments.34,35 Fe(III) availability and reduction rates can
control the microbial Feammox process,5,18 mainly because
Fe(III) can serve as an electron acceptor for organic matter
degradation and ammonium oxidation under anaerobic
conditions19,38 and stimulate the growth of iron-reducing
bacteria.39 Therefore, Fe(III) reduction could be associated
with 30N2 and

29N2 production in the presence of 15NH4
+. In

this study, the Fe(III) reduction rates within the 15NH4
+-

amended incubations were significantly correlated with both
30N2 (r = 0.44, P < 0.01) and 29N2 (r = 0.69, P < 0.01)
production rates (Figure 5), further indicating that Feammox
plays a significant role in anaerobic ammonium oxidation in
intertidal wetlands. Considering the production of 29N2 and
30N2, anaerobic ammonium oxidation consumed 1.21−2.26%
and 1.25−2.75% of the 15NH4

+ added to the neap and spring
tidal sediments, respectively.
Iron-reducing bacteria (FeRB) can affect Feammox by

controlling Fe(III) reduction in anaerobic environments.32,39

The FeRB targeting Geobacteraceae spp. and Shewanella spp.
that serve as Fe(III) reducers40,41 may be directly involved in
ammonium oxidation.19,20 In this study, the abundances of
Geobacteraceae spp. and Shewanella spp. were quantified to
reveal the microbially physiological mechanisms underlying the
interactions between Fe(III) reduction and Feammox. The
Fe(III) reduction rates within the 15NH4

+-amended incubations
were significantly related to the bacterial abundances of
Geobacteraceae (r = 0.52, P < 0.01) and Shewanella (r = 0.46,
P < 0.01) (Table S1, Supporting Information), as observed for
the production of 30N2 and

29N2 vs reduction of Fe(III) (Figure
5). In addition, the 30N2 production rates were significantly
correlated with the bacterial abundances of Geobacteraceae (r =
0.59, P < 0.01) and Shewanella (r = 0.57, P < 0.01) (Table S1,
Supporting Information). These relationships likely provide
genetic evidence of the importance of microbially reducible
Fe(III) in the occurrence of Feammox. The 30N2 production
rates were positively correlated with the 29N2 production rates
(r = 0.66, P < 0.01, Table S1, Supporting Information). This
correlation likely indicates the concurrence of many microbial
processes, including the use of indigenous 14NH4

+ with added
15NH4

+ by Feammox to form N2, Feammox to NO3
− and/or

NO2
− followed by denitrification to N2, and Feammox to NO2

−

followed by anammox.5,18 This conclusion may also be
supported by the weak correlations that were observed between
the 29N2 and 30N2 production rates and denitrification and
anammox bacterial abundances in this study (Figure S3,
Supporting Information).
Compared with the neap tides, the high abundances of

Geobacteraceae and Shewanella bacteria during the spring tides

indicate that the tidal fluctuations significantly influenced the
growth of iron-reducing bacteria and impacted Feammox. The
abundance of Geobacteraceae bacteria during the neap tides was
higher during the summer than during the winter (P < 0.01),
with no seasonal differences during the spring tides (P > 0.05).
However, the abundance of Shewanella bacteria was higher
during the spring tides than during the neap tides, and
significant seasonal changes were observed during the spring
tides (P < 0.05; Figure 4). These results indicate that FeRB had
various physiological characteristics in response to the tidal
fluctuations, which further affected the Feammox activity.32,39

However, some other microbial processes, such as anaerobic
organic matter and methane oxidation,42,43 are also potential
contributors to Fe(III) reduction,5,37,42 which may promote
FeRB growth and metabolic activity.

Contribution of Feammox to Nitrogen Loss. To obtain
the N2 produced directly from Feammox, acetylene was added
in the isotopic tracer incubations to directly separate the
generation of N2 via Feammox and/or denitrification of NO3

−

and NO2
− produced from Feammox.5,18,44 Previous studies

have indicated that acetylene not only restrains the reduction of
N2O produced from denitrification to N2

45 but also inhibits
anammox.5,44 In this study, the concentration of acetylene in
the headspace of the serum vials reached up to 30% (v/v, about
12.78 mM), which could completely suppress N2O reduction45

and anammox.44 Therefore, the N2 produced directly from
Feammox was considered the only microbial pathway of 30N2
generation in the treatments of 15NH4

+ + C2H2.
5,18 Compared

to the incubations treated only with 15NH4
+, the decrease in

30N2 production due to acetylene addition indicates that
approximately 6.8−21.5% of the 30N2 produced during the
incubations was attributed to anammox and/or denitrification
of Feammox-produced NO2

− and NO3
−.5 Therefore, the N2

directly resulting from Feammox was estimated to account for
78.5 to 93.2% of the total 30N2 production during the
incubations in which only 15NH4

+ was added. Based on the
potential N2O production rates in the presence of acetylene
(Figure S4, Supporting Information), approximately 0.02−0.08
mg N kg−1 d−1 was oxidized by Fe(III) to NO3

− and/or NO2
−

and then reduced to N2O through denitrification,5,18 which
accounted for 8.3−21.4% of the 30N2 produced within the
incubations. This proportion could also support the differences
in 30N2 generation with and without acetylene addition.
To identify the relative contributions of Feammox to

nitrogen loss, the potential anammox and denitrification rates
under the spring and neap tidal fluctuations were determined in
the present study (Supplementary Methods, Supporting
Information). The measured anammox and denitrification
rates in the intertidal sediments ranged from 0.12 to 0.22 mg
N kg−1 d−1 and from 0.41 to 1.68 mg N kg−1 d−1, respectively
(Figure S5, Supporting Information). Based on the anammox
and denitrification rates, Feammox accounted for 14−34% of
the total nitrogen loss (sum of denitrification, anammox, and
Feammox) through NH4

+ oxidation coupled with Fe(III)
reduction (Figure S6, Supporting Information).5,18 The
remainder of the nitrogen loss was attributed to both
denitrification and anammox. Additionally, Feammox resulted
in slightly greater contributions to nitrogen loss during spring
tides (16−34%) than during neap tides (14−30%), likely
because relatively high Feammox rates occurred during the
spring tides (Figure 2). Furthermore, although the Feammox
rates in the intertidal sediments were slightly different in winter
and summer, a significant seasonal difference in the
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contributions of Feammox to the total nitrogen loss was
observed (P < 0.05). The relatively high Feammox contribution
to nitrogen loss in winter sediments was likely attributed to the
low denitrification rates that occurred during this season.
Overall, these results suggested that Feammox plays an
important role in NH4

+ removal from intertidal wetlands.
Based on the potential rates of Feammox measured during

the incubation experiments, the potential nitrogen loss via
Feammox from the intertidal sediments was estimated at 11.5−
18 t N km−2 year−1, assuming that the dry sediment bulk
density of the study area was approximately 2.68 g cm−3.3 This
amount of nitrogen removal via Feammox represented
approximately 3.1−4.9% of the total external IN transported
annually into the Yangtze Estuary wetland (approximately
366.67 t N km−2 year−1).21 However, the environmental
importance of Feammox in intertidal wetlands remains
uncertain because anaerobic organic matter degradation and
anaerobic methane oxidation can also contribute to Fe(III)
reduction.5,37,42,43 In this study, only 1.58−3.16% of Fe(III)
reduction was attributed to Feammox during the isotopic tracer
incubations, based on a theoretical ratio of 3−6 mol of Fe(III)
reduced per mole of NH4

+ oxidized.5,18

In summary, this study provides experimental evidence for
the occurrence of Feammox in intertidal wetlands influenced by
spring and neap tidal fluctuations. Tidal action can contribute
to the growth of iron-reducing bacteria, which would accelerate
Feammox activity and lead to more N loss from intertidal
wetlands to the atmosphere. A loss of 11.5−18 t N km−2 year−1

was linked to Feammox and accounted for approximately 3.1−
4.9% of the total external IN load transported annually into the
Yangtze Estuary wetland. Tidal fluctuations are an important
driver shaping sedimentary microenvironments and can
regulate N loss through Feammox and provide new insights
into Fe-driven microbial N transformations in intertidal
ecosystems.
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