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ABSTRACT: Coastal macroalgal ecosystems, while recognized for
their capacity to sequester CO2, remain poorly understood as potential
sources of potent greenhouse gases methane (CH4) and nitrous oxide
(N2O). Here, we show that the surface waters dominated by Ulva
prolifera during green tide in the Yellow Sea exhibited 346% and 147%
higher CH4 and N2O concentrations, respectively, compared to
nonmacroalgal waters, despite dissolved oxygen (DO) levels exceeding
6.0 mg/L. Laboratory cultivation experiments revealed a two-stage
dynamic of CH4 release: during the growth stage (DO > 5.0 mg/L),
CH4 release was driven primarily by algal photosynthesis and reactive
oxygen species; whereas during decay (DO > 4.0 mg/L), CH4 release
increased 2−3 fold, fueled by microbial degradation of algal-derived
methanogenic precursors, including dimethylsulfoniopropionate and
methylphosphonate. Methanogenic archaea were also detected in anoxic microniches within the macroalgal matrix, indicating
additional CH4 production. For N2O, isotopic tracing experiment demonstrated that both ammonia oxidation and denitrification
contribute to its production during macroalgal growth, while emissions declined to negligible levels during late decay due to nitrogen
depletion. These findings reveal multiple aerobic pathways for CH4 and N2O emissions in coastal macroalgal ecosystems,
highlighting previously unrecognized non-CO2 greenhouse gas fluxes that should be considered alongside carbon sequestration in
evaluating the climate impacts of macroalgae.
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1. INTRODUCTION
Methane (CH4) and nitrous oxide (N2O), the second and
third most potent greenhouse gases after carbon dioxide
(CO2), possess global warming potentials of 27 and 270 times
greater than CO2 over a 100-year time frame.1,2 Their
atmospheric concentrations have surged alarmingly since the
preindustrial era (CH4: + 161%; N2O: + 23%), with the
marine systems representing significant sources of CH4 and
N2O to the atmosphere.3,4 Coastal vegetated ecosystems
dominated by seagrass meadows, mangrove forests, and
saltmarshes are recognized as hotspots for CH4 and N2O
emissions due to methanogenic fermentation in anoxic
sediments and anthropogenic nitrogen (N) loading.5,6 Never-
theless, the release of CH4 and N2O by macroalgae, the most
productive coastal macrophytes, remains poorly understood as
they thrive primarily in oxygenated waters where conventional
anaerobic production mechanisms are suppressed.

Under the context of carbon neutrality, macroalgae have
attracted increasing attention for their capacity to sequester
carbon through sedimentary burial of macroalgal particulate
organic carbon (POC), release of macroalgal recalcitrant
dissolved organic carbon (RDOC), and their export to the

deep ocean.7−10 However, their prevalence in oxygenated
environments raises a critical question: could macroalgae
represent previously overlooked sources of CH4 and N2O
under aerobic conditions? This knowledge gap profoundly
impacts the holistic assessment of macroalgae’s net climate
regulation effects. Conventional understanding attributes CH4
production strictly to anaerobic environments, but recent
observations of CH4 supersaturation in oxygenated surface
waters, termed the “marine methane paradox”, have challenged
this paradigm.11−13 For instance, significant CH4 emissions
have been reported from sedimentary macroalgal ecosystems
in the Baltic Sea, which were primarily driven by methanogenic
archaea in anoxic microenvironments.14 Beyond such cryptic
anoxic niches,15 several aerobic CH4 production pathways have
been proposed, including: (i) reactive oxygen species (ROS)-
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mediated demethylation of methylated compounds such as
dimethylsulfoniopropionate (DMSP) and dimethylsulfoxide
(DMSO);16,17 (ii) bacterial cleavage of methylphosphonates
(MPn) in phosphorus-limited waters;18,19 and (iii) activity of
aerotolerant methylotrophic methanogens in oxygenated
sediments.20 Despite these advances, the pathways and
mechanisms driving CH4 production in buoyant, photo-
synthetic macroalgae growing in oxygenated surface waters
remain unclear. Macroalgae release substantial amounts of
organic matter during growth and decay, providing sufficient
energy for marine microorganisms.21,22 However, it is unclear
whether CH4 arises as a byproduct during microbial
degradation of macroalgae-derived organic matter, or is
produced directly through macroalgal physiological processes.

Equally unknown is N2O release from macroalgae under
aerobic condition. Although ammonia oxidation dominates
aerobic N2O production,23 emerging evidence suggests that
cryptic denitrification hotspots can form in anoxic micro-
environments associated with particulate organic matter.24,25

We therefore hypothesize that macroalgal canopies may
promote N2O through (1) exudation of labile organic matter
that stimulates nitrifying and denitrifying microorganisms26

and (2) accumulated algal detritus and POC creating localized
anoxia that supports denitrification.12,27 These mechanisms
may be especially relevant under anthropogenic N loading,28

but direct evidence from macroalgal systems is lacking.
Indeed, macroalgae undergo dynamic physiological changes

throughout their life cycle. Photosynthesis dominates early
growth stages and elevates dissolved oxygen (DO) concen-
trations, while microbial respiration and degradation prevail
during senescence and significantly deplete DO levels.29

Currently, CH4 and N2O release by macroalgae at different
growth stages and their production mechanisms remain
underexplored. Here, we address these gaps through integrated
field and laboratory studies. Using Ulva prolifera, a globally
relevant buoyant macroalgae responsible for the world’s largest

macroalgal blooms (green tides) in the Yellow Sea, we
quantified in situ CH4 and N2O release at different algal
densities, and elucidated their production mechanisms during
growth and decay stages through a series of laboratory
cultivation experiments. Our findings demonstrate that macro-
algae as previously unrecognized sources of CH4 and N2O in
aerobic environments, reveal distinct stage-dependent produc-
tion processes, and highlight the importance of accounting for
these emissions when evaluating the net climate-regulation
functions of macroalgal ecosystems.

2. MATERIALS AND METHODS

2.1. Field Investigation during the Macroalgal Blooms

A field survey was conducted during the late stage of a green tide (July
20−21, 2023) in coastal waters of Qingdao, South Yellow Sea (Figure
1a,b). Six sampling sites were strategically selected, including three
sites with massive U. prolifera biomass (i.e., massive-macroalgae area)
and three control sites without U. prolifera (i.e., none-macroalgae
area) (Figure 1c,d). Surface water samples were collected using a
custom sampler for the analysis of CH4, N2O, DOC, POC, dissolved
inorganic carbon (DIC), dissolved inorganic nitrogen (DIN = NO3

−

(nitrate) + NO2
− (nitrite) + NH4

+ (ammonium)), phosphate
(PO4

3−) and microbial abundance. Meanwhile, hydrological param-
eters, including temperature (T), salinity (S), DO and pH were
recorded in situ using a multiparameter water quality analyzer (YSI
EXO2Multiparameter Sonde, USA). Seawater samples for CH4 and
N2O analysis were collected in 100 mL serum bottles and filled
smoothly from the bottom using silicone tubing, which were
overflowed two to three times its volume to avoid any contamination
from air. Then 90 μL of saturated HgCl2 solution was added, and the
bottle was immediately secured with a butyl rubber stopper and
aluminum cap. Triplicate samples were stored in a dark box at 4 °C.
Further details on sample collection are provided in the Supporting
Information (Section S3.1).

Figure 1. (a,b) Area maps with field sampling sites. The green and red circles represent sampling sites with massive and none macroalgae in the
coastal waters of Qingdao, respectively. (c,d) Regions covered by massive and none macroalgae, respectively. (e) Concentrations of CH4 and N2O
in massive- and none-macroalgae areas during the macroalgal bloom, respectively.
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2.2. Laboratory Experiments: Dynamics and Production
Mechanisms of CH4 and N2O Release by U. prolifera
To explore the dynamics of CH4 and N2O release by macroalgae, U.
prolifera (sampled at the late-bloom stage) was cultivated in 12-L
transparent polycarbonate tanks under controlled conditions (20 °C,
50 μmol photons·m−2·s−1, 12:12 light−dark cycle). Three algal
density treatments (1, 5, and 10 g fw/L; fw = fresh weight) were
established in 10 L of 3-μm filtered natural seawater amended with f/
2 inorganic nutrients, while algae-free tanks were served as controls (n
= 3 per group). Over an 18-day incubation, water samples were
collected on days 0, 1, 2, 3, 5, 7, 10, and 18 for analysis of CH4, N2O,
DOC, POC, DIC, DIN and PO4

3−. Seawater DO was concurrently
measured using a calibrated WTW TetrCon925 probe. The
physiological status of U. prolifera was monitored daily via chlorophyll
fluorescence (Fv/Fm) to divide the cultivation into growth and decay
stages. During the incubation, all tank ports were covered with 0.2-μm
pore-size membranes to maintain atmospheric exchange while
minimizing contamination. Following each sampling, sterile artificial
seawater was replenished postsampling to maintain constant volume.

To further elucidate the production mechanisms of CH4 and N2O
by macroalgae, a series of complementary incubation experiments
were conducted. (1) Diurnal dynamics and influence of photosyn-
thesis and ROS: U. prolifera (10 g fw/L) was continuously cultivated
for 48 h under 12h:12h light/dark cycles to examine diurnal variations
in CH4 and N2O release and assess the influence of photosynthesis
and ROS on CH4 production. Treatments (with macroalgae) and
controls (without macroalgae) were established. CH4 and N2O
concentrations, along with ROS content were monitored at 2-h
intervals. DMSP lyase activity was concurrently measured to exclude
potential contributions of microorganisms to diurnal CH4 variations
by degrading methanogenic precursors. (2) Effects of nitrogen (N)
and phosphorus (P) concentrations: (i) N influence: Given that
NO3

− is the major form of N nutrients in South Yellow Sea,30 U.
prolifera (3 g fw/L) was cultivated for 25 days under two different
initial NO3

− concentrations (20 μM vs 40 μM) to assess the influence
of N on CH4 and N2O emissions, with PO4

3− concentration unified to
1.25 μM. Meanwhile, to trace N2O production pathways (ammonia
oxidation vs denitrification), parallel incubations were performed
using different 15N-tracers as the sole N sources: 15NH4Cl (99% 15N,
Yuanye) and Na15NO3 (98% 15N, Sigma), with initial N
concentration of 40 μM (15N fraction of 10%) and PO4

3− of 2.50
μM. (ii) P influence: to investigate whether macroalgae release MPn
(a potential methanogenesis precursor) and whether microorganisms
utilize MPn for methanogenesis under PO4

3− limitation, U. prolifera
was cultivated under different initial PO4

3− (NaH2PO4) concen-
trations (1.25 μM vs 0.56 μM; NO3

− = 20 μM). Dissolved organic
phosphorus (DOP) concentration and C−P lyase activity were
measured concurrently. For all nutrient influence experiments, control
tanks containing seawater with same N or P nutrients but lacking U.
prolifera were included. Water samples were collected on days 0, 1, 3,
5, 7, 10, and 25 for analysis of CH4, N2O, δ15N of N2O, DOC, POC,
DIC, DIN, PO4

3−, and microbial abundance. Seawater DO was
measured using a calibrated WTW TetrCon925 probe. (3) Detection
of anoxic microniches: To determine whether anoxic microniches
exist within the macroalgal matrix, DO horizontal profiles within the
matrix were measured on day 7 (3 g fw/L), corresponding to the
point of lowest recorded seawater DO (∼4.0 mg/L). Moreover, to
further assess the influence of macroalgal density on microniche
formation, DO concentrations were measured at three defined
horizontal distances from the matrix outside (5 cm, 2.5 cm, and 2.5
mm inward) on day 18 during cultivation of U. prolifera at different
biomass densities (1, 5, and 10 g fw/L). (4) Microbial community
analysis: To characterize microbial contributions to CH4 and N2O
productions, samples for analyzing microbial community composition
were collected on days 0, 5, 9, and 25. All culture conditions were the
same as in previous experiments.

2.3. Sample Analysis
2.3.1. Concentration of CH4 and Different Forms of Carbon.

CH4 concentrations were measured using an Agilent 7890A gas

chromatograph equipped with a flame ionization detector (FID),
which were extracted from the subsamples by a purge-and-trap
method prior to analysis.31 DOC concentrations were measured using
a TOC-L analyzer equipped with an ASI-V autosampler (Shimadzu,
TOC-L CPH, Japan).32 POC concentrations were measured using
Series II CHNS/O Analyzer (PE2400, USA).22 DIC concentrations
were measured using a DIC analyzer equipped with an infrared CO2
detector (AS-C3; Apollo SciTech Inc., USA).29

2.3.2. Concentration and Isotope of N2O. Concentrations and
isotopes of N2O were measured using a modified GC-IRMS with
large volume purge and trap system.3 The precision of this method
was estimated to be better than ±3%. The precision of δ15N
measurements with 2 nmol N2O reference gas was better than 0.3‰.
2.3.3. Concentration of Nutrients. Concentrations of NO3

−,
NO2

−, NH4
+, PO4

3− and DOP were determined using an
AutoAnalyzer (BRAN & LUEBBE AA3, Germany).33 Based on
previous studies indicating that phosphonates account for ∼21% of
DOP in natural seawater,18 and that ∼31% of phosphonates have a
C−P structure similar to MPn, the MPn concentration was estimated
as 6.51% of the measured DOP concentration.11

2.3.4. ROS Content and Enzymatic Activity Determination.
The ROS content in U. prolifera was quantified fluorometrically using
H2O2 as a proxy. Fresh algal fronds (1.0 g) were ground into powder
and treated with 0.05 M phosphate-buffered saline (PBS). Following
centrifugation and dark incubation, ROS content was determined via
microplate reader (excitation, 488 nm; emission, 53 nm; Infinite
M200 Pro; Tecan, Switzerland).34 The activities of DMSP lyase and
C−P lyase were determined using reagent kits (Wuhan adanti
Biotechnology Co., Ltd.) based on a phosphorylation-specific
antibody capture mechanism. The assays employ antibodies coated
onto microplates to specifically recognize phosphorylated amino acid
residues, thereby reflecting enzyme activity.
2.3.5. DO Horizontal Profile Measurement. The DO

horizontal profile within the macroalgal matrix was measured via
voltammetric analysis using an electrochemical workstation (AutoLab
PGSTAT10, Metrohm, Switzerland).35 A microelectrode was
deployed from the outside into the matrix interior in 0.5 mm
increments using a micromanipulator.
2.3.6. Microbial Abundance and Microbial Community

Composition. Microbial abundance was measured using an Accuri
II flow cytometer (BD Biosciences) after staining with SYBR Green I
(Invitrogen, United Kingdom). The microbial community composi-
tion was determined using 16S rRNA gene sequencing, using bacterial
primer set 338F/806R36 and archaeal primer set Arch519F/
Arch915R37 for amplification, followed by sequencing on the Illumina
MiSeq platform.

Details of concentrations of CH4, N2O, isotopic analyses of N2O,
different forms of carbon, nutrients, ROS content, enzymatic activity
assays, DO depth profiles, and microbial community composition
analysis are provided in Supporting Information (Section S3.2).

2.4. Calculation of CH4 and N2O Fluxes by Macroalgae
The fluxes (F, mg·m−2·d−1) of CH4 and N2O by macroalgae to the
atmosphere were estimated as follows

= ×F k C C( )me eq (1)

where Cme (nM) represents the measured concentrations of CH4 and
N2O dissolved in seawater, and Ceq (nM) represents the
concentrations in equilibrium with the partial pressures of CH4 and
N2O in the atmosphere. The Ceq for CH4 is calculated using the
temperature, salinity, and solubility of seawater during cultivation,38

whereas the Ceq for N2O is calculated using the current atmospheric
N2O mixing ratios and the temperature and salinity of seawater during
cultivation.
k is the gas transfer velocity (cm·h−1), which is estimated based on

the wind speed (U = 3 m·s−1) during cultivation and the Schmidt
number (Sc). It was calculated as follows

= × ×k U Sc0.251 ( /660)2 0.5 (2)

Environmental Science & Technology pubs.acs.org/est Article

https://doi.org/10.1021/acs.est.5c18290
Environ. Sci. Technol. XXXX, XXX, XXX−XXX

C

https://pubs.acs.org/doi/suppl/10.1021/acs.est.5c18290/suppl_file/es5c18290_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.5c18290/suppl_file/es5c18290_si_001.pdf
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.5c18290?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


where Sc is the Schmidt number, which is determined by the
temperature, salinity and gas molecular properties of seawater during
cultivation.39,40

2.5. Statistical Analysis
In this study, statistical assumptions of normality and homogeneity of
variance were evaluated prior to group comparisons. As the data
violated the assumption of homoscedasticity required for standard
one-way ANOVA, Welch’s ANOVA was applied to ensure robust
comparison among groups with unequal variances. All analyses were
conducted at a significance level of α = 0.05 using SPSS (version
28.0).

Moreover, clustered heatmaps were performed to visualize the
relationships between CH4 and N2O concentrations and environ-
mental parameters (macroalgal biomass, T, S, DO, pH, DIN and
PO4

3−). Pairwise Pearson correlation coefficients (r) were calculated
for all variables. The correlation matrix was visualized as a
hierarchically clustered heatmap using the “pheatmap” package in R
(v4.3.1), applying Euclidean distance and complete linkage to both
dimensions.

3. RESULTS

3.1. Elevated CH4 and N2O Concentrations in
Massive-Macroalgae Area
During the macroalgal bloom, surface seawater in the massive-
macroalgae area showed elevated concentrations of CH4 (32.1
± 3.5 vs 7.2 ± 1.1 nM; p < 0.05, Welch’s ANOVA) and N2O
(16.3 ± 8.6 vs 6.6 ± 1.0 nM; p < 0.05, Welch’s ANOVA)
compared to none-macroalgae area (Figure 1e), representing
increases of 346% and 147%, respectively. Meanwhile, elevated
levels of DOC, POC, DIC and microbial abundance were
observed in massive-macroalgae area (Table S1). Heatmap
analysis revealed strong positive correlations between macro-
algal biomass and CH4 (r = 0.953) and N2O concentrations (r
= 0.732; Figure S1), surpassing the influence of other
environmental variables (i.e., T, S, DO, pH, DIN and
PO4

3−). These results suggest that macroalgae bloom
stimulates CH4 and N2O production and emission compared
to the none-macroalgae area.
3.2. CH4 and N2O Release by Macroalgae at Different
Stages
According to the changes in Fv/Fm of U. prolifera, the
cultivation of macroalgae was divided into growth (Days 0−5,
Fv/Fm increase) and decay stages (Days 5−18, Fv/Fm decline
to 0; Figure S2a). The CH4 release occurred throughout both
stages and intensified during decay, with concentrations being
2−3 times higher than those during growth (Figure 2a).
Meanwhile, DOC, POC and DIC levels progressively increased
from growth to decay (Figure S3a−c). In contrast, N2O
concentrations exhibited an inverse trend, peaking during
growth and becoming negligible during late decay (Figure 2b).
Both CH4 and N2O concentrations increased with algal
biomass density, reinforcing macroalgae-dependent release
patterns.
3.3. Influence of Photosynthesis and ROS on CH4 and N2O
Release by Macroalgae
The 48-h diurnal monitoring revealed distinct light-mediated
patterns of CH4 and N2O release. CH4 concentrations were
significantly higher during light periods than those during dark
periods (25.4 ± 7.5 nM vs 11.4 ± 3.5 nM; p < 0.001, Welch’s
ANOVA; Figure 3a). This light-dependent increase coincided
with elevated ROS levels during the day (Figure S4), and a
significant correlation was observed between ROS content and
CH4 concentrations (ρ = 0.66, p < 0.0001, Spearman

correlations; Figure S5), collectively suggesting that photosyn-
thesis and ROS facilitate CH4 production. In contrast, N2O
concentrations decreased progressively and were irrespective of
light cycles (Figure 3b), implying light-independent mecha-
nisms of N2O production.
3.4. Effect of N and P Concentrations on CH4 and N2O
Production by Macroalgae
Consistent with prior experiments, cultivations under different
N and P conditions were also divided into growth (0−5 days)
and decay (5−25 days) stages according to the changes in Fv/
Fm of U. prolifera (Figure S2b). In the treatments with different
NO3

− additions (20 μM vs 40 μM), CH4 concentrations
increased with lower NO3

− availability (Figures 4a and S6d),
suggesting enhanced CH4 accumulation under N-deficient
conditions (associated with accelerated algal decay). Con-
versely, N2O concentrations increased with elevated NO3

−

(Figures 4b and S6d), suggesting high N-stimulated N2O
production. Isotopic tracing experiment identified 15N2O
production in both 15NH4Cl and Na15NO3

− amended
treatments (Figure 5), indicating that both ammonia oxidation
and denitrification contribute to N2O production. 15N2O
concentration in the 15NO3

− treatment was higher during
growth stage and decreased toward decay stage, while 15N2O
concentration in the 15NH4

+ treatment showed a more stable
production rate throughout the incubation, implying a stage-
specific N2O source structure. Notably, the peak 15N2O
concentration was observed in the 15NO3

− treatment during
the growth stage, suggesting active denitrification contributes
to N2O production despite the high ambient DO concen-
tration.

In contrast to N effects, P availability distinctly influenced
CH4 but not N2O production. Under P-limited conditions
(0.56 μM PO4

3−), CH4 concentrations increased compared to
high P supply (1.25 μM PO4

3−; Figures 4c and S7a). We
concurrently observed a more rapid decrease in MPn

Figure 2. Dynamic changes in CH4 (a) and N2O (b) concentrations
at different stages during the cultivation of U. prolifera.
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concentration under PO4
3−-deficient conditions (Figure S7b),

suggesting potential microbial utilization of organic phospho-

rus for methanogenesis. By contrast, N2O remained unaffected
across the phosphorus gradient (Figure 4d).
3.5. Microbial Contributions to CH4 and N2O Production
Associate with Macroalgae
To elucidate the role of microorganisms in CH4 and N2O
production by macroalgae, we characterized microbial
abundance and community composition during the cultivation
with different NO3

− additions. Microbial abundance exhibited
bimodal dynamics consistent with the growth (0−5 days) and
decay (5−25 days) stages (Figure S8). Concurrently, microbial
community composition underwent significant stage-depend-
ent succession (Figures 6 and S9). Bacteria specialized in
organic carbon decomposition (e.g., Bacteroidia and Clostridia)
showed a continuous increase from growth to decay (Figure
6a). Notably, genera implicated in methanogenesis via
precursor utilization (e.g., unclassified_f_Rhodobacteraceae and
Pseudophaeobacter) peaked during decay (Figure 6b). In
contrast, taxa associated with denitrification (e.g., Saprospir-
aceae, Arcobacteraceae, Nitrincolaceae) showed relatively
higher abundance during growth (Figure S9). Moreover,

Figure 3. Dynamic changes in CH4 (a) and N2O (b) concentrations during the 48-h continuous cultivation under different light conditions. White
background indicates light (daytime) condition, while gray background indicates dark (nighttime) condition.

Figure 4. Dynamic changes in CH4 (a,c) and N2O (b,d) concentrations during the cultivation of U. prolifera under different N (NO3
−, a,b) and P

(PO4
3−, c,d) additions.

Figure 5. Dynamic changes in 15N2O concentrations during the
cultivation of U. prolifera using 15NH4

+ and 15NO3
−.
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methanogenic archaea (Methanolobus, Methanobacterium,
Methanobrevibacter, Methanosaeta, Methanosarcina; Figure
S10a) and ammonia-oxidizing archaea (uncategorized Nitro-
sopumilaceae, Nitrososphaeraceae, Nitrosotaleaceae; Figure
S10b) were observed in the treatments with U. prolifera. As
for the groups with different NO3

− additions, N2O production
genera (Seonamhaeicola and Cohaesbacter) showed higher
relative abundance under high NO3

− conditions (40 μM vs
20 μM) (Figure 6b).
3.6. CH4 and N2O Fluxes by U. prolifera

According to eqs 1 and 2, the CH4 and N2O fluxes by U.
prolifera were calculated under simulated in situ conditions,
with a biomass density of 3 g/L, NO3

− concentration of 20
μM, and PO4

3− concentration of 1.25 μM, consistent with
typical field observations.41,42 After calculation, the daily fluxes
of CH4 and N2O released by U. prolifera were 3.8 ± 1.3 mg
m−2 d−1 and 0.13 ± 0.06 mg m−2 d−1, respectively (Figure 7).

4. DISCUSSION
Although macroalgal carbon sequestration represents a critical
natural process for mitigating atmospheric CO2 through long-
term marine carbon storage,43,44 its net climate benefit is

potentially compromised by coemission of the potent green-
house gases CH4 and N2O. However, little is known about
these emissions so far. This study advances the objective
assessment of macroalgae’s climate regulation potential by
elucidating the aerobic methanogenesis pathway and decipher-
ing coupled nitrification and denitrification processes driving
N2O production in buoyant macroalga U. prolifera.

Our field observations revealed significantly elevated CH4
and N2O concentrations (p < 0.05) in surface seawater
beneath U. prolifera mats during the late stage of green tide
compared to none-macroalgae waters (Figure 1). Heatmap
analysis identified macroalgal biomass as the principal driver of
CH4 and N2O accumulation (Figure S1), supporting our
hypothesis that U. prolifera releases copious amounts of CH4
and N2O during both growth and early decay. Notably, DO
levels remained aerobic in both massive-macroalgae (6.1 ± 0.5
mg/L) and none-macroalgae waters (6.4 ± 0.1 mg/L, Table
S1), challenging the conventional paradigm of anaerobic
methanogenesis and implicating alternative aerobic CH4
production mechanisms.

Laboratory cultivation experiments further demonstrated
persistent CH4 release throughout both growth and decay
stages of U. prolifera, with decay-stage fluxes exceeding growth-

Figure 6. Dynamic changes in microbial community structure during the cultivation of U. prolifera under different N (NO3
−) conditions. (a)

Microbial community structure at the class level; (b) microbial community structure at the genus level.
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stage release by 2−3 folds (Figures 2a and S11a). Critically,
though DO concentrations varied, it was consistently above 4.0
mg/L during both stages (Figure S12a), thus precluding
conventional anoxic methanogenesis as the primary pathway.
We thus propose three potential mechanisms for aerobic CH4
production in macroalgae:

Photosynthesis and ROS-driven methanogenesis: During the
48-h continuous cultivation, daytime CH4 release from U.
prolifera was significantly higher than nighttime emissions (p <
0.001, Figure 3a), demonstrating light-dependent regulation of
methanogenesis. Photosynthetically derived ATP provides
energy for the biosynthesis of methylated sulfur compounds,
such as dimethylsulfoniopropionate (DMSP) and dimethylsul-
fide (DMS), which serve as precursors for CH4 generation via
microbial or ROS-mediated demethylation.16,45−47 Impor-
tantly, DMSP is synthesized within macroalgal cells through
well-characterized metabolic pathways (e.g., transamination
and decarboxylation), implying that macroalgae themselves are
a potential source of these methanogenic precursors.48,49

Meanwhile, ROS levels exhibited clear diurnal variations
(daytime > nighttime, Figure S4) and were significantly
correlated with CH4 concentrations (p < 0.0001, Figure S5),
suggesting that photosynthesis and ROS synergistically drive
methanogenesis. This aligns with emerging evidence for a
ubiquitous nonenzymatic CH4 production pathway driven by
ROS-iron-methyl donor interactions in living cells.16 In iron-
rich environments, ROS can initiate Fenton reactions that
methionine (DMSP precursor) and thioethers (DMSP
cleavage products) undergo demethylation to produce
CH4.16,17,50 The absence of diurnal variation in DMSP lyase
activity (Figure S13) further precludes substantial microbial
DMSP degradation as the main driver of the observed diurnal
CH4 fluctuations. Studies on other marine algal species have

shown that both CH4 production and photosynthetic O2
evolution cease upon addition of photosynthetic inhibitors,
providing additional evidence that algae themselves contribute
to CH4 production during photosynthesis.17,51 A recent review
similarly proposed that macroalgae directly contribute to oxic
CH4 production through the release of methylated compounds
that serve as CH4 precursors.52 Together, these converging
lines of evidence establish light-dependent, ROS-mediated
CH4 production as a major pathway of aerobic methanogenesis
during macroalgal growth.

Microbial degradation of macroalgae-derived methanogenic
precursors: Beyond the ROS-driven nonenzymatic pathway,
aerobic bacterial metabolism of DMSP via DMSP lyase also
contributes to CH4 production.46 Indeed, U. prolifera releases
DMSP throughout its lifecycle,53 with concentrations during
decay 2−3 times higher than during growth (Figure S14).54

This parallels the 2−3 fold increase in CH4 flux observed
during decay (Figure S11a). Notably, Pseudophaeobacter, which
can degrade DMSP and produce CH4 as a byproduct,55,56

showed increased relative abundance during decay (Figure 6).
Concurrently, DMSP lyase activity increased significantly (p <
0.05, Welch’s ANOVA) during the decay stage (Figure S15),
providing direct enzymatic evidence for microbial-mediated
aerobic CH4 production. Therefore, we infer that ROS-driven
CH4 production may predominate during macroalgal growth,
while microbial degradation of DMSP dominates during decay.

In oxygenated waters, methylphosphonate (MPn) consti-
tutes an additional important precursor for CH4 production.13

MPn demethylation catalyzed by C−P lyase can promote
aerobic CH4 production but it has only been verified in
cyanobacteria.4,16 Similar to certain microorganisms, cyanobac-
teria utilize MPn via C−P lyase under P-deficient conditions.
This process not only provides inorganic PO4

3− required for
microbial or algal growth, but also releases CH4 as a byproduct
through demethylation.57 Although macroalgae cannot directly
utilize MPn like cyanobacteria, macroalgae-derived organic
matter (especially polysaccharides) may contain some
MPn,4,18 providing precursors for methanogenesis. Here,
different PO4

3− addition experiments revealed an inverse
relationship between PO4

3− availability and CH4 release
(Figures 4c and S7a). Fourier transform infrared (FTIR)
spectroscopy revealed accumulation of C−P bonds in
macroalgal-derived organic matter (Figure S16), suggesting
the release of MPn by macroalgae. Concurrently, MPn levels
declined more sharply under low PO4

3− conditions (1.25 μM
vs 0.56 μM, Figure S7b), suggesting its enhanced microbial
utilization under PO4

3− limitation. We also observed increased
relative abundance of Rhodobacteraceae (known C−P lyase
utilizers)13 (Figure 6b) and elevated C−P lyase activity during
decay (Figure S17). These results collectively demonstrate
microbially mediated MPn demethylation as a source of
aerobic CH4 production by macroalgae. Indeed, day 5 marks a
clear transition between the growth and decay stages in our
cultivations (Figure S2a). The reduced DO levels coupled with
the accumulation of methanogenic precursors (i.e., DMSP and
MPn) contribute to the elevated CH4 emissions observed
during macroalgal decay.

Methanogenic archaea survive via anoxic microniches:
Despite sustained oxygenated conditions in the bulk seawater
(Figure S12), methanogenic archaea, including Methanobrevi-
bacter, Methanosaeta, Methanolobus, Methanosarcina, and
Methanobacterium, were detected throughout the cultivation
of U. prolifera (but were not detected in controls), especially

Figure 7. Dynamic changes in CH4 (a) and N2O (b) fluxes during the
cultivation of U. prolifera with biomass density of 3 g/L under 20 μM
NO3

− and 1.25 μM PO4
3−.
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during decay (Figure S10a). This apparent paradox is resolved
by algal biomass aggregation and algal-derived detritus or POC
accumulation, which create transient anoxic microniches in
oxygenated waters.15 During vigorous macroalgal growth,
photosynthetic oxygen supersaturation likely suppresses
archaeal activity. In contrast, decaying macroalgae exhibits
diminished photosynthetic activity (Figure S2), reduced DO
levels (Figure S12a), and enhanced organic matter release
(Figure S3), collectively fostering archaeal methanogenesis via
CO2 acetate and methylated compounds.58 Direct evidence
supporting this mechanism was the detection of hypoxic
microenvironments (DO < 2 mg/L) deep within the
macroalgal matrix (Figure S18). Notably, DO levels within
these microniches decreased sharply with increasing biomass
density: from 3.80 ± 0.10 mg/L at 1 g fw/L to 0.55 ± 0.12 at
10 g fw/L (Table S2). This density-dependent oxygen
depletion corresponded with a 1.8 to 2.4 fold increase in
maximum CH4 emission flux at higher macroalgal densities (5
and 10 g/L) compared to the lowest density (1 g/L) (Figure
S11a), underscoring a clear density-dependent enhancement of
methanogenesis. Thus, the microniche hypothesis provides a
coherent mechanism reconciling the coexistence of bulk
aerobic conditions with localized anaerobic CH4 production.

Overall, CH4 production in oxygenated macroalgal systems
is driven by three complementary pathways: (1) direct
nonenzymatic CH4 release via photosynthetic and ROS-
mediated demethylation of methylated sulfur compounds;
(2) microbial degradation of algal-derived precursors such as
DMSP and MPn; and (3) archaeal methanogenesis within
localized anoxic microniches. Together, these mechanisms
establish macroalgae as previously unrecognized but significant
sources of CH4 in aerobic marine waters.

In marine ecosystems, ammonia oxidation and denitrifica-
tion represent the primary pathways of N2O production.24

While conventional understanding assigns ammonia oxidation
dominance in oxygenated waters and denitrification prevalence
in anoxic zones,23 emerging evidence challenges this
dichotomous paradigm. Aggregated particulate organic matter
generates low DO microniches that expand habitats for
denitrifier, allowing them to contribute substantially to N2O
production even in oxygenated environments.3 During our
cultivations, anoxic niches detected deep within the macroalgal
matrix support denitrification potential under ostensibly
aerobic conditions (Figure S18). Moreover, isotopic tracing
experiment unequivocally confirmed dual production pathways
for N2O production, with 15N2O accumulation observed in
both 15NH4

+ and 15NO3
− amended treatments (Figure 5),

indicating concurrent ammonia oxidation and denitrification in
aerobic waters (Figure S19). Field metatranscriptomics of
green tides corroborate this coupling, showing sustained
coexpression of ammonia oxidation genes (amoABC/nxrAB)
and denitrification genes (nirK/nirS).59 This transcriptional
coordination establishes mechanistic evidence for oxygen
gradient-driven niche partitioning within macroalgal aggre-
gates.3,60 Notably, 15N2O concentrations in the 15NO3

− group
were significantly higher than that in the 15NH4

+ group during
the first 5 days but declined thereafter (Figure 5). This
decrease coincided with the depletion of NO3

− (Figure S20b),
whereas NH4

+ concentration initially decreased rapidly and
then stabilized at ∼2 μM until the end (Figure S20a). These
results suggest that NO3

− availability may be a key factor
controlling N2O production, and that denitrification dominates
N2O generation under nitrate-replete conditions even in

aerobic environments (Figures 5, S19 and S20). Microbial
community analysis showed enriched denitrification-associated
taxa (e.g., Saprospiraceae, Arcobacteraceae and Nitrincolaceae)
during peak N2O production (Figures 4b and S9),61,62

supporting this inference. In coastal environments, NO3
− is

often the dominant DIN species (>90%), hence denitrification
may be the main pathway for N2O production in macroalgal
ecosystems under eutrophic conditions. During decay, N2O
production declined to negligible levels (Figure 2b),
concurrent with N-nutrient depletion (Figure S6a−c). It is
noteworthy that under future eutrophication scenarios
characterized by elevated N/P ratios, the multiple production
pathways of CH4 and N2O identified in this study may amplify
the climate forcing of macroalgal ecosystems. Such stoichio-
metric imbalance could exert multiple effects: (i) promoting
denitrification-dominated N2O production during active
macroalgal growth, and (ii) inducing phosphorus limitation
that triggers MPn-mediated methanogenesis during senes-
cence. The ongoing shifts in coastal nutrient stoichiometry
may influence the non-CO2 climate footprint of macroalgal
ecosystems, underscoring the need to integrate nutrient
dynamics into assessments of their net climate impacts.

During the cultivation of U. prolifera, microbial community
structure underwent significant succession and exhibited
distinct stage-dependent responses (Figures 6 and S9). Taxa
specialized in the degradation of macroalgal-derived organic
carbon, particularly the bacterial classes Bacteroidia and
Clostridia, showed markedly higher abundance during decay
than during growth (Figure 6a). This temporal variation
correlated with the increased release of POC and DOC during
macroalgal senescence (Figure S3), consistent with previous
observations in macroalgal degradation systems.21,63 Mean-
while, we observed a rise in the abundance of methylotrophic
bacteria involved in methanogenic pathways. Specifically,
unclassified_f_Rhodobacteraceae and Pseudophaeobacter, both
implicated in DMSP cleavage and MPn utilization,11,64−66

showed pronounced proliferation during decay (Figures 6b
and S9). These results provided a microbiological basis for the
elevated CH4 fluxes observed during macroalgal decay. In
converse, the growth stage exhibited distinct N-cycling
dynamics. Under N-replete conditions, we detected increased
abundance of microbes associated with N2O production,
including Saprospiraceae, Arcobacteraceae, Nitrincolaceae, un-
categorized Nitrosopumilaceae, Nitrososphaeraceae, Nitrosotalea-
ceae (Figures S9 and S10b). Their temporal synchronization
with algal nutrient assimilation suggests active microbial
mediation of N transformations, ultimately driving N2O
emissions during active biomass accumulation.62,67

U. prolifera has caused the world’s largest green tide in the
Yellow Sea annually for 19 consecutive years, with each
episode introducing over 5 million tons of biomass into surface
seawater. While previous studies have emphasized the role of
U. prolifera in long-term carbon sequestration through
substantial CO2 assimilation and the release of recalcitrant
organic carbon (recalcitrant POC: 24% of macroalgal POC;
recalcitrant DOC: 54% of macroalgal DOC),22,32 this study
reveals that it also emits substantial quantities of CH4 and N2O
under aerobic conditions. Under environmentally representa-
tive conditions (macroalgal density: 3 g/L, NO3

−: 20 μM,
PO4

3−: 1.25 μM), the daily fluxes of CH4 and N2O released by
U. prolifera reached 3.8 ± 1.3 mg m−2 d−1 and 0.13 ± 0.06 mg
m−2 d−1 (Figure 7). Based on the maximum recorded coverage
(2262 km2) of green tide in the Yellow Sea during 2023,68 we
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estimate that floating macroalgae can release up to 8.6 kg CH4
and 0.29 kg N2O into the atmosphere per day. It is important
to note that natural coastal environments are more complex
than controlled laboratory settings. Physical factors such as
wind speed and wave conditions can substantially modulate in
situ gas emissions. Wind speed directly governs the gas transfer
velocity (k) across the air-sea interface,39,40 with elevated wind
speeds proportionally enhancing instantaneous emission fluxes
(eq 2). Wave conditions, closely coupled with wind forcing,
further influence emissions by enhancing near-surface
turbulence and gas exchange efficiency.40 In addition, wave
action may alter the physical configuration of floating
macroalgal mats, potentially affecting the formation and
persistence of anoxic microenvironments within the macroalgal
matrix. Under high-wind and high-wave conditions associated
with the summer monsoon in the Yellow Sea (maximum wind
speeds of 10 m s−1, maximum wave heights of 2.8 m),69,70

actual CH4 and N2O emissions from U. prolifera green tides
may substantially differ with our laboratory-derived estimates.
These possibilities underscore the need for future field-based
flux measurements that capture the influence of dynamic
environmental conditions on greenhouse gas emissions in
macroalgal ecosystems.

Coastal vegetated ecosystems are recognized global CH4
emission hotspots, with mangroves (0.34 Tg CH4 yr−1) > salt
marshes (0.26 Tg CH4 yr−1) > seagrasses (0.17 Tg CH4 yr−1),
collectively releasing 0.76 Tg CH4 yr−1, more than three times
that of global estuaries.71 While mangrove CH4 emissions are
primarily driven by carbon-rich deep anoxic sediments and
tidally mediated advection of CH4-enriched groundwater,72

macroalgal ecosystems are dominated by aerobic methano-
genesis. In the Baltic Sea, macroalgal ecosystems exhibit
atmospheric CH4 effluxes of 0.1−2.9 mg CH4 m−2 d−1,
offsetting 28% of their CO2 sequestration capacity over annual
cycles.14 This large carbon-climate trade-off underscores the
necessity of incorporating aerobic methanogenesis into future
assessments of the net climate effect of macroalgae.

In conclusion, our study establishes marine macroalgae as
previously unrecognized but substantial sources of CH4 and
N2O in aerobic marine environments, providing new insights
into their role in marine climate regulation. Notably, beyond
U. prolifera, other bloom-forming and widely distributed
macroalgae, such as Sargassum, kelp (e.g., Ecklonia radiata),
and Gracilaria, are also known to produce methanogenic
precursors such as DMSP,73,74 and likely possess aerobic
methanogenesis mechanisms similar to those observed in U.
prolifera. This suggests that aerobic CH4 and N2O production
could be a widespread trait among macroalgae, with potential
implications for coastal greenhouse gas budgets across diverse
macroalgal ecosystems. Accordingly, future assessments of the
biogeochemical and climatic significance of macroalgal
ecosystems must integrate both carbon sequestration potential
and emissions of non-CO2 greenhouse gases to fully evaluate
their net climate feedback.
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