nature communications

Article

https://doi.org/10.1038/s41467-026-68527-9

Atmospheric deposition enhances marine
methane production and emissions from

global oceans

Received: 23 November 2024

Accepted: 9 January 2026

Published online: 21 January 2026

M Check for updates

Guang-Chao Zhuang ®"%3'3| , Shi-Hai Mao ®>3'3| |, Hong-Hai Zhang ® %3,
Menggong Li* Wei-Lei Wang ®°®, Yuan-Zhe Ni®, Zhen Zhou"?3, Xu-Xu Gao®7,
Ke-Yu Lu®?8, Xi-Ting Liu®®, Jin Sun®4, Xiao-Hua Zhang®°,

Samantha B. Joye ® ", Marshall W. Bowles' & Gui-Peng Yang ® 23

Aerobic methane production from biological methylphosphonate degrada-
tion contributes to the observed supersaturation of oceanic methane in oxy-
genated surface waters. Atmospheric deposition is an important nutrient
source and this process can affect nutrient ratios and biogeochemical cycle in
the upper ocean. Here we present evidence that atmospheric nitrogen
deposition modulates methane production by impacting microbial phos-
phorus acquisition. We found that methane production from methylpho-
sphonate decomposition was enhanced (0.1-10.0 pmol L™ d™) by excessive
nitrogen deposition from the atmosphere which altered nitrogen to phos-
phorus ratios (increase by -27% in mixed layer) and exacerbated phosphorus
limitation. Enhanced methane production could increase methane emissions
from the open oceans, partially offsetting the decreased radiative forcing of
carbon sequestration caused by atmospheric deposition. Our findings reveal
an important linkage between atmospheric deposition and surface ocean
methane cycling, suggesting a broader impact of atmospheric deposition on
the feedback to the climate system that was not previously recognized.

Methane (CH4) is a more potent greenhouse gas than carbon
dioxide', and the ocean is a source of atmospheric methane, with an
annual emission of 6-12 Tg CH4% Methane supersaturation with
respect to atmospheric concentrations in fully oxygenated surface
waters has been termed the “methane paradox” since biological
methane production was long considered a strictly anaerobic

process conducted by archaeal methanogens®. The leading hypoth-
esis to explain the oceanic methane paradox is that methane is
produced through the carbon-phosphorus (C-P) lyase pathway
from methylphosphonate (MPn) degradation*”. Microbes under P
limitation have evolved specific strategies to up-regulate production
of inorganic phosphate (Pi) from the oceanic dissolved organic
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phosphorus (DOP) pool®, including the expression of the phn gene
cluster that encodes a C-P lyase to degrade phosphonates or the
increase of alkaline phosphatase (APA) activity to metabolize phos-
phate esters. Therefore, the decomposition of MPn with the phn
gene would result in methane production as a byproduct’.

In the open ocean, nutrient limitation is regionally variable; while
P limitation or co-limitation by trace metals such as iron has been
observed in specific regions, nitrogen (N) is often the primary limiting
nutrient in many oceanic regions’. The increasing atmospheric
deposition of nitrogen to the ocean may alter local N to P ratios and
lead to a potential shift from N limitation to P limitation'*". In the
northwestern Pacific Ocean, atmospheric depositional fluxes of inor-
ganic nitrogen were at least two orders of magnitude higher than those
of inorganic P". This imbalance is largely driven by anthropogenic
sources such as agricultural and fossil fuel emissions, which pre-
dominantly contribute reactive nitrogen to atmospheric aerosols'.
The change of N/P ratios due to the imbalanced N and P deposition
from mixed sources in the open ocean, may further affect microbial
communities and biogeochemical processes'®”. The shift to
P-limitation may accelerate DOP utilization, which could enhance
microbial methane production during MPn degradation'. However,
the impact of atmospheric deposition on aerobic methane production
has not been recognized, nor has it been documented, and the sig-
nificance of this process remains unknown on a global scale.

We conducted a variety of biogeochemical analyses in the
Northwest Pacific Ocean (NWPO) and demonstrated the impact of
atmospheric deposition on surface methane cycling. We also gener-
ated global predictions of the abundance of C-P cleavage pathway
gene phn/ using a random forest regression (RFR) method and further
assessed the effect of nitrogen deposition on phn/ abundance by
incorporating atmospheric nitrogen deposition flux into the pre-
dictors in the well-trained model. Based on the conversion of MPn to
methane under different N/P ratios, we tentatively estimated the
increase in methane production and emission due to atmospheric
deposition globally in the ocean. We further extrapolated the increase
of methane production and emissions in global oceans over the period
from 2025 to 2050 by incorporating the future deposition flux of
atmospheric N. These results suggest that atmospheric deposition can
enhance global marine methane production by impacting microbial P
acquisition, revealing a feedback between atmospheric deposition and
greenhouse gas cycling that was not previously recognized.

Results and discussion

Atmospheric deposition enhances aerobic methane production
in the NWPO

In the NWPO, methane was oversaturated in surface waters relative to
the concentration predicted from atmospheric equilibrium (Supple-
mentary Fig. 1). Previous studies reported potential mechanisms for
aerobic methane production in oxygenated seawater’, including
archaeal methanogenesis in anoxic microhabitats®, the decomposition
of DMSP or MPn*%, or photochemical degradation of chromophoric
dissolved organic matter (CDOM). Among these pathways, DMSP-
driven methane production was not consistently detected in field
studies*®; the functional gene of anaerobic methanogens for archaeal
methanogenesis (i.e., mcrA) was barely detected in oxic waters®; CDOM
photodegradation contributes only partially to the observed methane
supersaturation in the open ocean*'. Instead, methane production
from MPn degradation has been widely observed in global marine
waters*®, Therefore, we added different methylated substrates,
including MPn, to surface waters to examine methane production
pathways. No significant methane production was observed after the
addition of these substrates during short-term incubation experiments
(Supplementary Fig. 2a). Aerobic methane production from MPn
usually occurred under phosphate-stressed conditions®, and the low
N/P ratio might limit the utilization of exogenous MPn*". After

imposing P limitation by adding glucose and nitrate*’, the addition of
MPn to seawater resulted in substantial methane production (Sup-
plementary Fig. 2b). Furthermore, both genes involved in phospho-
nate biosynthesis and degradation, such as phosphoenolpyruvate
mutase gene (PepM)®, methylphosphonate synthase (MPnS)*, and
phosphonate degrading (phn) gene clusters (e.g., phnC-E, phnl-M)*°*,
were present in our samples (Supplementary Table 1). Together, these
results suggested that methane could be produced from MPn cleavage
in surface waters of NWPO.

Given the increasing deposition of nutrients from the atmosphere
to the open ocean® and the influence of the N/P ratio on methane
production, we hypothesized that atmospheric deposition could affect
aerobic methane production through C-P lyase pathway. To test this
hypothesis, we collected aerosol samples (Supplementary Table 2) and
conducted incubations where we added aerosol and/or MPn to surface
water that was driven to Pi limitation by amendment with 10.6 yM
glucose and 1.6 uM nitrate. While no significant methane production
was observed in aerosol or MPn+Pi amended samples, methane was
produced in the MPn treatment, and the addition of aerosol with MPn
further promoted methane production by 1.5-fold (Fig. 1a, d). Appar-
ently, the addition of aerosol significantly increased the dissolved
inorganic nitrogen (DIN) concentrations at the beginning of incuba-
tion (ANOVA, p <0.01; Supplementary Fig. 3), and it is likely that the
resultant change of N/P ratio induced the MPn decomposition to
methane. Furthermore, we measured the enzymatic activity of APA
during incubations to examine the Pi production, as APA has been
widely used as an indicator for DOP utilization under Pi stress®?. In the
treatment with aerosol only, APA was much higher than in the control
throughout the incubation. In contrast, APA was significantly elevated
after 1-day incubation with the addition of aerosolstMPn (ANOVA,
p <0.01), and then rapidly decreased to a level lower than the control
(Fig. 1c, f). These results suggested that aerosol addition promoted
microbial utilization of DOP to cope with Pi deficiency, and this stress
was relieved after Pi was produced from MPn degradation®. Further-
more, bacterial production (BP) rates increased following aerosol and/
or MPn addition (Fig. 1b, e), suggesting the enhanced bacterial
response to the amendment of aerosol and MPn. Molecular analysis
demonstrated that Rhizobiales and Rhodobacterales, both containing
phosphonate cleavage genes®, dominated microbial communities in
the aerosol-amended samples after the amendment incubations
(Supplementary Fig. 4). The enrichment of these bacteria with the
capability to utilize phosphonate, also indicated that microorganisms
tend to respond to the change of nutrient structure due to the
deposition of aerosols into the ocean.

DIN was much more enriched than phosphate in the aerosol
samples (Supplementary Table 2), and excess N could cause P limita-
tion in the amended samples and enhance bacterial degradation of
MPn with methane production as a byproduct. This notion was con-
firmed by another set of experiments with the addition of different
nutrients to the MPn-amended samples. Compared to other nutrients,
1.0 uM ammonium + 1.0 uM nitrate (N) addition significantly increased
APA and heterotrophic production rates in all N treatments (Supple-
mentary Fig. 5; ANOVA, p < 0.01); this indicated that N addition drove
more extreme Pi limitation and stimulated heterotrophic activity. The
imposed extreme Pi limitation by N input would accelerate the
degradation of MPn, and thus more methane was produced (increased
by -1.8-fold) during the utilization of MPn (Supplementary Fig. 5a).
Consistently, a recent study demonstrated that nitrate addition sig-
nificantly enhanced methane formation rates from *C-MPn in the oli-
gotrophic North Atlantic (i.e., the median rate of methane formation
increased by -2.4-6.3-fold), whereas co-addition of Pi with MPn
inhibited methane production®. These results, together, confirmed
the potential influence of N addition on microbial MPn degradation
and resultant methane production. Furthermore, Fe addition stimu-
lated BP rates, but not APA or methane production, compared to
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Fig. 1| Methane production with the addition of aerosol and MPn. Changes of
methane concentrations (a, d, CH,), heterotrophic bacterial production (b, e, BP)

and APA activity (c, f, APA) during incubations with additions of 1.5 mg L™ aerosol
(aerosol), 5uM MPn, 5 uM MPn + 1.5 mg L™ aerosol (MPn+Aerosol), and 2.5 uM
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MPn + 2.5 uM phosphate (MPn + Pi) in surface seawater (amended with 10.6 uM
glucose and 1.6 uM nitrate) at sites D5 (a—c; aerosol collected at site A1) and P2 (d-f;
aerosol collected at site A2), respectively. Data are shown as mean + standard
deviation of triplicate incubations per treatment.

controls, suggesting that Fe might not be a primary limiting factor for
MPn degradation and resultant methane production under our
experimental conditions. However, Fe is an essential nutrient for
microbial growth®, and it is a key cofactor required for the catalysis of
the C-P lyase protein phn/ and MPn synthesis enzyme MpnS*°2.
Therefore, the availability of Fe can modulate DOP cycling to some
extent?” and potentially impacts the methane production in the upper
ocean. Collectively, these results on microbial responses and methane
production with N additions are consistent with those observed in the
aerosol addition experiments, confirming that the input of exogenous
N is the primary driver for observed increases in methane production
with aerosol addition and suggesting that N deposition from the
atmosphere could accelerate phosphonate decomposition under
imposed P limitation, and thereby enhance aerobic methane produc-
tion in the upper ocean.

Atmospheric deposition enhances the phn gene abundance and
potential phosphonate utilization in the global ocean

As Pi concentrations were chronically low and the DOP pool can be
orders of magnitude larger in surface oceans, microbes could acquire
additional Pi from DOP to cope with P-limiting conditions by upregu-
lating the expression of the phn gene cluster or APA*, Thus, the effi-
ciency of marine DOP utilization can affect marine biological
productivity at various temporal and spatial scales”. To explore the
utilization of DOP containing C-P bonds in the surface ocean on a
global scale, we collected the data of C-P cleavage pathway gene phn/
in global oceans from previous publications (Supplementary Fig. 6).
Based on the pattern similarities between phn/ abundance and envir-
onmental factors, we developed an RFR model to predict global phn/
distributions (see “Methods” for details). Although the RFR modeling is
challenging for identifying drivers as various factors might co-vary, the

introduced N* value (defined as N* = [DIN] - 16 x [PO,*] in Eq. 1, which
was used to characterize the relative N or P limitation and also to better
incorporate atmospheric N deposition into the prediction model),
emerged as a significant factor among the predictor variables (Sup-
plementary Fig. 7). As the random forest models identify variables that
best explain variance within a dataset rather than the mechanistic
drivers, the relationship between N* and phn/ in our model results
should be interpreted as a statistical correlation rather than a direct
causal link. Furthermore, since the model captures primarily covaria-
tion patterns in heterogeneous global datasets, N* demonstrated
better robustness to covariation and noise, thereby outperforming Pi
as a predictor, even though Pi is also mechanistically relevant. The
partial dependence plots reveal a nonlinear relationship between N*
and phn/ abundance: phn/ abundance increases significantly only when
N* approaches O, whereas little variation is observed when N* is
negative (Supplementary Fig. 8). With this approach, phn/ abundance
was predicted by capturing complex nonlinear interactions between
environmental variables.

Using RFR machine learning models, we first predicted the global
distributions of phn/ abundance based on the collected database with
other environmental factors. Generally, high phn/ abundance occurred
in marine regions with low Pi concentrations, such as the North and
South Atlantic (Fig. 2a and Supplementary Fig. 9). Similar to previous
studies®, the abundance of phn/ correlated negatively with the con-
centrations of Pi (R*=0.30, p<107). These results suggest that the
degradation of DOP containing C-P bonds may be an important mode
of bacterial P acquisition in the oceans with low Pi concentrations.
Although the frequency of the phn/ gene occurrence cannot be directly
interpreted as MPn utilization, as the C-P lyase pathway is not
substrate-specific and can cleave multiple phosphonates, and meta-
genomic read abundance reflects genetic potential rather than in-situ
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Fig. 2 | Global prediction of phnJ abundance. a Global map of the C-P cleavage
pathway gene phn/ abundance (%) in marine surface water generated by the RFR
method. b Probability distributions of predicted phn/ abundance in the groups
without atmospheric nitrogen deposition added (phn/) and with atmospheric
nitrogen deposition added (Dep-MLD; influencing depth of atmospheric nitrogen

b
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Dep-MLD{ —— S —
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inputs: mixed layer depth (MLD), see “Methods” section; n = 43,336 grid cells). The
black dashed lines represent the 50th percentiles, and the red diamonds are the
mean values. The boxes show the interquartile range, with whiskers spanning the
maximum and minimum values excluding outliers (one-sided Wilcoxon rank-sum
test, p=3.1x10"%).

activity, the predicted phn/ abundance still provides insight into the
phosphonate-degrading potential of microbial communities on a glo-
bal scale. To further estimate the influence of atmospheric deposition
on phosphonate utilization through C-P cleavage, we first calculated
the spatial correlation between our predicted phn/ abundance and
global datasets of atmospheric inorganic N deposition. The significant
positive correlation (Pearson r=0.36, p <0.0001) suggested the spa-
tial consistency between phn/ distribution and observed deposition
patterns. We then incorporated atmospheric nitrogen deposition
based on global total inorganic N deposition fluxes during the period
from 1984 to 2016 into the well-trained phn/ prediction model (Sup-
plementary Fig. 10). We used mixed-layer depth (MLD) as the dilution
depth to calculate the input concentration of atmospheric N fluxes to
the surface ocean and the consequent influence on phn/ abundance.
We noted that it is difficult to define a reference state with no atmo-
spheric input, as atmospheric deposition is inherently a component of
the standing DIN inventory, and the calculation of N** inevitably
double-counts the atmospheric N component. Therefore, simulation
results after incorporating N** should be regarded as a sensitivity
diagnostic of the potential influence from atmospheric N deposition.
After running the model, we found that phn/ abundance increased by
12.5-18.6% in the group with N deposition (Dep-MLD) compared to the
control without considering additional N deposition (Fig. 2b and
Supplementary Table 3). Elevated phn/ abundance was usually
observed in offshore oceanic waters (water depths > 200 m), reflecting
a more important role of atmospheric N deposition in phosphonate
cycling in the open ocean. We used a similar approach to examine the
impact of atmospheric deposition on mpnS gene abundance (see
“Methods” for details). Although the genome frequency of mpnsS is
lower than other phosphonate biosynthesis pathways?, our analysis
showed that the mpnS gene is widespread in the surface ocean. How-
ever, no significant differences between mpnS gene predictions were
observed in the global surface ocean under scenarios with and without
N deposition (Supplementary Fig. 11). Presumably, atmospheric
deposition significantly changed the N/P ratios due to excessive N
inputs, rather than Pi concentrations, and this significantly impacted
the degradation of MPn (i.e., phn/ abundance), while the synthesis of
MPn (i.e., mpnS abundance) was less influenced.

Furthermore, given the significant role of N inputs in driving the
predicted increase in phn/ frequency, when exogenous N is available,
phnJ expression may be up-regulated significantly, making phospho-
nate degradation an important Pi acquisition strategy in Pi-limited
ecosystems. This implies that other biogeochemical processes that
introduce N into Pi-limited regions may also affect phn/ abundance and
the microbial utilization of phosphonates. Taken together, these

results demonstrate that atmospheric aerosol deposition can impose
Pi limitation and enhance DOP utilization in the upper ocean.

Global significance of atmospheric deposition on oceanic
methane cycling
In certain oceanic regions where N limitation predominates, microbes
develop a co-limitation by P°. In the (sub)-tropical North Atlantic, a
shift to proximal P limitation could be driven by DIN supply through
diazotrophy®***, which may enhance MPn decomposition and
methane production®. Moreover, our findings indicate that abundant N
deposition elevated the heterotrophic activity and led to a stronger
demand for bioavailable Pi in marine systems. Such a shortage of Pi
tends to force microbial communities to up-regulate the expression of
the C-P lyase and/or APA to degrade DOP, thereby supplying alter-
native bioavailable Pi for cell growth and releasing methane as a by-
product in the case of MPn metabolism (Fig. 1 and Supplementary
Fig. 3a). In addition to generating Pi limitation, atmospheric deposition
drives a shift in the microbial communities towards an ecosystem
dominated by phosphonate-utilizing prokaryotes (Supplementary
Fig. 4). This shift may accelerate the utilization of DOP containing C-P
bonds and potentially contribute to methane production.
Phosphonates are an important component of marine DOP that
could account for ~10% of the oceanic DOP pool*. About ~15% of the
bacterioplankton in the global surface ocean possess genes for phos-
phonate synthesis, thereby sustaining the surface ocean phosphonate
pool*. MPn is a significant marine phosphonate, and its synthesis
genes are widely distributed among bacteria and archaea (Supple-
mentary Table 1)%?°%, While genetic evidence shows that MPn synth-
esis gene frequencies in surface waters are much lower (<1.5%)
compared to those of pepM (-15%) and the substrate-specific degra-
dation of 2-aminoethylphosphonate (2-AEP) by phnZ is the primary
strategy for phosphonate remineralization®, the presence of C-P lyase
genes (phni/M) supports the consistent availability of other organic
phosphonates like MPn. Similar to the heterogeneous distribution of
mpnS or phn/, the abundance of MPn and potential methane produc-
tion from MPn could also vary across marine environments. By com-
bining laboratory results and model extrapolations, we sought to
tentatively explore the impact of atmospheric input on oceanic aero-
bic methane production and emissions. As MPn concentration is rarely
reported in the ocean, we approximated MPn concentration based on
the proportion of MPn acid and phosphonate in oceanic DOP’. We note
that the proportion of phosphonates in marine DOP could be
variable®’, and we used an average of 10% to estimate the phosphonate
proportion in marine DOP and applied a range of 2-21% as upper and
lower bounds (i.e., the reported minimum and maximum values;
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Fig. 3 | Conversion of MPn to methane at different N:P ratios. MPn conversion
(%) in surface seawater after 6-day incubation with the addition of 0.1uM (a), 0.5 uM
(b), 1uM (c), and 5uM (d) MPn. Data are shown as mean + standard deviation of

triplicate incubations per treatment. e Sigmoid function fitting the MPn conversion

rates at different nitrogen to phosphorus (N:P) ratios (adjusted with glucose and
nitrate). The colors represent the different N:P ratios (i.e.,, N:P=1, 5, 10, 16, 20, 25,
and 32) set in the incubation experiments.

Supplementary Fig. 12)**, The results showed that MPn concentra-
tions ranged from 0.4 to 26.6 nM (Supplementary Fig. 13a), and these
estimates were generally consistent with the limited data reported in
marine waters (-14 nM; ref. 37). In our incubation experiments, the
conversion of MPn to methane was related to the N/P ratios (Fig. 3 and
Supplementary Fig. 14). Irrespective of MPn concentration, the con-
version of MPn to methane increased with N/P ratio<16 and then
leveled off under P-limited conditions. These results suggested that
methane production from the decomposition of marine MPn may be
predominantly governed by local N/P ratios. Based on these observa-
tions, we developed a sigmoid function to correlate the conversion of
MPn with N/P ratios, using which methane production from the
degradation of MPn can be extrapolated in global oceans (Fig. 3). Due

to the inherent complexity and heterogeneity of natural ecosystems,
where microbial community composition and nutrient availability vary
across space and time, it is difficult and challenging to incorporate all
relevant factors into a model to provide a global prediction. Therefore,
we established a fundamental relationship between the N:P ratio and
MPn degradation rates under controlled laboratory conditions to
provide a simplified and preliminary extrapolation for the impact of
atmospheric nitrogen deposition on marine methane cycling on a
global scale. We first simulated the increase of nitrogen in surface
waters within three depths of 1m®*, 10 m*, and MLD influenced by
annual deposition flux of atmospheric nitrogen during the period from
1984 to 2016 (Supplementary Fig. 10). Then we incorporated the
resultant change of N:P ratios (increasing by -1108% at 1m, ~111% at
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Fig. 4 | Atmospheric impact on global methane cycling. Increases in surface N:P ratios (a, after log normalization) and methane emissions (b; umol m2yr™) at the depth

of 10 m influenced by annual deposition of atmospheric nitrogen.

Table 1| Estimation of increased MPn decomposition, methane production, and emissions in the global ocean due to the annual

deposition of atmospheric nitrogen

Influencing depth of Increased MPn

Increased methane production

Increased methane production at different  Increased methane

atmospheric deposition decomposition in surface water influencing depths emission

% (pmol L™ d™) (Tgyr") (Tg yr)
m 0-58.6 (27.6 £ 0.12) 1.0-10.0 (4.8 £0.02) 0.003-0.03 (0.02 +£0.0001) 0.03+0.001
10m 0-58.4 (8.34+0.07) 0.3-2.7 (1.3+0.01) 0.01-0.08 (0.04 + 0.0003) 0.01+0.0001
MLD 0-57.3(2.46 £0.17) 0.1-0.8 (0.4+0.01) 0.01-0.1 (0.05 + 0.0005) 0.002+0.0001

MLD mixed layer depth.

Note: the mean + standard deviation presented in the table was derived from Monte Carlo simulations (see “Methods” section).

10 m, and ~27% in the MLD) due to N deposition into the fitted sigmoid
function, and extrapolated the increase of MPn decomposition and
enhanced methane production in global oceans (Fig. 4). Again, it
should be noted that this extrapolation is based on the results from
laboratory incubation experiments, which are not identical to the
natural conditions given the complexity and variability of natural water
bodies. Though we incorporated experimental results into a prob-
ability function for global extrapolation, uncertainties could arise as
the variability in environmental factors, microbial communities, and
other ecological parameters may influence the N:P ratios and MPn
degradation in situ. Therefore, our extrapolated results should be
interpreted as a preliminary approximation of MPn degradation and
methane production in response to atmospheric N inputs.

Based on these calculations, methane production from MPn
decomposition increased by 27.6%, 8.3%, and 2.5% respectively, with
deposition depths at 1m, 10 m, and MLD (Table 1). Approximately, a
global increase of 0.05 Tgyr™ in the mixed layer can be achieved for
methane production from MPn decomposition due to the impact of
atmospheric deposition (Table 1). As a result, methane production
rates could increase by 0.1-10.0 pmol L d™ in global surface waters.
Furthermore, assuming an upper-limit phosphonate fraction of 21% in
marine DOP, we estimated that methane production could reach up to
40 pmol L™ d" in the global surface ocean. This would correspond to
~0.1Tgyr™ of methane production in the mixed layer, implying the
potential for methane production influenced by atmospheric deposi-
tion (Supplementary Fig. 12). Due to the low methanogenic activity”,
in situ methane production rates are difficult to measure directly. At
station ALOHA, gross methane production rates were estimated to be
0.01-0.05nmol L d™ based on sea-air gas exchange and eddy
diffusion”. Previous studies reported a wide range of C-P lyase activity
in ALOHA surface waters from 1 to 223 pmol PL?d? (refs. 5,7,17,40).
Furthermore, phosphate reduction to low-molecular-weight P(Ill)
compounds (e.g, MPn) has been observed at rates of
18.0-42.2 pmol P L' h™ in the tropical North Atlantic surface waters",

suggesting that both phosphonate production and degradation are
highly dynamic in ocean environments. Assuming all observed C-P
lyase activity is dedicated to MPn degradation, the potential methane
production rate in ALOHA surface waters could range from 0.001 to
0.2 nmol L™ d™; this range encompasses previous estimates at station
ALOHA (i.e., 0.01-0.05nmol L*d™". However, this estimate may
represent an upper limit for methane production, as other phospho-
nates, such as 2-AEP, likely constitute a large fraction of the organic
phosphonate pool*. Additionally, C-P lyase activity exhibited depth-
dependent variability and was influenced by N:P flux ratios at the deep
chlorophyll maximum®., This supports the rationale of linking MPn
degradation to the N:P ratio in the present model extrapolation.
Combining our model with field data (e.g., N:P ratio, MLD, MPn
abundance) at station ALOHA, we estimate that atmospheric deposi-
tion leads to an increase of 0.2 pmol L™ d for methane production,
accounting for ~0.4-2.6% of gross methane production”. This number
is in good agreement with our estimated increase of global MPn
decomposition within the MLD influenced by atmospheric deposition
(i.e., 2.5%), confirming the validity of our prediction and the enhanced
MPn decomposition and methane production by atmospheric
deposition in the global ocean.

An increase in methane production due to N deposition would
amplify the uncertainty of sea-air fluxes and have important implica-
tions for global methane emissions. Due to the seasonal variability and
inherent uncertainty of MLD in the ocean*, we extrapolated the
surface-enhanced methane production at deposition depths of 1m?®
and 10 m* into a standard gas transfer model and approximated the
influence of this process on global methane emissions. Globally, the
sea-air methane flux could increase by 0.01+0.0001Tgyr? and
0.03+0.001Tgyr" due to excess atmospheric N deposition, respec-
tively (Table 1). Elevated methane emissions occur primarily in low-
phosphate regions (Supplementary Fig. 9), such as the Mediterranean
Sea, the North Atlantic Ocean, and the NWPO (Fig. 4), where Ny-fixation
is also highly active**. Although excess N introduced by atmospheric
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deposition might influence biological N, fixation, the resultant nutri-
ent imbalances and changes of N/P ratios* would ultimately lead to
increased methane production and emissions. Specifically, the Atlantic
Ocean, characterized by P limitation and substantial atmospheric
deposition, exhibits an annual methane emission increase that is
approximately 23% higher than that observed in the Pacific Ocean.
Given the vast area of the open ocean (>2000 m), atmospheric N
deposition could lead to an increase of 0.01-0.02 Tgyr™ in methane
emission flux. A recent study reported a global diffusive methane flux
of 2-6 Tg CH, yr™ from the ocean to the atmosphere, with an emission
of 0.6-1.4 Tgyr™ for the open ocean (>2000 m; ref. 2). Based on our
calculation, increased methane flux caused by atmospheric N deposi-
tion to the open ocean, would account for -2% of the annual methane
emission flux. Furthermore, although the extrapolation of our
experimental data to a global scale indicates the regional differences in
the impact of atmospheric N deposition, it should be noted that our
data were derived from the open ocean, which might differ from
coastal waters. The different biogeochemistry between coastal waters
and open oceans could introduce uncertainties for global extrapola-
tion, which should be considered for tentative interpretation and
deserves further investigation.

In addition to regional variation, strong synoptic deposition epi-
sodes could deliver substantial nutrients to the ocean that are several
orders of magnitude greater than general deposition and impact
oceanic biological production and element cycling***’. By adopting
the N deposition rate of 2.8 mgNm2d™ from a study used for the
simulation of episodic dust deposition*®, we estimated that methane
production in surface waters could increase by ~0.01 nmol L™ d* within
the deposition depth of 10 m due to episodic deposition pulses. This
would result in an increase of 2.2-5.1% in daily methane emissions from
the open ocean, similar in magnitude to those observed in our incu-
bation experiments, suggesting that the impact of aerosol deposition
on methane cycling could be significantly amplified on a short time-
scale with strong episodic pulses.

Furthermore, as atmospheric deposition occurred persistently,
we assessed the long-term impact of atmospheric N inputs on future
oceanic methane cycling. We simulated the increase of N in surface
waters within the depth of 10 m influenced by annual deposition flux
of atmospheric N between 2025 and 2050 based on future N
deposition data under the Representative Concentration Pathway

6.0 (RCP6.0) scenario from the Inter-Sectoral Impact Model Inter-
comparison Project (ISIMIP). By incorporating the changed N:P ratio
into the fitted sigmoid function, we extrapolated the cumulative
methane emissions in global oceans from 2025 to 2050. Approxi-
mately, an increase of 0.22 Tg in surface methane emissions caused
by atmospheric N deposition to the global ocean would be achieved
over this period (Supplementary Table 4). Likewise, a 0.20 Tg
methane increase would be emitted from the open ocean due to the
vast area, and this value accounted for 14.3-33.3% of the annual
amount of methane released from the open ocean (0.6-1.4 Tg; ref. 2),
suggesting that atmospheric deposition could increase methane
emissions by the end of half century. Note that these estimates only
account for N gains from atmospheric deposition and do not con-
sider oceanic N-loss pathways (e.g., denitrification, anammox), thus
representing an upper-bound, N-gain-only scenario for future pre-
diction. While uncertainty remains as to whether the global ocean
will experience a net gain of N in the future, the increased methane
production and emissions should occur in certain regions with N
input from atmospheric deposition.

Biological N, fixation and atmospheric deposition are two
important N sources in the open ocean, and now the quantity of
atmospheric N deposition is approaching N, fixation due to the
remarkable increase in anthropogenic emissions of reactive N*.
Atmospheric N deposition may not only increase primary produc-
tion, carbon dioxide (CO,) uptake, and carbon export to the deep
ocean, but also enhance nitrous oxide (N,0) emissions and therefore
offset the decreased radiative forcing from CO, sequestration®. In
addition to N, fixation, the excess N over P from atmospheric
deposition would further decouple N and P cycles and promote
phosphate limitation. Karl et al. proposed a methane production
pathway from MPn utilization under P-stressed conditions where
Trichodesmium, a nitrogen-fixing cyanobacterium, produced
methane from MPn, solving the oceanic methane paradox’. Here, we
demonstrate a missing link between atmospheric deposition and
surface methane production that was not previously known. Our
results suggested that the impacts of atmospheric deposition on the
open ocean and the feedbacks to the climate system could be
expanded. The increase of methane production and emission due to
atmospheric deposition, to some extent, would also offset the N
input-induced decrease of radiative forcing (Fig. 5). Increasing
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Fig. 5 | Feedback between atmospheric deposition, nutrient dynamics, and greenhouse gas cycling in the ocean. C-O-P carbon-oxygen-phosphorus, C-P
carbon-phosphorus, PON particulate organic nitrogen, NH," ammonium, N,O nitrous oxide, CO, carbon dioxide, CH, methane.
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atmospheric deposition and continued global warming would lead to
enhanced ocean stratification and phosphate limitation*®*°, which
will further reinforce greenhouse gas emissions and increase radia-
tive forcing from N,O° and methane. This finding advances our
understanding of oceanic response to atmospheric deposition and
reveals an intricate interplay between atmospheric deposition,
nutrient dynamics, greenhouse gas production, and elemental
cycling in the open ocean.

Methods

Sample collection and analysis

Samples were collected from the NWPO onboard the R/V “Dongfan-
ghong 3” during the expedition in October 2019-January 2020 (Sup-
plementary Fig. 15). Seawater for methane and nutrient analysis and
incubation experiments was sampled using 12L Niskin bottles
deployed on a Seabird 911 conductivity-temperature-depth sensor
rosette. Methane concentrations in surface water ([CHylsurface) Were
determined using a cryogenic purge-and-trap setup connected to an
Agilent GC-8890 gas chromatograph according to the previous
methods®. The saturation of dissolved methane (R, %) was calculated
using the equation of R=[CHylsupface/[CHalequitibrium X 100%, where
[CH4lequitirium is the calculated methane concentration equilibrated
with atmospheric methane and corrected for in situ salinity and
temperature®®, Atmospheric methane data were obtained from the
NOAA/ESRL Global Observations Project (http://www.esrl.noaa.gov/
gmd). Nutrients, i.e., nitrate, nitrite, ammonium, silicate, and phos-
phate, were analyzed using standard spectrophotometric methods
with an autoanalyzer (SEAL Analytical Gmbh, QuAAtro, Germany)®.,
The detection limits for these nutrients were 0.02uM, 0.003 M,
0.04 uM, 0.03 uM and 0.02 uM, respectively. The precision for these
measurements was less than 0.3% and the correlation of the calibration
curves was greater than 0.999.

Atmospheric aerosol samples were collected using a high-volume
total suspended particulate sampler (Model KB-1000, Jinshida Elec-
tronic Technology Co., Ltd., China), with Whatman 41 filters
(20.3 x25.4 cn??, Cellulose) at an airflow rate of ~1.0 m* min™ for 24 h.
The samples were stored at —80 °C and analyzed by lon Chromato-
graphy (IC-940, Aptar, Switzerland)>>.

Incubation experiment

Methane production experiments. Methane production experiments
were conducted in surface seawater (sampling depth: 5m) at three
different sites (i.e., site P1, P2, D5; Supplementary Fig. 15 and Supple-
mentary Tables 5 and 6). Seawater was filled directly into 60 mL acid-
washed and sterilized serum vials with no headspace. The vials were
sealed immediately, and a 20 mL headspace was created by replacing
the same volume of high-purity helium (99.999%). Subsequently, dif-
ferent substrates including 10uM dimethylsulfoniopropionate
(DMSP), 10 uM MPn, 10 uM trimethylamine (TMA), and 10 uM metha-
nethiol (MeSH) were added to the vials separately (Site P1; n=3 each;
Supplementary Table 5). To generate P-limiting conditions, we added
1060 uM glucose and 160 uM nitrate to seawater and subsequently
added 10 uM MPn to monitor the methane production (Site P1; Sup-
plementary Table 5). Glucose was added as a carbon source to adjust
the C:N:P ratio following methods used in previous studies*®. The
addition of glucose ensured sufficient carbon supply and the high
C(N): P ratio during the incubation, which allowed us to examine the
effects of N:P ratios on methane production, with detectable methane
produced from MPn degradation. Although the concentration of glu-
cose in natural waters could be lower than that used in our study, our
experiments are environmentally relevant as monosaccharides such as
glucose are significant components of the DOM pool and they are
widely produced by phytoplankton exudation and the decomposition
of organic matter®. After substrate addition, the vials were incubated
in the dark at the in situ temperature. Previous studies demonstrated

that MPn degradation to methane production is predominantly
mediated by heterotrophic bacteria, and this process was not sig-
nificantly affected by light exposure**”, Therefore, the incubation was
conducted in the dark, and this is not likely to impact the methane
production from MPn degradation. Methane concentrations in the
headspace were measured at selected time points. Gas samples of
0.5 mL were taken from the headspace of vials and analyzed on the
Agilent GC-8890 gas chromatography with flame ionization detection
(HP-PLOT Q capillary column, 30 mx0.32mm x 20 um, Agilent).
Similarly, MPn conversion experiments were conducted in surface
water at site P2 (Supplementary Fig. 15) by adding 0.1uM, 0.5 uM, 1M,
and 5 uM MPn to seawater at different N/P ratios (adjusted with glucose
and nitrate, n =3 each; Supplementary Table 7). The conversion rates
of MPn were calculated by quantifying the methane production rates
from MPn decomposition (Supplementary Fig. 14). We did not mea-
sure the MPn concentrations in these incubation experiments due to
the analytical challenge in the available method, which required spe-
cialized instrumentation, complicated pretreatment, and a large sam-
ple volume (i.e., 23 L)**. Future studies should aim to quantify the MPn
concentrations with sensitive methods to better constrain the linkage
between MPn cycling and methane production in the ocean.

Aerosol addition experiments. The collected aerosol membranes
were cut using a ceramic scissor and then ultrasonicated in centrifuge
tubes containing Milli-Q water for 40 min to extract the supernatant
and finally transferred to a volumetric flask. To examine the addition of
aerosol on methane production, incubation experiments with aerosol
addition (final concentration: 1.5 mg L™)** were conducted in 310 mL
Schott bottles containing 250 mL seawater (n=3; Supplementary
Table 5). Different substrates, including 1.5 mg L™ aerosol, 5uM MPn,
2.5uM Pi+2.5uM MPn, and 5uM MPn +1.5 mg L™ aerosol were added
to the seawater cultures (Supplementary Table 5). The seawater was
amended with 10.6 uM glucose and 1.6 uM nitrate’, which was impor-
tant to facilitate the degradation of added MPn and minimize inter-
ference from residual Pi. However, it may also enhance microbial
activity and nutrient utilization, potentially influencing the efficiency
of methane production from MPn decomposition. During incubation,
headspace gas and seawater samples were taken through two sampling
valves, a water outlet valve and a gas extraction valve, at different time
points (0.25,1, 3, 6, and 10 days). Seawater (-10 mL) was sampled for BP
rate and APA activity measurements. APA was determined using the p-
NPP colorimetric method®, and BP rates were determined by quanti-
fying the bacterial protein synthesis using the *H-leucine incorporation
method*®*”. Headspace gas for methane was analyzed with a GC as
described above. In addition, we determined the response of microbial
communities to atmospheric inputs. Natural surface seawater (sam-
pling depth: 5m; site D5) was amended with/without the 1.5mgL™
aerosol solution and incubated in 1-L sterile containers at in situ tem-
perature (Supplementary Table 5). Due to limited sample volume and
aerosol solution, the incubation experiment was conducted in repli-
cates. In each case, seawater from the replicate incubation bottles was
filtered onto a single membrane filter (0.2 um; GSWP, Millipore) for
downstream DNA extraction and 16S rRNA gene sequencing. The
results were visualized using stacked bar plots to compare the relative
abundances of bacterial taxa between treatments.

Nutrient addition experiments. We conducted incubation experi-
ments with nutrients based on the composition of atmospheric aero-
sols (Supplementary Table 2). For methane production, 2.5uM
ammonium + 2.5 uM nitrate (N) and/or 50 nM ferric chloride (Fe) were
added to 10.6 uM glucose+1.6 uM nitrate +10 uM MPn amended sur-
face seawater in 310 mL Schott bottles with 60 mL headspace (Sup-
plementary Table 5). For APA and BP incubations, 1.0uM
ammonium + 1.0 uM nitrate (N) and/or 50 nM Fe were amended in
60 mL sterilized serum vials filled with seawater (Supplementary
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Table 5). The samples were then incubated in the dark at in situ tem-
perature for 10 h. Determination procedures were the same as
described above.

Quantification of global ocean phnJ and mpnS genes. To quantify
the relative abundance of the C-P cleavage pathway gene phn/ in the
global ocean, a total of 193 metagenomic sequence read archive (SRA)
data were downloaded and collected from the GEOTRACES program
(Section GA10, GP13, GAO2, and GA03)*%, ALOHA program continuous
stations (HOT)*®, and TARA ocean dataset™ (Supplementary Data 1).
We analyzed the sampling data from surface seawater at these stations,
and for stations without surface data, data within the mixed layer were
used. Meanwhile, metagenome-assembled genomes (MAGs) of corre-
sponding SRA data were downloaded from the iMicrobe database
(https://www.imicrobe.us/). Prodigal v.2.6.3°° was used to predict the
protein-coding genes (CDS) of the MAGs. To identify the phn/ genes of
each metagenomic dataset, the multiple sequence alignment of phn/
genes was downloaded as a homologous protein database?>. HMMER
v.3.3.2%, based on the Hidden Markov model, was employed to identify
the homologous sequences of the phn/ gene by searching against the
homologous protein database above with a setting of E-value < 0.001
according to the ref. 62. FetchMG v.1.2°> was used to find 40 single-
copy marker genes from each MAG. For the raw sequencing data,
Trimmomatic v.0.39°* was employed for quality control with the
parameters as follows: ILLUMINACLIP: TruSeq3-PE-2.fa:2:30:10, LEAD-
ING:20, TRAILING:20, SLIDINGWINDOW:4:15, MINLEN:100. Minimap2
v.2.24% was used for mapping the clean reads to metagenomic
assemblies with default parameters. Bedtools v.2.30.0° was used to
calculate the coverage of phn/ genes and 40 single-copy marker genes
of each MAG, and normalized the relative abundance of phn/ genes as
previously described in ref. 62. Specifically, the normalization was
performed by calculating the median coverage of 40 universal single-
copy marker genes identified by FetchMG. The coverage of phn/ was
then divided by this median value to estimate the relative abundance
of phn/ in genome equivalents, thereby accounting for variation in
sequencing depth and genome completeness. The resulting normal-
ized phn/ abundance reflects the relative abundance of microbial
genomes possessing this gene, expressed as a percentage of total
genome equivalents within each metagenomic sample. In total, we
obtained 193 relative abundance of phn/ across the global surface
ocean (Supplementary Fig. 6). Similarly, we quantified the abundance
of the mpnS gene using the same analytical approach. Metagenomic
datasets were obtained from the GEOTRACES program®®, the ALOHA
program continuous stations*®, and the TARA Oceans dataset®® (Sup-
plementary Data 1). Homologous mpnS sequences were retrieved from
Lockwood et al.?®, and gene identification, normalization, and abun-
dance estimation followed the identical pipeline used for phn/.

Machine-learning prediction of global phnJ and mpnS abundances.
We used the compiled phn/ dataset together with environmental
variables to train the prediction model and map the global distribution
of phnJ. We used local environmental variables in the phn/ model, and
for data points that lacked predictors or did not provide the environ-
mental predictors required by the model, we paired them with publicly
available environmental datasets. Predictors used in our model inclu-
ded sea surface temperature (SST, 0.25° resolution), salinity (SSS, 0.25°
resolution) and phosphate ([PO4>], 1° resolution), taken from the
World Ocean Atlas 2018 (WOAI18) climatology, surface concentration
of DOP (2° resolution) taken from the previous publication”, surface
chlorophyll-a (Chla, 0.083° resolution) and particulate organic carbon
(POC, 0.083° resolution) derived from NASA Aqua MODIS satellite
climatology, and the surface N* values. The introduction of the N*
value was to characterize the relative N or P limitation in surface sea-
water and also to better incorporate N deposited from the atmosphere
into the prediction model, which is calculated using Eq. (1). We note

that the phosphate data from WOA18 may not adequately capture
extreme P-limited regions in the surface ocean®. As global phosphate
data measured using high-sensitivity methods is lacking®’, the WOA
data provide a general overview for the regional variations of global
phosphate distribution and serve as a viable alternative for global-scale
modeling”*,

N*=nnN]_16x[Poij M

In Eq. (1), [DIN] is the sum of surface seawater concentration of
nitrate ([NO57]) and total ammonia ([NH,]). [NO37] is taken from
WOAI8 climatology, and [NH,] is taken from a previous publication®®
at 1° resolution. All predictors were interpolated to the same 1° x1°
latitude/longitude grid.

We used the RFR method to predict the global phn/ distribution.
Our RFR model was structured with 125 decision trees according to
refs. 2,8, which was trained using the standard Classification and
Regression Trees (CART) algorithm. We tested different levels of
complexity of the model and chose the optimal parameters for the
model. Specifically, we performed 10-fold cross-validation to optimize
the mtry parameter, and evaluated model performance on different
numbers of trees using the optimal mtry value (Supplementary Fig. 7).
To ensure robustness, the dataset was split into 80% for training and
20% for testing. The final model performance was evaluated using
different metrics, including root mean squared error (RMSE), R?, and
mean absolute error (MAE). To enhance robustness, we also applied
10-fold cross-validation, where phn/ was standardized within each
iteration using only the mean and standard deviation of the training
subset (9 folds). This yielded a R? value of 0.727 + 0.145 (n=10), indi-
cating stable performance across folds. We also assessed the impor-
tance of predictor variables and conducted partial dependence
analysis to examine the marginal effects of each predictor (Supple-
mentary Figs. 7 and 8). Since phn/ data spans four orders of magnitude,
we standardized the data using Z-score normalization to avoid a few
data points with high phn/ abundance dominating the training
process’. We also developed other models, including simple linear
regression (LR, R? < 0.15), multiple linear regression (MLR, R?><0.15),
and support vector machine (SVM, R?<0.9) models for comparison
against the RFR model. RFR model showed good predictive perfor-
mance, and all members could be reproduced with R?=0.92 for
training datasets (Supplementary Fig. 7). After training, the RFR model
was used to generate a global map of surface ocean phn/ abundance at
1° x 1° resolution.

To assess the impact of atmospheric nitrogen deposition on glo-
bal phn/ abundance, we interpolated the global total inorganic nitro-
gen deposition fluxes (2° x 2.5° resolution, in kg N km2 yr™) taken from
the ref. 69 to a 1°x1° grid. As the N deposition flux was estimated
based on deposition data during the period from 1984 to 2016, the
results simulated represent an annual average from 1984 to 2016. We
calculated the input concentration of atmospheric nitrogen ([TIND], in
pmol N L™) by assuming that the deposition flux (kg N yr™) was diluted
into the volume represented by the surface area x MLD, and then cal-
culated the changed N* values (N**) using Eq. (2)

Nkmmhnmm—MxF@ﬂ @)

MLD is derived from WOAI18 climatology (0.25° resolution) and
interpolated to the same 1° x 1° grid as the nitrogen deposition fluxes.
By incorporating calculated N** values into our trained RFR model, we
generate the corresponding global surface ocean phn/ abundance
maps after including atmospheric nitrogen deposition.

Similarly, we used the RFR model to predict the global abundance
of the mpnS gene. The predictor variables for the mpnS modeling were
similar to those described above for the phn/ model, including SST,
SSS, [PO,*]1, DOP, Chla, POC, N*, and silicate (1° resolution) taken from
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the World Ocean Atlas 2018 (WOAI18). The mpnS abundance was
standardized using Z-score normalization to account for differences in
data scale and distribution. We performed 10-fold cross-validation to
optimize the mtry parameter (mtry =3), and evaluated model perfor-
mance across different numbers of decision trees, with 350 trees
selected for model construction. The dataset was randomly split into
80% training and 20% testing subsets to ensure robustness, and model
performance was evaluated using RMSE, R?, and MAE. After training,
the RFR model showed good predictive performance and was used to
predict the global distribution of surface mpnS gene abundance.
Similarly, by incorporating N** values into the well-trained RFR model,
we further assessed the potential influence of atmospheric N deposi-
tion on global mpnS gene abundance. We quantified the aggregate
relative change between the simulations with N** and N* using a ratio-
of-sums approach. Specifically, the domain was partitioned into
10° x 10° latitude-longitude blocks, and a spatial block bootstrap was
applied (B=3000, blocks resampled with replacement). For each
replicate, values from the resample blocks were pooled to form totals
for each simulation, and the global percent changes of the N** total
relative to the N* total were recalculated. Uncertainty was quantified by
a 95% confidence interval, defined as the 2.5th-97.5th percentiles of
the bootstrap distribution.

Global quantification of methane production and emissions due to
atmospheric deposition. To estimate enhanced methane production
rates from MPn decomposition due to atmospheric nitrogen inputs,
we conducted experiments to examine methane production rates
from the conversion of MPn under different N:P ratios by adding
nitrate and MPn°. The conversion rates of MPn were calculated by
quantifying the methane production over 6-day incubations. Based on
the observations, we developed a probability function (f(N:P)) of
methane production rates (Rate,,,) from MPn decomposition (Fig. 3)
and further computed the conversion of MPn by combining the global
MPn concentrations and N:P ratios. We calculated the annual input of
atmospheric nitrogen concentration (umolNL™) with influencing
depths of 1m*, 10 m**, and MLD and simulated the increase of nitro-
gen in surface waters. With the resultant change of N:P ratios, we
quantitatively estimated the increased MPn decomposition and
methane production rates due to atmospheric nitrogen inputs.

Rate,,, =f(N : P)x DOPx Frac_p 3)

In Eq. (3), Frac_p is the proportion of MPn in the surface DOP
concentration. We used an average of 10% to estimate the phospho-
nate proportion in marine DOP and applied a range of 2-21% as upper
and lower bounds (reported minimum and maximum values)”*>>¢,
Based on the proportion of MPn acid and phosphonate’, we estimated
the MPn concentrations.

b
1+EXP(—cx(N: P — d))

We applied a sigmoid function to estimate the rate of MPn con-
version based on the N:P ratio (DIN/[PO,>]) using Eq. (4). To estimate
the optimal values for the parameters (i.e., a, b, ¢, and d) of the func-
tion, we developed a fitting procedure using nonlinear least squares
(NLS) via the nIsLM function in R. The observed MPn decomposition
ratios (%) used for fitting were 4.31% at N:P =1,12.89% at N:P = 5, 28.17%
at N:P=10, 52.35% at N:P=16, 53.35% at N:P=20, 58.92% at N:P =25,
and 63.29% at N:P =32 (Fig. 3). The fitting procedure was designed to
minimize the sum of squared errors between the predicted and
observed values by adjusting the parameters. By leveraging the nIlsLM
function, we ensured a robust fitting while allowing for nonlinear
relationships. This approach ensures that the optimization algorithm
starts within a reasonable parameter space and converges to an opti-
mal solution. After fitting, we calculated the R? to evaluate the fit of the

f(N:P)=a+ (4)

model, yielding an R* of 0.99, and extracted the optimal parameter set
(a=-2.04, b=63.82, c=0.24, and d=10.12) for the sigmoid function.

F=(1~ €iefice) xkx ACH, ©)

Diffusive methane fluxes (F) across the sea-air interface were cal-
culated using Eq. (5), where g is the blocking efficiency of gas
exchange through the ice cover, fic. is the proportion of sea ice cover
of each grid cell, k is the methane gas transfer velocity (in cm h™), and
ACH, is increased annual methane production (in nmolL™) due to
atmospheric nitrogen input. Here, k was calculated using the W2014
empirical algorithms and &;.. was randomly matched from the range
0.9-17 using the Monte Carlo iterations method. Sea ice data were
obtained from the GO8p7 Global Ocean-Sea Ice Model output (0.25°
resolution) in the CEDA archive (https://data.ceda.ac.uk/bodc/
SOC220065/GO8p7_JRAS5_eORCA25). Monthly wind climatologies
were derived from merged wind speed measurements including SSM/I,
SSMIS, and WindSat Instrument in Remote Sensing Systems (https://
www.remss.com/measurements/wind/). The fic. and wind speed were
interpolated into the same 1° x 1° grid as ACH, and annual average data
were calculated to apply Eq. (5).

To assess the long-term impact of atmospheric N inputs on
future oceanic methane cycling, we estimated the increased methane
production and emissions for the period from 2025 to 2050 based on
future N deposition data. Inter-Sectoral Impact Model Inter-
comparison Project (ISIMIP) is a highly regarded international
initiative that provides standardized climate impact projections
across multiple sectors™. Specifically, we downloaded the nitrogen
deposition datasets simulated for the period 2006-2099 under the
RCP6.0 scenario combined with socioeconomic conditions
(0.5°x 0.5° resolution, in g Nm?2yr™) from the ISIMIP. We then
interpolated these nitrogen deposition fluxes from 2025 to 2050 to
the same 1°x1° latitude/longitude grid and simulated the annual
increase of nitrogen concentrations in surface waters within the
depth of 10 m influenced by atmospheric deposition. By incorpor-
ating the resultant change of N:P ratios into the fitted sigmoid
function, we quantitatively estimated the increased methane pro-
duction due to atmospheric N inputs from 2025 to 2050. We then
extrapolated the surface-enhanced methane production into the
W2014 empirical gas transfer model and estimated the increase in
global methane emissions over the period from 2025 to 2050.
Similarly, to assess the impact of strong synoptic deposition epi-
sodes on methane cycling, we calculated the change of N:P ratios in
surface waters within the depth of 10 m influenced by episodic
deposition pulses by assuming a N deposition rate of 2.8 mgNm=d™!
(ref. 46). By incorporating the changed N:P ratios into the fitted
function, we estimated the increased methane production and
extrapolated resultant increase in daily methane emissions during
episodic deposition pulses using the empirical gas transfer model.

Additionally, due to the high variability of our predictions, we
used the Monte Carlo method to derive the more representative esti-
mates. Specifically, we performed 100,000 Monte Carlo simulations
for each model outcome. In each simulation, we randomly sampled
80% of the data and calculated the mean of the subset. This simulation
generated 100,000 independent estimates for each model outcome,
from which we derived the overall mean and standard deviation.

16S rRNA gene analysis. The DNA was extracted by E.Z.N.A.® Soil/
Water DNA Kit (Omega Bio-tek, Norcross, GA, U.S.) following the
manufacturer’s instructions. The primers 515F/806R (5-GTGY-
CAGCMGCCGCGGTAA-3'/5-GGACTACNVGGGTWTCTAAT-3)"  were
used for bacterial 16S rRNA gene amplification. The cycling conditions
were as follows: 95 °C pre-denaturation for 3 min, 27 cycles of dena-
turing at 95°C for 30s, annealing at 55°C for 30's and extension at
72°C for 455, and single extension at 72 °C for 10 min, and finally end
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at 4 °C by an ABI GeneAmp® 9700 PCR thermocycler (ABI, CA, USA).
Each sample was amplified three times and the PCR products were
purified by the AxyPrep DNA Gel Extraction Kit (Axygen Biosciences,
Union City, CA, USA), and quantified by a Quantus™ Fluorometer
(Promega, USA)”. Purified amplicons were pooled in equimolar and
paired-end sequenced on an lllumina MiSeq (Illumina, San Diego, USA)
platform according to the standard protocols by Majorbio Bio-Pharm
Technology Co. Ltd. (Shanghai, China).

Raw sequencing reads were processed using a standard bioin-
formatics pipeline. Quality control was performed using fastp
v.0.19.6” to remove adapter sequences, trim low-quality bases, and
filter short reads. Specifically, bases with a quality score <20 at the
read tails were trimmed using a 50bp sliding window, and reads
shorter than 50 bp after trimming or containing N bases were dis-
carded. Paired-end reads were merged using FLASH v.1.2.11"* with a
minimum overlap length of 10 bp and a maximum mismatch ratio of
0.2 in the overlap region. Sequences that did not meet these criteria
were removed. The high-quality merged sequences were clustered into
operational taxonomic units (OTUs) at a 97% similarity threshold using
UPARSE v.7.17, and chimeric sequences were identified and removed
using UCHIME’®. Taxonomic classification of OTUs was performed
using the Ribosomal Database Project (RDP) classifier v.2.11"7 against
the SILVA database v.138.1° with a confidence threshold of 70%.
Sequences classified as chloroplasts or mitochondria were removed to
eliminate potential contamination. Microbial community composition
was analyzed by comparing the relative abundances of bacterial taxa
between different samples. The relative abundance of bacterial taxa
was calculated at the order level (>1%).

Bioinformatic analyses of genes involved in MPn and methane
metabolism. Total genomic DNA was extracted from the environ-
mental samples collected at different depths from the Mariana
Trench (Supplementary Fig. 15) using the E.Z.N.A.® soil/water DNA kit
(Omega Bio-tek, Norcross, GA, U.S.) following the manufacturer’s
instructions”. DNA libraries were constructed and sequenced at
Novogene Bioinformatics Technology Co., Ltd (Beijing, China). Raw
150 bp paired-end metagenomic reads were generated using the
lllumina NovaSeq platform. Trimmomatic v.0.39%* was employed for
quality control with the parameters as follows: ILLUMINACLIP:
TruSeq3-PE-2.fa:2:30:10, LEADING:20, TRAILING:20, SLI-
DINGWINDOW:4:15, MINLEN:100. The resulting high-quality reads
were then assembled into contigs using MEGAHIT v.1.2.9%. Prodigal
v.2.6.3°° was performed to predict the CDSs of assemblies. To identify
functional genes associated with MPn synthesis and degradation, we
retrieved a set of functionally validated protein sequences from the
National Center for Biotechnology Information (NCBI) database®.
These included McrA, MmoX, MmoY, MpnS, PepM, PhnA, PhnB, PhnC,
PhnD, PhnE, PhnF, PhnG, PhnH, Phnl, Phnj, PhnK, PhnlL, PhnM, PhnN,
PhnO. The quantitative method for functional genes is consistent with
the global phn/ quantification method described above. Specifically,
the coverage of related genes and 40 single-copy marker genes of each
MAG was quantified using Bedtools v.2.30.0°°. The relative abun-
dances of these genes were normalized by dividing the coverage of
each target gene by the median coverage of 40 universal single-copy
marker genes identified using FetchMG.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All experimental data, model prediction outputs and datasets used
for the model building presented in this study are available in the
Source Data file and on Figshare (https://doi.org/10.6084/m9.
figshare.30933482). Environmental predictor datasets, including

temperature, salinity, nutrient and mixed layer depth climatologies
were sourced from the World Ocean Atlas 2018. The surface total
ammonia dataset was derived from the ESGF CMIP6 archive (https://
aims2.lInl.gov/search/cmipé6/). The DOP dataset was sourced from
https://doi.org/10.1038/s41561-022-00988-1. Chlorophyll a and par-
ticulate organic carbon datasets were obtained from the NASA
OceanColor website (https://oceandata.sci.gsfc.nasa.gov/). Global
nitrogen deposition dataset was obtained from https://conservancy.
umn.edu/handle/11299/197613. Future nitrogen deposition datasets
were sourced from the ISIMIP database (https://data.isimip.org/;
ndep_nhx_rcp60soc_annual + ndep_noy_rcp60soc_annual). The 16S
rRNA gene sequencing data (PRJNA1255851) and metagenomic
sequence data (PRJNAS541485) are available through the NCBI
Sequence Read Archive. Source data are provided with this paper.

Code availability
Code used to develop the model and reproduce the figures is archived
at https://doi.org/10.6084/m9.figshare.30933482.
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