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ARTICLE INFO ABSTRACT

Editor: Jay Gan Coastal ecosystems, facing threats from global change and human activities like excessive nutrients, undergo
alterations impacting their function and appearance. This study explores the intertwined microbial cycles of

Keywords: carbon (C) and nitrogen (N), encompassing methane (CHy4), nitrous oxide (N20), and nitrogen gas (N2) fluxes, to
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determine nutrient transformation processes between the soil-plant-atmosphere continuum in the coastal eco-
systems with brackish water. Water salinity negatively impacted denitrification, bacterial nitrification, N fixa-
Nitrous oxide tion, and n-DAMO processes, but did not significantly affect archaeal nitrification, COMAMMOX, DNRA, and
Methane ANAMMOX processes in the N cycle. Plant species age and biomass influenced CH4 and N»O emissions. The
Greenhouse gases highest CH,4 emissions were from old Spartina and mixed Spartina and Scirpus sites, while Phragmites sites emitted
the most N,O. Nitrification and incomplete denitrification mainly governed N,O emissions depending on the
environmental conditions and plants. The higher genetic potential of ANAMMOX reduced excessive N by con-
verting it to Ny in the sites with higher average temperatures. The presence of plants led to a decrease in the N
fixers' abundance. Plant biomass negatively affected methanogenetic mcrA genes. Microbes involved in n-DAMO
processes helped mitigate CH4 emissions. Over 93 % of the total climate forcing came from CH4 emissions, except
for the Chinese bare site where the climate forcing was negative, and for Phragmites sites, where almost 60 % of
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the climate forcing came from N2O emissions. Our findings indicate that nutrient cycles, CH4, and N2O fluxes in
soils are context-dependent and influenced by environmental factors and vegetation. This underscores the need
for empirical analysis of both C and N cycles at various levels (soil-plant-atmosphere) to understand how habitats
or plants affect nutrient cycles and greenhouse gas emissions.

1. Introduction

Coastal environments provide unique natural habitats, services and
resources for many organisms and favourable conditions for human
settlement (Winter et al., 2019), with about 40 % of the global popu-
lation living within 100 km of the coast (Bruns, 2014). Coastal habitats
face local and global risks from both direct (e.g., temperature, rainfall,
water quality disturbances) and indirect (e.g., sea-level rise, coastal
erosion) factors linked to environmental and climate changes (Burden
et al., 2020; Zhu et al., 2020; Liu et al., 2021), and rapid urbanisation
have amplified these impacts (Craig-Smith et al., 2006). Human coastal
habitats often lie within river deltas (e.g., Shanghai) or have limited
oceanic connections despite receiving substantial riverine inputs (e.g.,
Baltic Sea), resulting in lower water salinity and slower pollutants
dispersion compared to the open oceans, making it important to study
those urbanised coasts with brackish water (mixed saline and fresh-
water) greatly impacted by pollution (Yang et al., 2020; Jaspers et al.,
2021). Excessive nutrient pollution from agricultural, industrial, and
domestic sources is a major concern for coastal ecosystems, impacting
their ecological integrity and biodiversity globally (Deegan et al., 2012;
Newton et al., 2020). These pollutants primarily enter coastal zones
through riverine contamination, atmospheric deposition, and direct
dumping (Paerl et al., 2002; Lapointe et al., 2015; Guibert et al., 2016).
This poses a significant threat as it can fundamentally change the
functioning and appearance of coastal ecosystems (Herbert, 1999; Bauer
et al., 2013).

In coastal ecosystems, losing diversity and foundational plant species
can severely undermine their resilience to climate change and other
pressures (Bernhardt and Leslie, 2013). Plant-microbe interactions,
crucial for the diversity of coastal ecosystems by shaping both plant
rhizobiomes and microbial communities, remain largely unexplored
(Sasse et al., 2018). The microbial community in coastal areas is sensi-
tive to environmental shifts and plays a role in regulating the success of
invasive plant species (Kowalski et al., 2015; Gribben et al., 2017; Novoa
et al., 2020). Conversely, coastal vegetation influences microbial pro-
cesses, especially in controlling emissions of nitrous oxide (N2O) and
methane (CHy) (Al-Haj and Fulweiler, 2020; Hsieh et al., 2021). These
gases can efficiently move through the leaves, stems, and rhizomes of
plants with aerenchyma to the atmosphere, a characteristic common in
many wetland plants (Cheng et al., 2007).

N»0 and CHy, potent greenhouse gases, show varying emissions from
coastal areas depending on microbial communities and their influencing
factors (Cavicchioli et al., 2019; Quick et al., 2019; Wallenius et al.,
2021). It has been shown that the same invasive species, e.g. Spartina
alterniflora, may have climate cooling or warming effects on climate due
to changes in N2O (Yang et al., 2020) and CHy4 emissions (Yang et al.,
2021), emphasising the need for a comprehensive view of any species'
impact on the atmosphere. Global coastal wetlands CH4 emissions were
estimated at 5.3-6.2 Tg CHy y~ ! (Al-Haj and Fulweiler, 2020), consti-
tuting around 60 % of the global marine CH,4 budget and < 7 % of the
global wetland CH4 budget (Saunois et al., 2020). In contrast, estuarine
environments, including coastal wetlands, are a relatively minor source
of global N30, 0.31 Tg N2O-N y ! or < 2 % of the total anthropogenic
source, although it is expected to double in the short-term future
(Murray et al., 2015).

Carbon (C) and nitrogen (N) cycling are tightly coupled at the mi-
crobial and plant levels in all ecosystems. Still, these two key elemental
cycles are very often studied separately (Cavicchioli et al., 2019). Soil
microbial C and N dynamics are altered in a changing climate due to soil

warming, changes in root exudates and hydrology, and disturbances,
including pollution (Jansson and Hofmockel, 2020). It is crucial to
advance our understanding of C and N cycling interactions in coastal
environments to better protect and manage the coastal areas.

Widely acknowledged processes in C (methanogenesis, methano-
trophy) and N cycles (denitrification, nitrification, N fixation), along
with recently more investigated processes such as dissimilatory nitrate
reduction to ammonium (DNRA) and anaerobic ammonium oxidation
(ANAMMOX) (both part of N cycle), have gained significant attention in
coastal studies (Damashek and Francis, 2018; Wallenius et al., 2021).
New processes like nitrate/nitrite-dependent anaerobic methane
oxidation (n-DAMO; directly combines C and N cycles) and complete
oxidation of ammonium to nitrate (COMAMMOX; part of N cycle) still
need investigation to assess their roles in various ecosystems (in't Zandt
et al., 2018), including coastal regions. CH4 emissions primarily depend
on the balance between methanogenesis, methanotrophy, and n-DAMO
(Wallenius et al., 2021). However, incomplete denitrification, nitrifi-
cation, and DNRA are key microbial pathways that may significantly
contribute to NoO production (Bahram et al., 2022). The interactions
among all these processes will determine gas fluxes.

The coastal zone, acting as the meeting point between land and
ocean, is affected by marine, terrestrial and atmospheric processes
(Winter et al., 2019). Due to the diverse aspects requiring consideration
in coastal studies - such as water, soil, vegetation, and gas — there is a
significant lack of comprehensive studies covering all these elements.
Moreover, the integration of microbial C and N cycles across coastal
ecosystems presents a significant yet needed challenge. Understanding
microbial processes in nutrient cycling with plants is crucial for sus-
taining the functionality of coastal areas. Here are the two main nov-
elties of this study: 1) A comprehensive microbial analysis study is
conducted for Chinese and Estonian coastal sites under varied vegeta-
tion, incorporating CH4 and N5O fluxes as background data to describe
the potential activity of different functional genes. CH,4 and N2O fluxes
are direct products of different processes involving these key genes, with
the microbial analysis primarily focused on in this study and high-
lighting deterministic processes behind them. An integrated view of
microbial C and N cycles is another advantage. 2) This study emphasises
the importance of studying CH,4 and N3O cycles together, underlining
their significance in contributing to global warming. Another primary
focus is contextualising these highly contributing greenhouse gases (CH4
and N50), aiming to discern their differences and collective contribution
to global warming.

The general aims of this study are to identify and assess the microbial
processes contributing to greenhouse gases and examine how plants
relate to functional gene abundances and greenhouse gases in coastal
zones with brackish water. It focuses on analysing soil bacteria and
archaea abundance, along with their functional genes, to understand
nutrient transformation processes across the soil-plant-atmosphere
continuum. The hypotheses of this study are as follows: 1) Aquatic
macrophytes determine microbiome composition and CH4 and N2O
fluxes in coastal soils. 2) CH4 and N2O cycles in coastal soils affect each
other. 3) Understudied microbial processes, such as n-DAMO and
COMAMMOX, play an important role in CH4 and N,O fluxes within
coastal ecosystems.
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2. Methods
2.1. Description of the study sites

Seven coastal zones with different plant species or bare soils in
Pivarootsi, Estonia (58.535864° N, 23.606722° E) (Fig. 1A) and
Shanghai, China (30.833333° N, 121.833333° E) (Fig. 1B) were selected
as study sites. All studied sites were similarly affected by the brackish
water, with water salinity around 7-8 %o (Yang et al., 2020; Jaspers
et al., 2021). The Estonian and Chinese sites have an average annual
temperature of 6.8 °C and 15.9 °C and an annual precipitation of 761
and 1150 mm, respectively. Each site comprised three sampling points,
either in bare sites or dominated by the Schoenoplectus tabernaemontanii
and Phragmites australis in Estonia, or Spartina alterniflora and Scirpus
mariqueter in China. In this study, our primary focus is on the microbi-
ological analyses of samples from Estonian and Chinese sites. While data
regarding NoO (Yang et al., 2020) and CH4 (Yang et al., 2021) in the
Chinese sites have been previously described, we present a more
comprehensive description of the data from the Estonian sites.

The coastal sites are named according to dominant plant species as
follows: bare (EO), Phragmites australis (E1), and Schoenoplectus taber-
naemontanii (E2) in Estonia; bare (P0), a mix of Spartina alterniflora and
Scirpus mariqueter (P1), old Spartina alterniflora (P2), and young Spartina
alterniflora (P3) in China. Native plant species populate these sites,
except for S. alterniflora, which has rapidly spread in China. Invasive
S. alterniflora colonised P1 and P2 nine years prior to the study and
invaded P3 three years before. Hereafter, we refer to P2 and P3 as the old
and young Spartina sites, respectively. Detailed descriptions of these
Chinese coastal sites can be found in Yang et al. (2020) and Yang et al.
(2021). In Estonia, fieldwork took place during the intensive plant
growth period between June and September 2019. The air temperature
ranged from 16 to 24 °C, and water level fluctuations of 0-30 cm were
observed during the sampling days.

2.2. Sampling and analyses of water, soil, and plants

A detailed description of water parameters (including water salinity,
electrical conductivity, NO3, NO3, NHY), soil parameters (such as
temperature, salinity, and total nitrogen (TN)) and plant sample
collection and analysis is available in Yang et al. (2020).

At each Estonian sampling site, the water table dynamics were
measured using perforated polypropene pipes (@ 75 mm) as monitoring
wells. The following parameters were measured using a handheld
portable YSI Professional Plus for each sampling: temperature (°C), pH,
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electrical conductivity (pS/cm), redox potential, and dissolved oxygen
content (mg/L) from the well water. Soil temperature was recorded at a
depth of 10 cm with a temperature logger (Comet Systems Ltd., Roznov
pod Radhostem, Czech Republic). All measurements were conducted
twice a month throughout the study period in Estonia.

Soil samples from Estonia (0-10 cm depth) were collected at the end
of the study (27.09.2019). Samples for chemical analyses were stored at
4 °C, and microbiological samples were stored at —20 °C until further
analyses. Soil pH, organic matter (OM), TN, NO3, NH3, total phosphorus
(TP), potassium (K), calcium (Ca), and magnesium (Mg) contents were
measured with the standard methods (APHA-AWWA-WEF, 2005) in the
Plant Biochemistry Laboratory of the Estonian University of Life Sci-
ences. Soil pH was determined using a 1N KCl solution; NH4 and NO3
were determined on a 2M KCl extract of soil by flow-injection analysis.
OM content of dry matter was determined by loss on ignition. TN and TC
contents of oven-dry samples were determined by a dry-combustion
method on a varioMAX CNS elemental analyser (Elementar Analy-
sensysteme GmbH, Germany). TP (NHy-lactate extractable) was deter-
mined on a FiaStar5000 flow-injection analyser. K was determined from
the same solution by the flame-photometric method and Mg was
determined from a 100 mL NHy-acetate solution with a titanium-yellow
reagent on the flow-injection analyser. Ca was analysed using the same
solution by a flame-photometrical method.

For both Estonian and Chinese soil samples, the concentrations of
total carbon (TC), total organic carbon (TOC), dissolved carbon (DC),
dissolved organic carbon (DOC) and dissolved nitrogen (DN) were
determined using a Vario TOC (Elementar GmbH, Germany).

In the Estonian sites, plant height and density were evaluated bi-
monthly throughout the study. At the end of the study, above- and
belowground biomass stocks were measured in the E1 (Phragmites) and
E2 (Schoenoplectus) sites. The aboveground biomass was harvested on
three subplots (0.2 mz), while the belowground biomass (roots and
rhizomes) was determined from nine soil cores (0.01 rnz) taken to a
depth of 20 cm using a shovel from both coastal marsh sites. After
manually washing each core over a 0.5 mm mesh sieve to remove the
bulk soil, roots and rhizomes were manually picked from the residual
soil. The collected above- and belowground biomass samples were oven-
dried at 70 °C until a constant weight was achieved. Subsequently, the
biomass amounts were analysed for N and P concentrations using
standard methods (APHA-AWWA-WEF, 2005) at the Plant Biochemistry
Laboratory of the Estonian University of Life Sciences.
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Fig. 1. (A) Location of the three sampling plots in the Pivarootsi coast of the Baltic Sea, Estonia (Photo by Estonian Land Board). Sites: bare (EO), Phragmites australis
(E1), and Schoenoplectus tabernaemontanii (E2). (B) Location of the four sampling plots in the Nanhui coast of the Yangtze estuary, Shanghai, China (Photo by
RapidEye Satellite). Sites: bare (P0), a mix of Spartina alterniflora and Scirpus mariqueter (P1), old Spartina alterniflora (P2), and young Spartina alterniflora (P3).
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2.3. Soil DNA extraction

DNA was extracted from the Estonian and Chinese soil samples using
the PowerSoil DNA Isolation kit (MO BIO Laboratories Inc., Carlsbad,
CA, USA), following the manufacturer's protocol. The homogenisation
step was performed at 5000 rpm for 20 s using Precellys® 24 (Bertin
Technologies, France). Extracted DNA from samples was stored at
—20 °C until further analyses. The quality and quantity of the extracted
DNA were assessed using a spectrophotometer Infinite M200 (Tecan AG,
Austria). DNA concentrations were determined by measuring the dif-
ference in light flux intensity directed at and through the samples. The
sample's purity was evaluated by the ratio of the absorbance values
measured at 260 nm to 280 nm.

2.4. Quantitative PCR

Real-time quantitative polymerase chain reaction (qQPCR) was used
to amplify the 16S rRNA gene, assessing bacterial and archaeal com-
munity abundance (Supplementary Table 1). For estimation of denitri-
fication (nirK, nirS, nosZI, nosZII), nitrification (bacterial amoA, archaeal
amoA, COMAMMOX amoA), DNRA (nrfA), anaerobic ammonium
oxidation (ANAMMOX-specific 16S rRNA) and N fixation (nifH), the
respective functional genes were quantified using qPCR. n-DAMO pro-
cess was determined via n-DAMO specific 16S rRNA genes by applying
the qPCR. Methanogenic mcrA and methanotrophic pmoA genes were
quantified with the qPCR.

qPCR assays were performed using RotorGene® Q equipment (Qia-
gen, USA). Amplifications were carried out in 10 pL reaction solutions
containing 5 pL. Maxima SYBR Green Master Mix (Thermo Fisher Sci-
entific Inc., USA), with optimised forward and reverse primer concen-
trations, 1 pL template DNA and sterile distilled water. The gene-specific
primer sets, optimised primer concentrations, and thermal cycling
conditions for each target gene are shown in Supplementary Table 1. All
gPCR measurements were performed in triplicate, and the absence of
contaminations was verified against negative controls. Standard curves
for each target gene were prepared from serially diluted stock solutions
of target sequences (Eurofins MWG Operon, Germany).

Quantitative data were analysed with RotorGene Series Software v.
2.0.2 (Qiagen) and the LinRegPCR program v. 2020.01 (Ruijter et al.,
2009). Gene abundances were calculated as the mean fold differences
between samples and corresponding 10-fold standard dilution in
respective standards, as recommended by Ruijter et al., 2009; gene
abundances were reported as gene copy numbers per gram of dry soil
(copies/g dw). The abundance of total prokaryotes was calculated by
summing the bacterial and archaeal 16S rRNA gene abundances. Addi-
tionally, the proportions of organisms with certain functional traits in
the prokaryotic communities were estimated by normalising the func-
tional gene abundances with the 16S rRNA genes of the bacteria and
archaea.

2.5. Sampling and analyses of gas

Gas samples were collected from Estonian and Chinese sites to
determine N,O and CH4 emissions. The emission measurements for
Chinese coastal areas are thoroughly described in Yang et al. (2020) and
Yang et al. (2021), respectively.

For the Estonian sites,

N2O and CH4 emissions at the Estonian sites were measured in situ
twice a month during the study period using static closed chambers (&
50 cm, height 70 cm and volume 82 L for bare (E0) and Schoenoplectus
(E2) sites, and an additional chamber elevation was used with height 50
cm and volume 99 L for Phragmites (E1) site) sealed with a water-filled
collar on the soil surface. Gas samples were taken immediately after
closing the chambers and after 20, 40 and 60 min using pre-evacuated
(0.3 mbar) 50-mL gas bottles. Gas concentration analysis was deter-
mined using the Shimadzu GC-2014 gas-chromatographic system
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(electron capture detector (ECD), flame ionisation detector (FID))
combined with a Loftfield autosampler (Loftfield et al., 1997).

During the soil sampling session, an intact soil core from the 0-10 cm
soil layer of each sampling plot was collected into a stainless-steel cyl-
inder (9 6.8 cm) to measure potential Nj fluxes with helium atmosphere
soil incubation technique (Swerts et al., 1995; Butterbach-Bahl et al.,
2002). The cylinders with the intact soil cores were placed into special
gas-tight incubation vessels located in the temperature-controlled
chamber in the laboratory. Gases were removed by flushing with an
artificial gas mixture (21.0 % O, 358 ppm CO3, 0.313 ppm N3O, 1.67
ppm CHy, 5.97 ppm Nj and rest He). The new atmosphere equilibrium
was established by continuously flushing the vessel headspace with the
artificial gas mixture at 20 mL per min after 12-24 h, and the flushing
time depended on the soil moisture. The incubation temperature simu-
lated field conditions. A gas-chromatograph (Shimadzu GC-2014)
equipped with a thermal conductivity detector was used to measure
Ny concentration in the mixture of emitted gases accumulated in the
headspace (start value, 40 min, 80 min and 120 min as final value) of the
cylinder after 2 h of closure. Intact soil core flux rate calculation was
based on the formula used in Butterbach-Bahl et al. (2002).

The total emissions of CH4 and NyO were calculated in kg COseq
ha™! y~! using the global warming potential over a 100-year time ho-
rizon (GWP1qg) of 27.2 and 273, respectively (IPCC, 2021).

2.6. Data analyses

R version 4.1.0 (R Core Team, 2021) was used for data analysis and
visualization. Statistical significance was determined at p < 0.05. Prin-
cipal component analysis (PCA) was performed on gene parameters
using ade4 v. 1.7-17 (Dray and Dufour, 2007) to reduce the number of
variables of a data set, while preserving as much information as possible.
PCA was based on the target gene abundances (bacterial and archaeal
16S rRNA, nirK, nirS, nosZI, nosZII, bacterial amoA, archaeal amoA,
COMAMMOX amoA, nrfA, ANAMMOX-specific 16S rRNA, nifH, n-
DAMO specific 16S rRNA, mcrA, and pmoA genes) and the target gene
proportions in the prokaryotic community, and gas emissions used as
passive variables. Differences in PCA between the sites were evaluated
using PERMANOVA with 9999 permutations (vegan v. 2.5-7) (Oksanen
et al., 2020). Linear mixed-effects models were applied using “lmer” v.
1.1-31 (Bates et al., 2015) to investigate differences in gas flux mea-
surements between the sites, incorporating both temporal (sampling
days) and spatial (sampling points) effects as random factors. P-values
were calculated using the ImerTest v. 3.1-3 (Kuznetsova et al., 2017) to
confirm the significance of the relationships. Spearman's rank correla-
tion coefficient was used to compare gene parameters, environmental
variables, and GHG fluxes. P-values were considered statistically sig-
nificant after Benjamin-Hochberg correction. A one-way analysis of
variance with Tukey HSD post hoc tests was used to evaluate the sig-
nificance of the differences between sites in gene parameters, physico-
chemical parameters and emission values, and logarithmic
transformation was applied if necessary. Random forest analysis with
100 replications was conducted using Boruta v. 7.0.0 (Kursa and Rud-
nicki, 2010) to identify the gene parameters that best predicted CH4 and
N-O fluxes.

3. Results

3.1. Soil and plants physicochemical characteristics, and gas (CH4, N2O
and Ny) fluxes

The physicochemical parameters of soil and plants in Estonia and
China are detailed in Supplementary Tables 2, 3 and 4, with the Chinese
sites described by Yang et al. (2020). In Estonia, the water level fluc-
tuations during the measurement period ranged from —29 to 30 cm. At
the bare (EO) site, water levels varied from —22 to 4 cm, in the Phrag-
mites (E1) site from —28 to 5 cm, and in the Schoenoplectus (E2) site from
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0 to 30 cm, with the most significant changes observed in July. The
water temperature measured across all areas ranged from 9.3 to 17.8 °C.
Water pH levels averaged between 6.4 and 7.2, with the highest values
found in the Schoenoplectus (E2) site. Dissolved oxygen content in the
water was 2.0 £+ 0.8 mg/L in the bare (EO) site, 1.3 + 0.4 mg/L in the
Phragmites (E1) site and 5.7 + 5.1 mg/L in the Schoenoplectus (E2) site
throughout the measurement period. Electrical conductivity varied be-
tween 11,587.3 & 2362.5 uS/cm in the bare (EO) site, 9744.0 = 1162.6
uS/cm in the Phragmites (E1) site, and 9587.3 + 1633.99 uS/cm in the
Schoenoplectus (E2) site. The redox potential in water was —179.9 +
62.6 in the bare (EO) site, —237.0 + 41.0 mV in the Phragmites (E1) site
and — 65.0 &+ 132.0 mV in the Schoenoplectus (E2) site throughout the
measurement period.

In Estonian sites, the soil temperature ranged from 8.8 to 26.6 °C.
The average soil temperatures were 18.5 + 5.1 °C in the bare (EO) site,
16.2 + 3.5 °C in the Phragmites (E1) site and 19.2 + 5 0.5 °C in the
Schoenoplectus (E2) site. Comparatively, soil temperatures measured in
China were slightly higher, averaging 18.9 + 8.6 °C in the bare (P0) site,
20.4 £ 8.8 °C in the Spartina and Scirpus (P1) site, 19.8 + 8.9 °C in the
old Spartina (P2) site and 21.3 + 8.2 °C in the young Spartina (P3) site. In
Estonian sites, the TC values in the soil were almost four times higher
than those in the Chinese areas (Supplementary Table 2). The greatest
statistical differences among the sites were in TC and TOC values
compared to others (DOC, DC, and DN) (Supplementary Table 3).

On sampling days, Phragmites (E1) showed an average plant height of
135.8 £ 7.0 cm, while Schoenoplectus (E2) averaged 67.7 + 10.1 cm.
Phragmites (E1) had a plant density of 177.6 + 8.1 plants per 0.2 m?,
whereas Schoenoplectus (E2) had 122.3 = 90.9 plants per 0.2 m2. Soil pH
ranged from 6.8 to 7.4 in the Estonian sites, with lower values measured
in the Phragmites (E1) site (Supplementary Table 4). Concentrations of
NHj, P, K, Ca and Mg in soils ranged from 2.1 to 10.5 mg/kg, 20.9 to
67.0 mg/kg, 150.4 to 41.1 mg/kg, 1785.9 to 2023.7 mg/kg and 242.3 to

Science of the Total Environment 918 (2024) 170641

846.3 mg/kg, respectively. All sites differed statistically significantly in
K and Ca concentrations. The content of OM in the soils ranged from 2.6
to 10.4 %, with the highest values recorded in the Phragmites (E1) site.
TN content ranged from 0.2 to 0.5 % in soil samples, showing significant
differences among sites. On average, the belowground and aboveground
biomass ratios under dry conditions were 0.14 and 0.05 for Phragmites
(E1) and Schoenoplectus (E2) sites, respectively. In Phragmites (E1), roots
and plants showed higher TP and TN contents than Schoenoplectus (E2).

The Chinese bare (PO) sites showed distinct differences, primarily
exhibiting higher NO3 and water salinity as detailed in Yang et al.
(2020). The Spartina and Scirpus (P1) site had higher sediment salinity,
sediment moisture, TOC and NHj values compared to other plots. The
old Spartina (P2) and young Spartina (P3) sites displayed higher sedi-
ment temperature values and lower TC concentrations than the other
plots.

In Estonia, CH,4 emissions varied between 3.1 and 1538.7 pgC m 2
h~! (Fig. 2A), peaking in July and reaching their lowest levels in June
and August. The bare (EO) site showed the highest CH4 emissions. There
was a significant difference in CH,4 emissions between the Phragmites
(E1) site and both the bare (E0) (p < 0.001) and Schoenoplectus (E2) sites
(p < 0.01), with lower emissions recorded at the Phragmites (E1) site.
Chinese coastal sites displayed much higher CH4 emissions, ranging
from —1741 to 72,170 pgC m 2 h™!, predominantly from the old Spar-
tina (P2) site (Fig. 2B). All sites showed significant differences in CHy
emissions from each other (all p < 0.001, except P1 and P3 (p < 0.05)).
Detailed CH4 emission data from the Chinese sites can be found in Yang
et al. (2021). The total emissions, in kg COzeq ha! y’l, of CH4 were
521, 92 and 201 for bare (EO), Phragmites (E1) and Schoenoplectus (E2)
sites, and — 1918, 11,737, 70,217 and 2532 for bare (P0), a mix of
Spartina and Scirpus (P1), old Spartina (P2) and young Spartina (P3) sites,
respectively.

In the Estonian sites, the Phragmites (E1) site demonstrated
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Fig. 2. Dynamics of methane (CH,4) (A, B) and nitrous oxide (N,O) (C, D) flux in the studied Estonian (A, C) and Chinese (B, D) coastal sites.



M. Espenberg et al.

significantly higher N,O emissions compared to the bare (p < 0.01) and
Schoenoplectus (E2) sites (p = 0.05) (Fig. 2C). The highest N3O emission
values were measured in June across all sites. In the Chinese coastal
sites, the old Spartina (P2) site emitted significantly more NyO compared
to the bare (p < 0.05) and young Spartina (P3) sites (p < 0.01) (Fig. 2D).
During the warmer summer months (June to September), N2O emissions
peaked, while the lowest levels were observed in October and
November. Additional data on N,O emissions from Chinese sites can be
found in Yang et al. (2020). The total emissions, in kg CO2eq ha! y’l, of
NoO were 0.7, 125.8 and 13.5 for bare (E0), Phragmites (E1) and
Schoenoplectus (E2) sites, and 8.0, 69.5, 122.4 and 64.1 for bare (P0), a
mix of Spartina and Scirpus (P1), old Spartina (P2) and young Spartina
(P3) sites, respectively.

N2 emissions from the Estonian bare (EO) sites, Phragmites (E1) site
and Schoenoplectus (E2) site were 2253.3 + 754.4 uigN m~2h~!, 850.7 +
105.0 pgN m 2 h ™! and 614.0 & 137.3 pgN m~2 h™}, respectively.

3.2. Abundance and proportion of soil prokaryotes

The groupings of the different sites based on the gene parameters are
depicted in Fig. 3. Bacterial and archaeal abundances were higher in the
Phragmites (E1) and Spartina and Scirpus (P1) sites, and lower in the bare
(PO) site of the Chinese coast (Fig. 3A, Supplementary Table 5 and 6). In
addition, low numbers of archaea were found in the Schoenoplectus (E2)
site.

The highest abundances of mcrA gene copies were found in the
Estonian bare (EO) site and the Chinese Spartina and Scripus (P1) site,
with mcrA gene copies remaining below the detection limit in the
Phragmites (E1) and Schoenoplectus (E2) sites (Fig. 3A, Supplementary
Table 5 and 6). However, pmoA genes were detected in all sites, with the
highest abundances in the vegetated sites along the Chinese coasts. The
n-DAMO-specific 16S rRNA gene copy numbers were higher in the
Phragmites (E1) and Spartina and Scripus (P1) sites compared to other
sites. Regarding the prokaryotic community, the proportion of the mcrA
gene was the highest in the bare (EO, PO) sites, while the pmoA gene
proportion was the highest in the old and young Spartina (P2, P3) sites
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(Fig. 3B, Supplementary Table 5 and 6). The n-DAMO-specific 16S rRNA
gene proportion in the prokaryotic community was similar in all the
sites.

Denitrification-related genes (nirK, nirS, nosZI, nosZII) were generally
more abundant in the Estonian than in Chinese sites. However, the
abundances of the nitrification genes (different amoA genes) were
higher in the Chinese sites (Fig. 3A, Supplementary Table 5 and 6). The
nrfA gene abundance was lowest in the Estonian sites and the bare (P0)
site in China. In the Chinese bare (PO) and old Spartina (P2) sites, nifH
abundances were the lowest compared to other sites. The ANAMMOX-
specific 16S rRNA genes were present only in Chinese sites. In the pro-
karyotic community, Estonian sites had higher nir genes proportions, but
lower nosZ genes proportions than Chinese sites (Fig. 3B, Supplementary
Table 6 and 7). Bacterial and COMAMMOX amoA gene proportions were
higher along Chinese coasts, while the archaeal amoA gene proportions
were consistent across all sites. In the prokaryotic community, the
proportion of ANAMMOX-specific 16S rRNA genes was the highest in
the Chinese bare (P0) site. The nrfA gene proportions were the highest in
vegetated Chinese coastal sites, while proportions of nifH and n-DAMO-
specific 16S rRNA genes were similar across all sites.

3.3. Relationships between gene parameters and environmental
characteristics

3.3.1. Relationships between gene, soil, water and plant parameters

The abundances of bacterial and archaeal 16S rRNA genes were
positively linked (Supplementary Table 8). The parameters of denitri-
fication genes, including nirK, nirS, nosZI, and nosZII, were positively
correlated. Bacterial and COMAMMOX amoA gene copies displayed a
positive relationship. Additionally, the abundances of nifH and all
denitrifying genes were positively associated. ANAMMOX-specific 16S
rRNA gene copies showed a positive relationship with bacterial and
COMAMMOX amoA gene copies, but this relationship was negative in
the case of archaeal amoA gene copies. The increase in nirK genes had a
negative impact on COMAMMOX amoA gene copies. Moreover, n-
DAMO-specific 16S rRNA gene abundances were positively associated
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with archaeal amoA, nifH and denitrifying genes. pmoA genes exhibited
a positive association with nrfA genes. The mcrA gene did not show any
correlations with other genes.

Statistically significant relationships between different gene param-
eters and physicochemical and plant characteristics are shown in Sup-
plementary Tables 9 and 10. The abundances of all genes were highly
affected by soil chemical parameters, as several significant relationships
were identified. Water salinity decreased gene copy numbers. Plant
biomass and nutrients increased the abundance of bacterial amoA genes
but decreased gene parameters of mcrA and nifH.

3.3.2. Relationships between gene parameters and gas fluxes

Statistically significant correlations between gene parameters and
gas fluxes are shown in Fig. 4. All marker genes involved in the CH4 cycle
- mcrA, pmoA and n-DAMO-specific 16S rRNA - correlated with the CHy
fluxes. Of these, microbes possessing mcrA genes and pmoA-type meth-
anotrophs showed positive associations with CHy fluxes, while the n-
DAMO process indicated a negative relationship. Moreover, various
genes related to N cycle processes (nitrification, denitrification,
ANAMMOX, COMAMMOX, and DNRA) were statistically significantly
positively or negatively associated with different CH,4 values.

NoO fluxes were significantly affected by bacterial and archaeal
amoA genes as well as nosZ gene copies (Fig. 4). In addition, a statisti-
cally significant association was found between pmoA gene copies and
the mean N3O flux of the study period. Ny emissions showed positive
relationships with nosZI and nifH gene copies but a negative correlation
with bacterial amoA gene copies (Fig. 4). mcrA gene parameters also
showed positive correlations with Ny emission.

The importance of gene parameters in estimating CH4 and N2O was
investigated, and the ranking of each parameter shows how important it
is for predicting the respective greenhouse gas (Fig. 5). The most
important parameters found were sites (i.e., different plant cover), nirK,
bacterial amoA, nrfA and pmoA for CHy4, and archaeal amoA, nirK, nirS,
nosZI, nosZII, n-DAMO-specific 16S rRNA and sites for N5O.

4. Discussion
4.1. Microbial methane and nitrogen cycle processes of coastal soils
Many relationships between TC, DOC, N, and various microbial

processes, including denitrification, nitrification, N fixation, DNRA,
ANAMMOX, n-DAMO, and methanotrophy, were shown in this study.
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The availability of different nutrients is the main factor shaping distinct
niches for soil prokaryotes (Finn et al., 2021). Despite the typical in-
fluence of physicochemical factors like salinity, pH, temperature, and
available substrates on soil methanogenic groups (Webster et al., 2015),
our study highlighted that plants have important impacts on methano-
genesis. Concerning CH,4 oxidation, n-DAMO and methanotrophic or-
ganisms were notably affected by the soil's chemical composition. The
relationships between C parameters and denitrifiers can be explained by
the majority of known denitrifiers are heterotrophic bacteria that couple
organic C oxidation to the stepwise anaerobic reduction of NO3 to NoO
or N gases (Damashek and Francis, 2018). In our study, a low TC/NO3
ratio increased NOz, N0 and N3 production through denitrification as a
high C/NOg3 balance promotes DNRA, as also supported by Streminska
et al. (2012). Additionally, our findings suggest that ANAMMOX might
be suppressed in more C-eutrophic environments (Thamdrup and Dals-
gaard, 2002). However, in Chinese sites, excessive N was reduced
through ANAMMOYX, releasing N,. Variations in the main nutrients in
coastal ecosystems drive shifts in process balances.

According to our findings, DNRA and ANAMMOX negatively corre-
lated with denitrification, which, in turn, showed a positive association
with N fixation and n-DAMO. This suggests denitrification becomes
thermodynamically favourable in the presence of abundant organic
matter, thereby outcompeting ANAMMOX (Thamdrup and Dalsgaard,
2002). In anoxic environments with limited electron acceptors and
excess electron donors (e.g., organic C), DNRA is energetically preferred
over denitrification. Conversely, denitrification becomes more favour-
able when electron donors are scarce but NO3™ is abundant (Tiedje
etal., 1983). Additionally, N, fixation is favoured over denitrification in
conditions of limited organic matter, either in quantity or quality
(Andersson et al., 2014).

Nitrification was higher in the Chinese sites, while denitrification
prevailed in the Estonian sites. Minimal NO3 in Estonian sites suggested
rapid utilisation by denitrifying microorganisms. Studies indicated
increased nitrification and denitrification rates in soils hosting active
macrofauna or plant communities, enabling oxygen and NO3 ventilation
in upper soil layers, thus, stimulating respective processes (Damashek
and Francis, 2018). In addition, the bare (EO, P0) sites generally showed
less potential for various processes due to the absence of plants and their
root exudates. The results of the study showed that the genes mediating
the same processes, i.e., denitrification second step by nirK and nirS
genes, denitrification last step by nosZI and nosZII genes, nitrification by
bacterial, archaeal and COMAMMOX amoA, showed different
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tendencies in responses to environmental parameters, and it was espe-
cially clear in the case of amoA genes. COMAMMOX process was prev-
alent in Chinese sites.

The water salinity was an important factor, as it negatively affected
denitrification, bacterial nitrification, N fixation and n-DAMO processes
but had no impact on archaeal nitrification, COMAMMOX, DNRA and
ANAMMOX in N cycle processes. Fortin et al. (2021) noted similar
trends in the case of denitrification, and salinity even enhanced DNRA.
Moreover, high salinity stress affects both microbes and macrophytes.

This stress prompts macrophytes to develop richer roots to extract
limited nutrients due to increased N demand (Hsieh et al., 2021), sub-
sequently influencing soil microbiological communities.

4.2. Impacts of coastal plants species on microbial methane and nitrogen
cycles in soils

Plants host diverse microbial communities, impacting the success of
invasive or native species through complex interactions influenced by
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various factors (Dawson and Schrama, 2016). Symbiotic relationships
with beneficial microbes enhance host nutrition, growth, and stress
resistance, while pathogens exert opposing effects (Kowalski et al.,
2015). Plant-associated microbiomes play crucial roles in regulating
plant nutrition (Trivedi et al., 2020).

The highest methanogenesis occurred in the old Spartina-covered
site, where CH,4 emissions were three times higher than in other sites.
Limited oxygen transfer from older plants to the rhizosphere inhibits
CH,4 oxidation (Jgrgensen et al., 2012; Xu et al., 2018). Studies
demonstrate that younger, actively growing plants can mitigate green-
house gas emissions (Cheng et al., 2007; Yang et al., 2020). Despite the
higher CH,4 emissions in the older Spartina site (P2), no notable differ-
ences in methanogen abundance existed between the younger (P3) and
older Spartina sites (P2). This suggests that the potential for CH4 pro-
duction exists, and it is possible that the activity of soil microbes, such as
methanogens, may vary during the life cycle of the plants. Additionally,
a negative relationship between mcrA genes and plant biomass (both
above- and belowground) indicates topsoil oxidation by plants and
competition between plants and methanogens.

Our results showed n-DAMO process reduced CH4 emissions. The
Phragmites (E1) site exhibited the highest abundance of n-DAMO-per-
forming organisms, while the largest proportion within the community
was observed in the bare (P0) site on the Chinese coast. The n-DAMO
process has also been identified in various natural environments,
including freshwater lakes, rivers, and wetlands (Hu et al., 2014; Li-
Dong et al., 2014; Shen et al., 2015). However, this process has received
limited study to date.

Based on our findings, plants' belowground and aboveground
biomass growth reduced N fixers abundance. Plants release up to 20 % of
fixed C and 15 % of N into the soil; however, the amount and compo-
sition of root exudates vary from simple molecules to complex polymers
(e.g., sugars, organic acids, secondary metabolites, and mucilage) (Sasse
et al., 2018). Moreover, since the studied plants are not strictly in
symbiosis with N-fixing microbes and enough N was available, the
plants decreased the performance of the N-fixers.

Bacterial nitrification prevailed in the Spartina (P1, P2, P3) sites,
while archaeal nitrification was observed in all studied soils under any
plants. Some plants might inhibit bacterial and archaeal nitrification by
releasing inhibitory compounds in root exudates (Nardi et al., 2020).
The COMAMMOX process was preferred in the Spartina and Scirpus (P1)
site but absent in the Phragmites (E1) site. COMAMMOX bacteria prefer
low NHZ4 concentrations, avoiding direct competition with bacterial
nitrifiers in high NHj environments. The ecological aspects of
COMAMMOX in soil, particularly in coastal sediments (Yu et al., 2018),
remain largely unexplored (Daims et al., 2015; Nardi et al., 2020).
Anaerobic NHJ oxidation can remove excess N as Ny, thereby reducing
potential N2O emissions. The Chinese (PO, P1, P2, P3) sites displayed the
highest genetic potential for ANAMMOX. Conversely, the low genetic
potential of ANAMMOX in the Schoenoplectus (E2) and Phragmites (E1)
sites suggests that the bacteria in those locations may necessitate more
stable anaerobic conditions and NHJ concentrations (Kuenen, 2008).

Our data reveal extensive denitrification across vegetated sites
(Spartina (P1, P2, P3), Phragmites (E1)), as well as in the Estonian bare
(EO0) site. These sites also differed statistically significantly in C con-
centrations, with higher amounts greatly promoting denitrification
(Damashek and Francis, 2018). Spartina (P2, P3) and Phragmites (E1)
sites showed higher N,O emissions compared to the other plant species
sites, consistent with prior studies (Cheng et al., 2007; Zhang et al.,
2013; Hsieh et al., 2021). These studies indicate that plants enhance the
activity of nitrifying and denitrifying microorganisms by enriching the
soil with necessary substrates (C and N compounds) during higher
biomass periods (Hsieh et al., 2021). However, the opposite relationship
could be seen during the dormant period of plants, with competition
between soil microbes and plants for reduced nutrients in the soil
(Cheng et al., 2007; Yu et al., 2012; Zhang et al., 2013), consistent with
observations in our study.
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The DNRA process was highest in Spartina (P1, P2, P3) sites. This
trend aligns with findings in brackish estuarine soils, where increased
salinity and temperature reduced denitrification but enhanced micro-
organisms with the nrfA gene activity in sediments (Giblin et al., 2010).
Similar observations were noted in various tropical estuaries (Dong
et al., 2009). Phragmites (E1) sites displayed lower genetic potential for
DNRA, suggesting that N was mainly reduced from the soil to the at-
mosphere due to denitrification.

4.3. Role of greenhouse gases and climate change in coastal ecosystems
with different dominating plants

In this study, Spartina (P1, P2, P3) sites were the primary emitters of
CH4. Previous studies have indicated higher CH4 emissions in invasive
Spartina sites compared to other plants (Hsieh et al., 2021; Derby et al.,
2022). The emissions from bare (E0), Phragmites (E1), and Schoeno-
plectus (E2) sites were negligible, and the bare (P0) site even showed
consumption of CHy. In various wetlands, it has been observed that in N-
rich coastal sediments, methanotrophs consumed atmospheric CHy
when its concentration in the soil was low (He et al., 2019). As observed
in prior research (Cheng et al., 2007; Bridgham et al., 2013; Abdalla
et al., 2016), plant species significantly influence CH4 transport and
production. Biomass debris contributes to C sequestration in soils but
also promotes CH4 emissions by stimulating methanogenic archaea
(Hsieh et al., 2021). In addition, some CH4 may escape into the atmo-
sphere through the plants' aerenchyma (Hirota et al., 2004; Koelbener
et al,, 2010). Wetland plants' roots excrete nutrients that support
methanogens in CH,4 formation while transmitting O for growth and
CH,4 oxidation (Hsieh et al., 2021). Among all types of wetlands, coastal
wetlands typically exhibit lower CH4 emissions due to seawater tides
introducing sulphate, suppressing CH4 production, and favouring C
storage (Andrews et al., 2006). Positive relationships were noted be-
tween mcrA genes and CH4 emissions, whereas a negative correlation
was found between n-DAMO genes and CH4 emissions. Freshwater
sediment studies have observed CH4 oxidation coupled with nitrate/
nitrite reduction (n-DAMO) by prokaryotes, potentially also aiding in
removing CHy4 from coastal marine sediments (Wallenius et al., 2021).

In this study, the biggest emitters of NoO were sites of Phragmites (E1)
and old Spartina (P2); however, approximately half less N3O emissions
came from sites of a mix of Spartina and Scirpus (P1) and young Spartina
(P3). The produced N>O may also be emitted into the atmosphere via the
highly developed aerenchyma of Spartina and Phragmites (Cheng et al.,
2007). Lower N,O emissions were observed from bare (EO and P0O) and
Schoenoplectus (E2) sites. Plant species, as seen in CH4 emission, also
influence N3O transport and production. Additionally, plant age and
biomass were factors affecting CH4 and NoO emissions; younger plants
tended to reduce these emissions into the atmosphere.

The temporal pattern of positive and negative NoO fluxes associated
with plants might be linked to the complex dynamics of tidal variations
and N uptake by plants. Spartina, known for its strong N absorption
capabilities, contributes to N removal within the Spartina zone but is
influenced by tides (Li et al., 2023). Our Spartina site, hosting Spartina of
moderate age (ca 10 years), possesses substantial biomass not just above
the ground but also underground. Additionally, due to high soil moisture
in wetlands, the release of Ny may occasionally exceed the rate of N,O
production, resulting in a net consumption of N2O and negative fluxes.
Also, older Spartina may contribute OM to the soil, influencing N
availability and microbial processes that lead to the reduction of N5O.
Furthermore, temporal patterns of CH4 or N2O fluxes in bare sites may
result from various physicochemical factors. The bare wetland soils
often have waterlogged conditions, creating anaerobic environments
that are conducive to CH4 production (methanogenesis) but suppressive
to N2O production (i.e., denitrification), and thereby, produce high CH4
and low N3O emissions. Also, the absence of vegetation in the bare
wetland soils may reduce inputs of OM from plant residues, affecting the
availability of C substrates for microbial processes and potentially
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favouring CH4 production over N»O production.

Nitrification and denitrification are the primary processes driving
N,O emissions in our coastal sites. Plant uptake of N also affects NoO
production mechanisms. High net primary production by plants leads to
nutrient release from root systems into the soil, stimulating nitrification
and denitrification processes (Hsieh et al., 2021). In addition, high
productivity and subsequent remineralisation can inject a substantial
amount of “new” NHJ into surface sediments, potentially stimulating
nitrification if oxygen is present (Damashek and Francis, 2018). Factors
like N compound concentration, O5 levels, macrophyte density, salinity,
and groundwater strongly influence both sediment-to-air and water-to-
air NoO fluxes consistently (Murray et al., 2015).

Relationships between various gene parameters and CH4 and NyO
emissions showed that different microbes performing different processes
also affected each other directly or indirectly. Further investigation is
essential to understand the factors driving CH4- and N3O-cycling path-
ways and identify the responsible microorganisms. Integrating knowl-
edge about microbial pathways and geochemical processes will likely
enhance the accuracy of predicting CH4 and N2O emissions from coastal
areas in the future (Damashek and Francis, 2018; Wallenius et al., 2021).
Using GWP;( values to assess the total climate forcing impact of all
GHGs, >93 % of total climate forcing came from CHj, except for the
Chinese bare (P0) site where it was negative, and for Phragmites (E1)
where almost 60 % of climate forcing came from NO. Due to high CH4
and N>O emissions, both studied coastal marshes are net climate
warmers.

The impact of plant communities on mitigating CH4 and N3O emis-
sions and their impact on climate change should not be underestimated.
Restoration and management actions in coastal wetlands could effec-
tively mitigate climate change without negatively impacting these
ecosystems, and coastal wetland restoration is estimated to deliver
0.3-3.1 Gt COzeq y ™! in total (Smith et al., 2019). Pruning plants during
the growing season may inhibit CHy cycle processes but promote N2O
production (Cheng et al., 2007; Kasak et al., 2020), making it essential to
recognise the role of plants in the circulation and maintenance of coastal
communities.

5. Conclusion

Microorganisms and plants significantly shape the soil environment
and control C and N cycles, including CH4 and N2O emissions. CHy4
emissions were highest in the order: old Spartina (P2) > a mix of Spartina
and Scirpus (P1) > young Spartina (P3) > bare (Estonia, EO) > Schoe-
noplectus (E2) > Phragmites (E1) > bare (China, P0). N2O emissions were
highest in the order: Phragmites (E1) > old Spartina (P2) > a mix of
Spartina and Scirpus (P1) > young Spartina (P3) > Schoenoplectus (E2) >
bare (China, PO) > bare (Estonia, E0). Chinese sites favoured N,O
emissions due to nitrification, while in Estonia, incomplete denitrifica-
tion led to N3O emissions. This study reveals complex interactions
among microbial processes, indicating their coexistence and competi-
tion that influence gas fluxes. The presence of plants impacted the
abundance of N fixers, and younger plants reduced CH4 and N0
emissions. The study emphasises the importance of studying the soil-
plant-atmosphere continuum to understand GHG emissions, with CHy
being the dominant contributor to total climate forcing, except for the
Chinese bare site and Phragmites australis, where N,O played a signifi-
cant role.
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