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Key Laboratory of the Ministry of Education for Coastal Wetland Ecosystems, College of Environment
and Ecology, Xiamen University, Xiamen, Fujian, China

Nitrate (NO3™) reduction is a key process governing the nitrogen (N) dynamics of
coastal wetland sediments. Although the effects of environmental factors on the
NO;~ reduction mechanism in coastal wetland sediments have been examined
in various studies, the effects of spatial variation in potential NOs™ reduction
processes in coastal wetland sediments and the factors driving geographical
variation in these processes have not been widely examined. Here, we
conducted research on surface sediment samples from four different vegetation
types at six coastal wetland sites across two regions. We characterized potential
rates of NO3~ reduction processes (including denitrification (DF), anammox
(ANA), and dissimilatory nitrate reduction to ammonium (DNRA)) using a**N
tracer method. Additionally, we assessed the abundances of functional genes,
and microbial community structure using high-throughput sequencing, and
metagenomic sequencing. In six wetland sites, the contribution ranges of DF,
ANA, and DNRA to NO;~ reduction were 38.43%-55.69%, 31.33%—-45.65%, and
5.26%-17.11%, respectively, and potential NOz™ reduction was mainly driven by
N removal via gaseous N (DF+ANA). Significant spatial differences were observed
in the structure of bacterial and fungal microbial communities, suggesting that
geographical distance has a major effect on microbial community structure.
Environmental factors and Functional gene abundances were significantly
related to potential NO5~ reduction processes, and physicochemical properties
had a stronger effect on potential NOs;~ reduction processes than gene
abundances. Factors showing significant differences across regions were the
main drivers of variation in potential NO;~ reduction processes. Overall, our
study showed that sediment substrates and geographical environmental factors
rather than the abundance of functional genes and vegetation types were the
main indicators of potential NO3™ reduction activities in coastal wetlands.

mangrove sediment, denitrification, anaerobic ammonium oxidation (anammox),
dissimilatory nitrate reduction to ammonium (DNRA), geographical factors
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1 Introduction

Fluxes of nutrients, especially nitrogen (N), into offshore areas
have increased over the past century due to nutrient discharges
derived from agricultural and industrial activities, as well as sewage
treatment. N inputs from terrestrial ecosystems to coastal zones
have doubled (Howarth et al., 2002; Galloway, 2005; Qu and Kroeze,
20105 Melillo, 2021; Kittu et al., 2023; Tian et al., 2023), and global N
usage is projected to increase substantially by 2050 (Seitzinger et al.,
2002; Vishwakarma et al.,, 2022). Mangrove ecosystems have high
productivity and decomposition rates, and they are located at the
ecotone of terrestrial and estuary ecosystems, which receive excess N
and serve as hotspots of global N cycling (Lin, 1999; Kristensen et al.,
2008). Variation in nutrient dynamics, especially N dynamics, has
been documented in mangrove sediments worldwide (Reis et al.,
2016; Alongi, 2018).

N in anaerobic mangrove sediments is mainly transformed
through NO;™ reduction processes such as denitrification (DF),
anaerobic ammonium oxidation (ANA), and dissimilatory nitrate
reduction to ammonium (DNRA) (Alkhatib et al., 2012). The first
N removal pathway, DE is present in nearly all ecosystems,
and it can remove more than half of the N input from coastal
and marine sediments (Pandey et al., 2020). The widespread ANA
process very importantly removes both NH,"-N and NO; -N
from marine and estuarine sediments (Christensen, 1994). Overall,
DF and ANA reduce N loading by mediating the conversion of
NO;~ to gaseous N,. However, DNRA retains N as NH,*, which
maintaining a relatively high N level in mangrove sediments (An and
Gardner, 2002; Pandey et al., 2020). These processes are controlled
by enzymes encoded by N functional genes (Kuypers et al., 2018).
Generally, the main enzymes involved in DF process are the nitrate
and nitrite reductases (encoded by the structural genes narG,
napAB, nirK and nirS), nitric oxide reductases (encoded by genes
norBC and norZ), and nitrous oxide (N,O) reductase (encoded
by nosZ). The enzymes involved in ANA are the hzs, hzo, hao
and hh genes. In contrast, in DNRA process, nitrite is reduced
to ammonium by the enzyme encoded by nrfA and nasA gene.
Consequently, molecular analyses of nirS, nirK, nosZ, hzs, nrfA,
and nasA genes can be used to investigate the genetic potential of
DE ANA and DNRA process in environment (Dong et al., 2009;
Luvizotto et al., 2019). However, previous studies have reported
that gene abundances are not the main factors affecting N cycling
(Li X. etal, 2019; Raes et al., 2020; She et al., 2023). Meta analysis
showed that there was often no significant correlation between
nitrogen cycling process and functional gene abundance due to the
complexity of N cycling (Rocca et al., 2015). However, quantifying
N transformation and abundance of related functional genes are
still essential for a deeper understanding of the potential N cycling
(Pandey et al., 2018).

In addition, the increase in human activities intensity can
alter the partitioning of N, production between nitrate reduction
processes in estuarine sediments (Li et al., 2021). Due to the rapid
economic development over the last four decades, most of the
Chinese coastal waters have experienced an increase in N load
(Wang et al., 2021), especially along the coast of Fujian Province
(Wuetal.,, 2022). As an important ecological barrier, mangroves
play an increasingly critical role in mitigating the increased N by
rapid NO; ™ reduction processes. Nonetheless, the controlling factors
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of the spatial distribution of potential NO;~ reduction processes
in mangrove sediments remain unclear. In this study, we assume
that both environmental variables and functional genes of N cycling
jointly control the spatial pattern of potential NO;~ reduction
processes in mangrove sediments, but which is dominant remains
unclear. We investigated the potential NO;~ reduction processes
in surface sediments across six sampling sites, including mangrove
sites dominated by three species and one salt marsh, in Zhangjiang
Estuary and Shacheng Bay in Fujian Province. The aims of this study
were to explore 1) the importance of N retention and removal in
potential NO; ™ reduction processes in coastal wetland sediments; 2)
variation in potential NO; ™ reduction processes among regions and
vegetation types; and 3) the dominant factors affecting variation in
potential NO;~ reduction processes in coastal wetland sediments.
We believe this research can deepen our understanding of N cycling
in mangrove sediments, and provide scientific support for mangrove
management.

2 Materials and methods
2.1 Field sites and sample collection

The Zhangjiang Estuary and Shachang Bay are important
mangrove distribution areas on the southern and northern sides
of Fujian Province, respectively. There are geographical differences
between the two areas. Shachang Bay is the most northerly site where
mangroves are known to be naturally distributed in China. Sampling
in these two regions is conducive to investigating geographic
variation in potential NO;~ reduction processes in coastal wetland
sediments.

Zhangjiang Estuary Mangrove National Nature Reserve
(2,360 hm?) typical wetland ecosystem  in
Zhangzhou, Fujian Province (23°53'45"-23°56'00"N,
117°24'07"-117°30'00"E). The reserve experiences a subtropical
maritime monsoon climate, with a mean annual temperature (MAT)

is a coastal

of 21.2°C and a mean annual precipitation (MAP) of 1,679 mm.
Avicennia marina, Aegiceras corniculatum, and Kandelia obovata
are the dominant mangrove species in the reserve, and Spartina.
alterniflora was introduced to this reserve in the 1990s; it has since
become common in tidal flats and mangrove margins.

Shacheng Bay is located in Ningde, Fujian Province
(26°52'-27°26'N, 119°55"~120°43'E). Shacheng Bay experiences
a subtropical maritime monsoon climate, with a MAT of 19.5°C
and MAP of 1,686 mm. K. obovata is the only mangrove species in
this area, and the heights of the mangrove trees range from 1.30 to
1.80 m; canopy closure is moderate and ranges from 40% to 69%.

Four distinct ecological communities, including K. obovate
(KO1), A. corniculatum (AC1), A. marina (AM1), and S. alterniflora
(S1), were sampled in Zhangjiang Estuary National Mangrove
Forest Reserve, and two K. obovata communities (KO3 and KO4)
were sampled in Shacheng Bay (Figure 1). Sediment sampling
was conducted in December 2022. Triplicate 10-m? sample plots
were randomly demarcated in each community, and three surface
sediment samples (0-5 cm depth) were collected within each plots
using the five-point sampling method (Chen etal.,, 2018). Each
sample was immediately placed into a sterile plastic bag, and all
samples were transported to the laboratory within 2 h of collection.
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FIGURE 1

Shachang Bay.

Locations of soil sampling sites. KO1, AM1, AC1, and S1 denote the sampling locations for Kandelia obovata, Avicennia marina, Aegiceras corniculatum,
and Spartina alterniflora sediments at Zhangjiang Estuary, respectively; KO3 and KO4 denote the two Kandelia obovata sediment sampling points in
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In the laboratory, all samples were divided into three parts: one part
was stored at 4°C for analysis of physicochemical properties, the
second part was used for slurry incubation, and the third part was
frozen at —80°C for subsequent molecular analysis.

2.2 Sediment characterization

Sediment salinity (Sal) and pH were assessed using a WTW
multiparameter meter (Multi 3630 IDS, WTW) after mixing
ultrapure water with fresh sediment in a ratio of 2.5:1 (25mL
of water and 10 g of sediment). The water content (WC) was
calculated based on sediment weight loss after drying at 105°C.
Sediment ammonium (NH,"), nitrite (NO,”), and NO;~ were
measured using the potassium chloride (KCI) extraction method
(40 mL of 2 M KClI solution and 8 g of sediment), and the nutrient
concentrations were measured using a continuous flow analyzer
(AutoAnalyzer 3, Bran+Luebbe GmbH) (Guan et al., 2018). Total
carbon (TC), total nitrogen (TN)), total sulfur (TS), and total organic

Frontiers in Earth Science

03

carbon (TOC) were measured using an Elemental Analyzer (2400
SERIES II CHNS/O, PerkinElmer) (Guo et al., 2024). Dissolved
organic carbon (DOC) was determined using the potassium sulfate
extraction method, and microbial biomass carbon (MBC) was
measured using the chloroform fumigation-extraction method;
analysis of DOC and MBC was performed using a TOC-VCPH
elemental analyzer (TOC-VCPH, Shimadzu) (Guo etal, 2024).
Easily oxidizable organic carbon (EOC) was quantified using the
KMnO, oxidation colorimetric method and analyzed using a
spectrophotometer (DR3900, Hash) (Yang et al., 2022). The MAT
and MAP were obtained from the National Science Meteorological
Data Center (https://data.cma.cn/).

2.3 Measurement of microbial potential
NO;~ reduction processes

Isotope experiments were carried out in an anaerobic glovebox
filled with helium (He). Anoxic artificial seawater was prepared

frontiersin.org


https://doi.org/10.3389/feart.2024.1399200
https://data.cma.cn/
https://https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org

Zhang et al.

through purged with He before adding sea salt in the anaerobic
glovebox. Then, sediment slurries were prepared by mixing anoxic
artificial seawater with fresh sediment at a 2:1 ratio (1,000 mL of
water and 500 g of sediment) and preincubated anaerobically in the
glovebox for 48 h to remove NO;~, NO,™ and oxygen in original
sediment samples. After the preincubation, 20 mL samples were
transferred into 120 mL crimp-top, serum vials. Then a Na'>NO,
solution was added to each pre-incubated vial (final concentration
in slurry: 100 umol L™ of ®N-NO;") before the vial was sealed
(Canion et al., 2014; Pan et al,, 2017; Sun et al., 2023). The isotope
incubation experiment was set up with six sampling times after the
addition of NalsNO3 (0, 2, 4, 8, 12, and 24 h), with three replicates
for each sampling time. During the incubation period, vials were
shaking in a shaker with 150 rpm at temperature of 25°C in the dark
(Zhang et al., 2020).

At sampling times during the incubation, vials were removed
and shaken vigorously before extracting gas samples to ensure
an equal distribution of gases between the dissolved and gaseous
phases. Firstly, 1 mL of headspace gas of vial was taken used a
microinjector and transferred to a 12 mL Labco bottle (Labco
Limited, Lampeter, United Kingdom) filled with He. The *°N, and
2N, concentrations in Labco bottle were measured using an isotope
ratio mass spectrometer system (GasBench II-Delta V Advantage
system, Thermo Fisher Scientific, Bremen, Germany) with a SN
accuracy of £0.2%o (Cao et al., 2017). After gas sampling, the slurry
was purged with He for 20 min to remove the dissolved **N, and
N,. Next, NH," from slurry was extracted using a 2-M KCI
solution and kept in a 12 mL Labco bottle. Then, the amount of
>NH,*-N produced was determined using the OX-MIMS method
on Membrane Inlet Mass Spectrometer (MIMS; Bay Instruments,
Easton, MD, United States) (Yin et al., 2014).

The potential rates of DF and ANA were calculated by the
production rate of XN, (Thamdrup and Dalsgaard, 2002). The
formulas were:

D, represented the potential rate of DF; A, represented the
potential rate of ANA; P,y and P, represented the production rates
of N, and *°N,, respectively; Fy represented the '*N abundance of
NO; " in slurry after adding of Na'>NO,.

Potential DNRA rates were calculated by the production rate of
15NH,*. The formulas were:

(DN)xV
W xK

DNRA, represented the potential rate of DNRA; DN represented
the production rate of ""NH,* dissolved in water in the Labco bottle;

DNRA, =

V represented the volume of the Labco bottle; K represented the
proportion of extraction solution; W represented the dry soil weight.

The N removal rate (Ry ;emova) Was defined as the sum of DF and
ANA rates. The contribution rates of DF, ANA, and DNRA processes
to NO; ™ reduction are DF%, ANA%, and DNRA%, respectively. The
formulas were:

RNremoval = RDF + RANA
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Rpr
DF% = x 100%
Rpr + Ryna + Rpnra
R
ANA% = ANA x 100%
pr + Rana + Ronra
R
DNRA% = DNRA x 100%

Rpr + Ryna + Rpnra

Rpp> Ranas and Rpnry represented the rates of DE, ANA, and
DNRA, respectively.

2.4 Molecular analysis

Total genomic DNA was extracted using the CTAB method.
Amplicons were extracted from 2% agarose gels. Specific
primer pairs (341F-CCTAYGGGRBGCASCAG and 806R-
GGACTACNNGGGTATCTAAT) were used to amplify the V3-
V4 regions of the bacterial 16S rRNA genes. Specific primer
pairs (ITS1-F-CTTGGTCATTTAGAGGAAGTAA and ITS2-
GCTGCGTTCTTCATCGATGC) were also used to amplify the
ITS1-ITS2 regions of the fungal 16S rRNA genes. Purification was
carried out using an AxyPrep DNA Gel Extraction Kit (Axygen
Biosciences, Union City, CA, United States), and quantification was
performed using an ABI StepOnePlus Real-Time PCR System (Life
Technologies, Foster City, United States). The library was sequenced
on a NovaSeq 6000 PE250 platform (Illumina) that generated 250-
bp paired-end reads. Raw data from the Illumina platform were
filtered using FASTP (version 0.18.0), and clean OTUs obtained
were clustered and denoised; species annotations for the OTUs were
obtained using the SILVA and ITS2 databases.

Genomic DNA was extracted using the HiPure Bacterial DNA
kit (Magen, Guangzhou, China). The quality of the extracted
DNA was determined using a Qubit fluorometer (Thermo
Fisher Scientific, Waltham, MA, United States) and Nanodrop
spectrophotometer (Thermo Fisher Scientific, Waltham, MA).
Qualified genomic DNA was fragmented to 350 bp by sonication.
Both ends were flattened using enzymes, and an A-base was added
to each end. A DNA library was obtained using the NEBNext MLtra
DNA Library Prep Kits for Illumina (NEB, Ipswich, MA, United
States) per the manufacturer’s instructions. DNA fragments with
lengths of 300-400 bp were enriched by PCR, and the amplified
DNA fragments were purified using the AMPure XP system
(Beckman Coulter, Brea, CA, United States). The size distribution
of libraries was analyzed using a 2100 Bioanalyzer (Agilent, Santa
Clara, CA, United States), followed by quantitative analysis using
real-time PCR. Genome sequencing was performed on an Illumina
NovaSeq 6000 sequencer (Illumina, Inc., San Diego, CA, United
States) using the PE 150 sequencing strategy. Raw data from the
Mumina platform were filtered using FASTP (version 0.18.0) by
removing reads with 1) 210% unidentified nucleotides; 2) >50%
bases with Phred quality scores <20; and 3) barcode adapters. After
filtering, clean reads retained were used for genome assembly with
the optimal k-mer and Megahit ver. 1.1.2. Gene prediction was
performed on contigs >500 bp using MetaGeneMark (ver. 3.38)
(Qin et al,, 2012; Feng et al., 2022; Zhao et al., 2023). The unigenes
were annotated using DIAMOND (version 0.9.24) by aligning them
with deposited sequences in different protein databases, including
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the National Center for Biotechnology Information (NCBI) non-
redundant protein database and the Kyoto Encyclopedia of Genes
and Genomes (KEGG) (Song et al., 2022). Targeted N cycle-related
genes were screened based on the major N-cycling pathways
observed in all macrogenomic samples.

2.5 Statistical analyses

One-way analysis of variance (one-way ANOVA) was used to
test for variability among the sediment characterization, potential
rates of NO; ™ reduction processes, and functional gene abundances
across different sites. Multiple comparisons were performed using
the least significant difference and Student-Newman-Keuls tests
following one-way ANOVA. Pearson correlation analysis and
Redundancy analysis (RDA) was used to examine the relationships
between potential NO;~ reduction process rates, physicochemical
properties, functional gene abundances, and climatic factors. The
threshold for statistical significance in all tests was p < 0.05. These
statistical tests were performed using SPSS 26 for Windows (IBM
SPSS).

To evaluate microbial beta-diversity among samples, principal
coordinate analysis based on the Bray-Curtis dissimilarity was
performed using the “vegan” and “ape” packages (Xiao et al., 2022).
We used analysis of similarity (ANOSIM) based on a Bray-Curtis
dissimilarity matrix to evaluate differences among sampling sites
(Yuetal,, 2021). Graphs were plotted using the “ggplot2” package.
All analyses were conducted in R version 4.3.2 (The R Project for
Statistical Computing).

After
associated with potential rates of NO,~ reduction processes

screening the environmental factors significantly
according to Pearson correlation analysis, factors that exhibit
significant differences between Zhangjiang Estuary and Shacheng
Bay were classified as geo-environmental factors; the rest were
classified as vegetation factors. We further investigated the pathway
effects of potential NO;~ reduction processes and the significant
factors affected by spatial variables and vegetation types using a
partial least squares-path model (PLS-PM), and non-parametric
bootstrapping (1,000 resamples in this study) was used to estimate
the precision of the PLS parameter estimates. The 95% bootstrap
confidence interval was used to assess the significance of the
estimated path coeflicients; a path coeflicient indicates the direction
and strength of the direct effect between two variables. SmartPLS
3.2.9 (SmartPLS GmbH) was used to generate the PLS-PM
(LiY. etal., 2019; Bai et al., 2023).

3 Results
3.1 Characteristics and sediment properties

The physicochemical characteristics of sediments at all sites
are shown in Figure 2. SWC was significantly lower in Shacheng
Bay sediments than in Zhangjiang Estuary sediments (p < 0.05).
No significant variation in SWC was observed among the four
communities in Zhangjiang Estuary (p > 0.05). Sal was highest
at KOI, and it was significantly higher at KO1 than at the other
sampling sites (p < 0.05). The Sal of Shacheng Bay sediments was
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similar to that of AMI sediments. With the exception of ACI,
sediment samples were generally alkaline, with a pH range of
7.23-7.64. The sediment TC content varied considerably across
communities; the TC content was highest at KO1, followed by ACI,
AML], S1, KO3, and KO4. The TC content was 2.03 times higher at
KOl than at the Shacheng Bay sites. The TN content was highest
at AM1 and lowest at KO1. NH,* and NO;~ were the primary
components of inorganic N, and the content of NO,~ was low. The
inorganic N content was significantly lower at AC1 than at the other
sites. Furthermore, the TS content was significantly higher at the
Shacheng Bay sites than at the Zhangjiang Estuary sites (p < 0.05).

3.2 Sediment potential NO;™ reduction
rates

The potential DF rates in surface sediments (0-5cm) varied
considerably, ranging from 0.33 to 0.79 umol N dry g ™' d”!, and the
mean value was 0.53 + 0.15 umol N dry g™! d”!. ‘The DF rate was
significantly higher at AM1 than at the other sites (p < 0.05). The
ANA rates ranged from 0.32 to 0.61 umol N dry g™' d™!, and the
average value was 0.41 + 0.08 umol N dry g! d™!, which was slightly
lower than the average DF rate. The ANA rate was highestat AC1 (p <
0.05). The potential N removal rates from surface sediments ranged
from 0.71 to 1.35 umol N dry g™' d™!, with a mean value of 0.94 +
0.21 pmol N dry g™' d™". The rate of N removal was markedly lower
at the KO sites than at the other sites (p < 0.05). The rates of DE,
ANA, and N removal were similar at sites with the same vegetation
type; however, there was notable spatial variation in the DNRA rate
(Figure 3A).

3.3 Functional gene abundances and
microbial community structure

The primary genes involved in NO;™ reduction processes were
detected in the surface sediments. The highest relative abundance
values of hzs, nirS, nirK, nosZ, nrfA, and nasA were 0.00079%,
0.096%, 2.16%, 1.96%, 0.018%, and 0.058%, respectively. The
abundances of nirK, nosZ, nrfA, and nasA were highest at KO3 and
lowest at KO4. The abundance of hzs was highest at AC1 and lowest
at S1. The abundance of nirS was highest at AC1 and lowest at KO4
(Figure 3B).

Significant spatial variation was observed in the structure
of bacterial and fungal microbial communities. Moreover, in
Zhangjiang Estuary, fungal community structure in AM1 sediment
significantly differed from that of the other sediment samples
(Figure 4).

3.4 Relationship between potential NO;~
reduction processes and environmental
factors

Correlation analyses between potential NO;™~ reduction rates,
gene abundances, and environmental factors showed that DF was
positively affected by sediment NO;~ and negatively affected by
MAP, Sal, and TC/NO;~. ANA was positively correlated with
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FIGURE 2
Sediment properties at different sites. Data are mean (standard error), n = 3. Significant differences among sites are indicated by different letters
(p<0.05).

SWC, MAT, TC, TN, NH,*, NO;~, SOC, and MBC and negatively
correlated with Latitude, MAP, and Sal. DNRA was negatively
correlated with Latitude, MAP, and TS and positively correlated
with SWC, MAT, TC, TN, SOC, and EOC. The abundance of nirS
was positively correlated with TC, TN, SOC, EOC, and NO;™~ but
negatively correlated with Latitude, MAP, and TS. DF was correlated
with ANA and DNRA, but ANA was not correlated with DNRA. The
abundance of hzs was positively correlated with TC, SOC, and EOC.
The abundances of nirK, nosZ, nrfA, and nasA were not correlated
with sediment physicochemical properties. The abundance of nirS
was significantly correlated with DF, ANA, and DNRA, and the
abundance of hzs was significantly correlated only with ANA. The
abundance of hzs was only correlated with the abundance of nirS,
and the abundances of the other genes were all correlated with each
other, suggesting that gene abundances were affected by microbial
biomass. In sum, Latitude, MAT, MAP, SWC, Sal, TC, TN, NH,*,
NO;~, SOC, EOC, MBC, TS, TC/NO;~, hzs gene abundance, and
nirS gene abundance were the main factors affecting sediment
potential NO; ™ reduction processes in coastal wetlands (Figure 5A).

The RDA effectively explained the variation in the potential
NO;™ reduction process rates (Figure 5B). The nrfA, nirK, and nasA
genes exhibited a high collinearity, and a strong correlation between
the rates of potential DF and ANA was observed.
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The PLS-PM model indicated that geo-environmental and
vegetation factors could explain 87.0% of the variance in potential
NO;~ reduction rates. Potential NO;~ reduction rates were
positively affected by geo-environmental and vegetation factors,
with path coefficients of 0.676 and 0.286, respectively. However,
vegetation factors did not have a significant effect on potential NO5~
reduction rates (Figure 5C).

4 Discussion

4.1 Climate and substrate were the main
driver of system nitrogen fate

In the surficial sediment, the measured potential denitrification
rates (0.33-0.79 umol N dry g™' d™!, Figure 3A) and potential
anammox rates (0.32-0.61 pmol N dry g™' d™') are comparable
to those in other coastal sediments, but the potential rates of
DNRA (0.05-0.17 umol N dry g~! d™!) observed in our study were
lower than those documented in other mangroves (Table 1). Similar
to other mangrove ecosystems, DF was the major pathway for
potential NO;™ reduction in the sediments of Zhangjiang Estuary
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FIGURE 3
Potential rates of denitrification (DF), anaerobic ammonium oxidation (ANA), and dissimilatory nitrate reduction to ammonium (DNRA) at different sites
(A) and abundances of NOz~ reduction-related functional genes (i.e., hzsA, nirK, nirS, nosZ, nrfA, and nasA) in mangrove sediments at different sites (B).
Data are mean (standard error), n = 3. Significant differences among sites are indicated by different letters (p < 0.05).

and Shacheng Bay (Tables 1, 2). Therefore, NO;™ reduction generally
led to N removal in coastal wetland sediments.

%DE, %ANA, and %DNRA were not affected by the abundance
of related functional genes. Consistent with the results of a previous
study (Hardison et al., 2015), TC/NO;™ affected %DF and %ANA,
as they were both affected by electron donors and substrates. The
DNRA process showed greater sensitivity to temperature, with
MAT having a positive effect on %DNRA, which is consistent with
the findings of a previous study (Zhangetal., 2023). Moreover,
%DNRA was positively correlated with sediment TC, TN, SOC,
and EOC, suggesting that the substrate content also plays a key
role in determining the rate of DNRA (Rahman et al,, 2019). Our
findings suggest that climatic factors such as MAT and MAP, as
well as substrate factors such as TC/NO5;~, TC, TN, SOC, and
EOC affect the relative contributions of DE, ANA, and DNRA to
NO;™ reduction in coastal wetland sediments across the study area
(Figure 5A).

4.2 Sediment nutrition rather than gene
abundances drove nitrogen reduction
across regions

Studies investigating the regulation of N fluxes in coastal
ecosystems have highlighted the important role of sediment-
dissolved inorganic nitrogen concentrations on NO;~ reduction
processes (Huangetal, 2021). NO;™ is the substrate in NO;~
reduction processes; therefore, its concentration in sediment affects
the rates of different NO;™ reduction pathways (Shan et al., 2018;
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Tan etal., 2019; Richetal., 2020). DE ANA, and DNRA are
microbial anaerobic respiration pathways that compete for NO;~
in various natural habitats. Typically, DF and ANA rates exhibit a
synergistic relationship (Figure 5A), which potentially stems from
the provision of ANA with the NO,™ substrate under anaerobic
conditions by DE, as this has been commonly observed in laboratory
environments (You et al., 2020). Furthermore, studies conducted
in different ecosystems have shown that the most important
factor affecting DF and DNRA rates is TC/NO;~, rather than TC
or NO;~ content alone (Pandey etal., 2018; Pandey etal., 2019;
Bai et al., 2020). Likewise, some studies also found that the dominant
N reduction process shifted from DNRA to DF process with
the decreasing values of TC/NO,~ (Figure 5A) (Yoon et al., 2015;
Van Den Berg et al., 2016; Pandey et al., 2018).

The effect of environmental factors on the potential NO5~
reduction process might vary across geographic scales. In contrast
to heterotrophic DF (Saggar etal., 2013), autotrophic ANA has
traditionally been considered independent of sediment carbon (C)
or organic C (Kartal etal., 2013; Shanetal.,, 2018; Huang et al.,
2022). However, studies from regional and global perspectives
have revealed a positive correlation between ANA rates and the
soil C and N content, including TOC and TN (Yao et al., 2023),
which is consistent with the findings of this study. In coastal
sediments, environments with a high C-to-N ratio amplify the
substrate competition between DF and ANA (Li et al., 2022), which
explains why DF rates were higher than ANA rates (Brin et al., 2017)
(Figures 3A, 5A).

Potential NO;~ reduction processes may be affected by
various factors across different geographic scales. Studies in
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FIGURE 4
Results of principal coordinate analyses (PCoA) of (A) bacterial and (B) fungal community structure.

regions with low environmental complexity suggest that DE, ANA,
and DNRA rates are mainly regulated by the abundances of
functional genes, followed by environmental factors (Jiang et al.,
2023). Conversely, studies in regions with greater environmental
complexity indicate that these potential NO;™ reduction rates are
mainly controlled by physicochemical properties, such as substrate
availability (Shrewsbury etal., 2016; Raesetal., 2020; She etal.,
2023). In these studies, the sampling sites exhibited a huge difference
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in the degree of human influence (such as types of pollution sources
and land uses) and natural conditions (including latitude, MAT, and
MAP). In our study, the DF rate was only significantly correlated
with the abundance of nirS genes, whereas ANA was significantly
correlated with the abundances of hzs and nirS. The DNRA rate was
not correlated with the abundance of nrfA (Figure 5A). On the one
hand, the expression of N functional genes is affected by sediment
physicochemical properties (Carbone etal., 2011; Ahmed et al,,
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the amount of variation explained.

TABLE 1 Previous reported NO;™ reduction rates in mangrove sediments (Fernandes et al., 2012; Molnar et al., 2013; Cao et al., 2016; Luvizotto et al.,
2019; Fang et al,, 2022; Wang and Lin, 2023).

Rates (nmol N gt h™)

Denitrification Anammox

Tuvem 30 (1.15) 4(0.0012) 891 (23)

Divar 64 (1.15) 4(10) 500 (13)
Bertioga 11,940 (710) 340 (540) 1,350 (190)

Jiulongjiang Estuary 3.5 (0.76) 2.1(2.3) 39(9.2)
Zhangjiangkou Estuary 5.7(0.5) 1.3 (0.085) 5.8 (0.48)
Qiao Island 3.81(0.47) 0.21 (0.09) 2.41 (0.48)
New Caledonia 0.98 (0.39) ND 0.91 (0.45)

Data are mean (standard error), n = 3; ND, means no data; When the original data unit is rate per square meter and the sediment properties are not specified in the paper, the unit conversion is
based on a surface layer of 5 cm, a bulk density of 1.5 g cm ™, and a water content of 70%.
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TABLE 2 Contribution ratio of NO; ™ reduction process.

Site %DF (%) ‘ %ANA (%) %DNRA (%)
ACI 48.38 (4.36) 41.81 (3.39) 9.81(1.2)
AM1 55.52 (0.28) 33.17 (0.29) 11.31 (0.04)
KO1 38.83 (0.4) 44.74 (0.82) 16.43 (0.61)
S1 52.76 (0.16) 32.68 (1.18) 14.56 (1.04)
KO3 49.83 (1.25) 42.52(0.93) 7.65 (2.08)
KO4 51.09 (0.34) 41.97 (0.43) 6.94 (0.09)

Data is the mean (standard error), n=3.

2018; Huang et al., 2021). On the other hand, the relative importance
of various factors regulating the structure of microbial communities
might vary across spatial scales (Martiny et al., 2006; Hazard et al.,
2013; Xuetal, 2016). Complex habitats lead to differences in
microbial community structure (Figure 4), and the expression
efficiency of functional genes also changed with the structure of
microbial communities (Nogales et al., 2002; Dandie et al., 2011).
Furthermore, the abundance of functional genes is not influenced by
physicochemical properties (Figures 5A, B). Therefore, establishing
a direct relationship between gene abundances and potential NO;~
reduction rates across various habitats remains a major challenge.
The findings suggested that potential NO;™~ reduction activities in
coastal sediments across regional scales were more strongly affected
by sediment substrates than by gene abundances.

4.3 Geographical environmental factors
dominated spatial patterns in nitrogen
reduction

Coastal wetlands exhibited various physicochemical properties
across geographic regions (Shenetal, 2021; Laetal, 2022).
Additionally, differences in plant species contribute to variation
in depositional conditions and physicochemical properties in the
understory sediments (Chen and Twilley, 1999; Nie et al., 2021).
Among the environmental factors that were significantly associated
with potential NO;™ reduction process rates, the value of Latitude,
MAT, MAP, SWC, SOC, TC, TN, TS, hzs gene abundance, and nirS
gene abundance significantly differed between sediment samples
from Zhangjiang Estuary and Shacheng Bay (Figure 2). However,
there were significant differences in EOC, MBC, NH,*, and NO;~
among different vegetation types. In this study, geo-environmental
factors were found having a stronger effect on potential NO;~
reduction processes than vegetation factors (Figure 5C), indicating
that geo-environmental factors were the main drivers of potential
NO; ™ reduction processes in coastal sediments at the regional scale
rather than vegetation factors.

In addition, hydrological conditions may be an important
influencing factor in the nitrogen reduction process (Wang et al.,
2019; Deng et al.,, 2020; Kaden et al., 2021). N storage, N cycling
processes, and N fluxes have a unique distribution pattern along
hydrological gradients in intertidal zone, while future changes in
hydrological conditions will also lead to a transition from NH,*
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sources to sinks of intertidal ecosystems (Huetal,, 2019). The
impact is likely achieved by regulating the nutrient supply (Hu et al.,
2019; Kaden et al., 2021) and dissolved oxygen levels in sediments
(Abbas et al., 2019; Gao et al., 2022) in sediments. However, during
laboratory incubation, the changes in hydrological conditions are
not taken into account.

5 Conclusion

The results of our study reveal the environmental determinants
that affect the potential NO;  reduction process in coastal
sediments, as well as the effects of regional and vegetation-related
factors on potential NO; ™ reduction activities in coastal sediments
across regional scales. Potential NO; ™ reduction processes in coastal
sediments were predominantly affected by sediment substrates at
the regional scale. However, the expression of functional genes was
decoupled from the potential NO; ™~ reduction processes due to the
effects of variation in sediment properties and microbial community
structure. Moreover, factors showing regional differences primarily
contributed to variation in the potential rates of NO;~ reduction.
The results of this study indicated that geo-environmental factors
play a major role in shaping spatial variation in potential NO;~
reduction in coastal wetland sediments. These findings have
important implications for future studies of the N cycling process
in sediments across various regions.
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