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Ponds are significant contributors to global methane (CH4) emissions. However, accurately estimating their
historical or future CH4 emissions remains challenging, particularly under dynamic environmental changes such
as eutrophication, sedimentation-driven shallowing, and global warming. We synthesized 674 observations of
CH. emission rates to identify key drivers and develop a process-based predictive model. We present a framework
for spatially explicit estimation of pond CHa emissions in China from 1960 to 2020, accounting for factors such as
temperature dependence, depth, nutrient levels, and pond area. Our findings show that pond CH« emissions are
strongly temperature-dependent, characterized by a high average activation energy (0.834 eV). Notably, ebul-
litive emissions exhibit greater temperature sensitivity than diffusive emissions. Nitrogen concentrations and
water column depth emerged as critical predictors of total CHa fluxes. Over the past six decades, CHs emissions
from Chinese ponds increased approximately 9-fold, from 0.16 Tg CHs yr™* in 1960 to 1.53 Tg CHa yr~! by 2020,
emphasizing their growing role in global methane emissions. Notably, half of these emissions occur during
summer, with ebullition accounting for 66 % of the total CHa flux. This increase was primarily driven by the
interactions of warming, nutrient enrichment, declining water depth, and pond expansion. Our results under-
score the growing role of ponds in CH4 emissions and highlight the urgent need for mitigation measures, such as
reducing nutrient loading and implementing periodic dredging management. This study provides a robust
foundation for improving CHs emission estimates and developing sustainable management practices for ponds in
the context of global environmental change.

1. Introduction

The atmospheric concentration of methane (CH.) has nearly tripled
from its estimated pre-industrial equilibrium value, making it the second
most significant greenhouse gas (Kirschke et al., 2013; Saunois et al.,
2020). Freshwater ecosystems contribute nearly half of the global CHa
emissions to the atmosphere (Rosentreter et al., 2021). Historically,
ponds have been overlooked in studies of regional and global aquatic
carbon cycles, and the focus has been on estimating carbon fluxes from
larger water bodies, such as lakes and reservoirs (Deemer et al., 2016;
Ran et al., 2021; Raymond et al., 2013). Despite small size, ponds
collectively cover an estimated global surface area of over 0.55 million
km? defined as smaller than 1 ha and >1.23 million km? when consid-
ering those under 10 ha (Holgerson and Raymond, 2016). As a key part
of aquatic ecosystems globally, ponds are notable sources of CH4 emis-
sions due to their shallow depth and high nutrient inputs (Holgerson and
Raymond, 2016). However, significant challenges remain in accurately
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estimating historical or even predicting future CH4 emissions from
ponds.

Most pond CHs measurements have been collected in boreal regions
(Bastviken et al., 2011; Holgerson and Raymond, 2016; Wik et al.,
2016), where ponds tend to be less productive and experience lower
human disturbance. Recently, studies on CHa emissions from ponds in
tropical and temperate regions—often characterized by higher human
impact and eutrophication—have been increasing (Malerba et al.,
2022b; Ray et al., 2023; van Bergen et al., 2019; Zhao et al., 2025).
Ebullition is typically the dominant pathway for total CHs flux,
contributing 50 % to over 90 % of emissions (Bastviken et al., 2004).
However, many past studies have overlooked ebullition when quanti-
fying CH4 emissions from ponds (Ollivier et al., 2019; Peacock et al.,
2019; Webb et al., 2019). More recent work has begun addressing this
gap by incorporating ebullitive flux measurements (Naslund et al., 2024;
Yang et al., 2020). Together, these studies provide a basis for under-
standing drivers of CHa fluxes from ponds over a wide geographic scale.
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Accurately estimating pond CH4 flux is challenging and requires a
mechanistic understanding of what regulates CH4 emissions. Simplistic
upscaling approach, based on average rates and surface area, can
overestimate CH4 flux by 70-100 % (Lauerwald et al., 2023a). Ponds are
frequently grouped with lakes or reservoirs for CHs emission upscaling
(DelSontro et al., 2018; Li et al., 2020). Ponds likely represents funda-
mentally distinct methane sources compared large water bodies due to
their smaller size, shallower depth, and stronger hydrological connec-
tivity with surrounding landscapes. These distinct characteristics posi-
tion ponds as ideal model systems for studying aquatic ecosystem
responses to global change. Ponds receive a large amount of sediments
and terrestrial-derived organic carbon due to their high lateral hydro-
logical connectivity with surrounding landscapes (Downing et al.,
2008). Smaller ponds, in particular, undergo severe sedimentation (Lv
et al., 2024). These high sedimentation rates supply reactive organic
matter, driving CHs emissions through ebullition (Maeck et al., 2013;
Sobek et al., 2012). Additionally, sediment-water column interface in
ponds is highly sensitive to atmospheric temperature fluctuations due to
shallow depth (Toffolon et al., 2014). This sensitivity accelerates the
mineralization and decomposition of organic matter, leading to CHy4
production (Yvon-Durocher et al., 2014a). Correspondingly, ponds are
likely to exhibit a stronger temperature dependence for CH4 emissions
compared to larger water bodies (DelSontro et al., 2016; West et al.,
2016). Unlike large lakes, ponds are often constructed for irrigation and
other human uses, making them more susceptible to anthropogenic in-
fluence. Those located near agricultural lands are particularly vulner-
able to eutrophication due to high nutrient inputs from agricultural
non-point sources (Goyal et al., 2021; Meng et al., 2022). Eutrophica-
tion further amplifies CH4 emissions (Beaulieu et al., 2019). Therefore,
understanding how CH4 emissions are affected by these physical,
chemical, and biological factors will be key in predicting pond CH4
fluxes.

China serves as a large-scale “laboratory” for exploring how envi-
ronmental changes, human activities, and pond expansion influence CH4
emissions from ponds at the national scale. China has constructed a large
number of ponds for irrigation prior to 1970s and now hosts 14.6 million
ponds (defined as water bodies <5 ha in size) (Lv et al., 2022). The
estimated cumulative water area of China’s ponds is equivalent to 42 %
of total lake (Tao et al., 2020) and 68 % of reservoir area (Song et al.,
2022), highlighting their significance as landscape features. Chinese
intensive agricultural practices, which consume about 30 % of global
fertilizer, generate substantial non-point source pollution (Gu et al.,
2015). Due to close proximity to croplands and high hydrological con-
nectivity to surrounding landscapes, ponds receive significant nutrient
inputs from surface runoff, leading to increased primary productivity
and exacerbated eutrophication (Lv et al., 2024; Xiao et al., 2024). These
factors likely contribute to disproportionately high CH4 emissions from
ponds, underscoring the need to include them in national greenhouse
gas inventories. However, no studies to date have quantified long-term
CH+ emissions from ponds, leaving a critical gap in understanding
their contribution to greenhouse gas dynamics.

In this study, we compiled a global database of in situ CHs mea-
surements (total, diffusive, and ebullitive fluxes) and relevant environ-
mental variables, updated to 2024. We assessed the temperature
sensitivity of different CHs emission pathways and identified potential
drivers of CHa flux. Based on these primary drivers, we developed an
optimized prediction model to upscale pond CHa emissions in China
from 1960 to 2020, incorporating factors such as pond expansion, sea-
sonal temperature variations, sedimentation and trophic state.

2. Methods
2.1. Data sampling and collection

Total CH4 emission rates (diffusive and ebullitive emissions) were
measured using the floating chamber technique (Natchimuthu et al.,
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2014) (Supplementary material S1) at ten ponds. The geographical
location and key characteristics of these ponds are summarized in
Table S1. The selection of these ponds was based on ensuring a diverse
range of pond characteristics, particularly in terms of area, depth and
cropland proportion, to capture different environmental conditions that
influencing CH4 emissions. Gas sampling was conducted at ten ponds
across five seasons: summer (June, August), autumn (October), winter
(December) in 2022, and spring (April) in 2023. Each sampling pond
was equipped with three independent chambers for flux measurements.
In-situ physical and chemical indicators such as water depth, water
temperature, dissolved oxygen (DO), and Chlorophyll a (Chl-a) were
measured by a YSI 6000 Multiprobe field meter. Additionally, three
water samples were collected at a depth of 30 cm in each pond to
analyze phosphorus and nitrogen and dissolved carbon concentrations,
following the China National Standard Method (http://www.sac.gov.
cn/).

We also conducted a comprehensive review of peer-reviewed liter-
ature on CHa emissions from ponds, published up to September 2024.
Relevant publications were identified using keywords related to CHa
emissions (‘CHa flux’, ‘CHa concentration’, ‘CHs emission’) and specific
types of water bodies (‘stormwater pond’, ‘agricultural impoundment’,
‘pond’, ‘farm pond’, ‘agricultural pond’) across multiple academic da-
tabases, including Web of Science, and the China Knowledge Resource
Integrated database (https://www.cnki.net). Overall, we gathered data
on 624 CHa. daily fluxes from different sites across 40 published papers
and dissertations. Additional information collected included geograph-
ical coordinates (latitude and longitude), measurement timing, climatic
factors (mean air temperature, mean precipitation, and water temper-
ature), morphometric characteristics (e.g., surface area and water
depth), trophic state indicator (Chl-a), dissolved organic carbon (DOC)
and nutrient concentrations (nitrogen and phosphorus) for each of
ponds.

Data were extracted from tables, figures, and texts within the iden-
tified publications, and digitized using Engauge Digitizer (version 11.0)
when necessary. For observations lacking climate data, we obtained
corresponding climate data from the WorldClim database (http://www.
worldclim.org/), using site-specific latitude, longitude, and measure-
ment timing. For cases where water temperature data were unavailable,
we estimated values using a published relationship between air tem-
perature (Ta) and water temperature (T), specifically: T = 2.82+
0.82T, (Bai, 1999).

In total, we compiled 674 observations of CHa fluxes and associated
environmental variables from both literature and in-field measurements
(Table S2).

2.2. Temperature dependencies for CHa emissions

To estimate the temperature dependencies of pond CHa fluxes, we
fitted the complied data using the Boltzmann-Arrhenius function
(Yvon-Durocher et al., 2014b) by a linear mixing effect model:

InR;(T) = (E+ eg)( ! + InR(T¢) + ek (@)

i)
where InR;(T) represents the natural logarithm of the CH. flux rate at
absolute temperature T (in Kelvin) for site i; E is the average apparent
activation energy (eV) across sites, reflecting the temperature depen-
dence of total (Ety), diffusive (Epy)and ebulilitive (Egy) CHa emissions;
where k is the Boltzmann constant (8.62x10~° eV k’l). Tc (292 K, 19
°C) is the mean temperature of the dataset; therefore, so that InR(T¢)
represents the average CHa flux rate across sites at this reference tem-
perature T¢. Site-specific variations in apparent activation energy and
flux rates, due to biotic and abiotic factors, are captured by the terms e,
and ek, which represent random deviations in the slopes and intercepts.
We quantified the temperature dependence of the ebullition:total CHa
emission ratio in exactly the same way as described above.
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The linear mixed-effects modeling analysis was conducted using the
‘lme’ function in the ‘nlme’ package in R statistical software. Model
fitting was assessed using likelihood ratio tests, with the optimal random
effects structure identified by comparing Akaike Information Criterion
(AIC) values for the null model (Perkins et al., 2012). To compare slopes
derived from different datasets, Tukey’s post hoc multiple comparison
test was employed (Perkins et al., 2012).

2.3. Relationships between CHa emission rates against environmental
factors

To explore the drivers of CHa emissions, daily CH4 emission rates
were standardized across sites and climates at 19 °C, using the fitted
Boltzmann-Arrhenius relationship described in Section 2.2. Relation-
ships between CH4 emission rates and various environmental variables
(e.g., climate factors, morphometric properties, nutrient levels, etc.)
were examined using linear mixed-effects models. The models were
generally specified as:

InR = g, + f; X InX + mgqy + € (2)

where, f, and g, are the intercept and slope, respectively; 7,4, is the
random effect accounting for study-specific variation; ¢ is the sampling
error; R and X correspond to the emission rate and environmental var-
iable values, respectively, respectively. Random effects were included to
account for potential biases between different studies.

2.4. Upscaling pond CHa from 1960 to 2020

To upscale CHa emissions from ponds across China, we first derived
candidate models to predict total areal CHa flux at a standardized tem-
perature of 19 °C, based on the compiled CHs emissions dataset.
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Potential predictor variables were selected from the results of Section
2.3. Multiple linear regression was applied to assess the influence of
environmental variables on CHs emission fluxes, with both fluxes and
predictor variables log-transformed to approximate normal distribu-
tions. The model with the high explanatory power (R?) and better sta-
tistical significance was selected as the optimal model for upscaling.

Predicted CH4 emission rates at the standard temperature were then
adjusted to monthly emission rates (from January to December) based
on temperature-dependent CH: emission patterns, following the
equation:

InR)(T) = InR(Tio) + Em (&—;—T) ®
where R(Ty9) represents the predicted total areal CH4 flux at a water
temperature of 19 °C. R;(T) denotes the monthly actual CHs emission
rate at water temperature T, j = 1,2, ..., 12. Monthly water temperatures
for ponds were predicted based on the relationship between atmospheric
and water temperatures (Bai, 1999), with monthly average atmospheric
temperatures obtained from a 1-km monthly mean temperature dataset
for China (1901-2022) (Peng, 2019).

Annual CHa fluxes were derived by summing monthly CHa4 fluxes
across the year. Monthly CHa fluxes were calculated as the product of
pond surface area, CHs emission rate, and the corresponding time period
for each month. Upscaling analyses were conducted using hydrological
level-8 (HL-8) river watersheds as the unit of calculation. The Hydro-
ATLAS database provided watershed delineations, dividing China into
13, 495 HL-8 watersheds (https://www.hydrosheds.org).

2.4.1. Pond area and depth
Ponds are generally defined by their small size and shallow depth.
For this study, lentic waters with an area smaller than 5 hectares were
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Fig. 1. Ponds in China. (a) Spatial distribution of ponds across China in 2018, adapted from Lv et al. (2022). (b) High-resolution imagery (Top-left: N31.222°,
E108.357°; Bottom-right: N31.220°, E108.360°) showing close proximity of ponds to cultivated fields, acquired using an unmanned aerial vehicle platform. (c-e)
Photographs of representative sampling ponds for CH. emissions: (c) Maliu (E106.607°, N29.947°), (d) Wangjia (E106.616°, N29.950°), and (e) Jintang

(E106.624°, N29.955°).
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classified as ponds (Richardson et al., 2022). According to this defini-
tion, China has approximately 14.6 million ponds covering a total area
of 33,160 km? (Fig. 1a). Historical changes in the number and area of
ponds from 1960 to 2020 were reconstructed using data from govern-
ment bulletins published by China’s Departments of Water Resources
(Lv et al., 2024).

The depth of the pond has decreased due to sedimentation between
1960 and 2020. The original depth was calculated by dividing the
pond’s original storage capacity by its surface area. The original storage
capacity was determined based on its relationship with surface area
(Fig. S1). A previous study provided an approach to estimate sedimen-
tation rates (cm yr™'), which were predicted based on soil erosion rates
and pond area (Lv et al., 2024). The current depth of the pond was
estimated by subtracting the sedimentation depth from the original
depth. The detailed pond area and mean depth from 1960 to 2020 can be
found in Table S3.

2.4.2. Nitrogen and phosphorus concentrations in ponds

Nutrient concentrations are strong predictors of CHs emissions
(Beaulieu et al., 2019). Nitrogen (N) and phosphorus (P) levels in ponds
depend on inputs from their catchments as well as biogeochemical
processes within the ponds (Chen et al., 2021b; Meng et al., 2022). In
this study, we assumed that nutrient concentrations were primarily
driven by nutrient inputs. Additionally, we considered that ponds within
the same HL-8 watershed have similar nutrient concentrations. Specif-
ically, N and P loss by runoff from pond watersheds were used to predict
average total nitrogen (TN) and total phosphorus (TP) concentrations in
ponds within each HL-8 watershed.

Data on TN and TP concentrations were compiled from published
literature using keywords such as "nitrogen concentration" and "phos-
phorus concentration." This, combined with measurements from
sampled ponds, yielded a database of water quality data for 458 Chinese
ponds reported in 14 studies (Table S4).

To estimate N and P runoff, we used the NUtrient flows in Food
chains, Environment, and Resources use (NUFER) model (Lv et al., 2024;
Wang et al., 2018) at the HL-8 watershed scale from 1960 to 2020
(Fig. S2). Inputs for N and P runoff calculations included data on fer-
tilizer use, livestock numbers, and human population sizes, derived from
Provincial Statistical Yearbooks.

Using the TN and TP concentrations (TN_pond and TP_pond, ug I~ )for
the ponds sampled during this study and the literature, we established
relationships between pond water quality and the corresponding
nutrient runoff (Nrunoff HL-8 and Prunoff HL-8, kg ha ! yr ™) at the HL-8
watershed scale (Table S4), yielding the following equations:

TNyona = 43 X Nrunoff_HL — 8
+ 870 (R*= 0.41, p< 0.001, n =31) @

TPpona = 29 x Prunoff HL—8 + 12 (R*= 0.38, p< 0.01, n =31)
(5)

TN and TP concentrations from 1960 to 2020were predicted by N
and P runoff across China using these equations.

2.5. Uncertainty analysis

A Monte Carlo simulation was conducted to the uncertainty in esti-
mating CHa emissions. The primary sources of uncertainty considered
were the predictive model for CHs emission rates at the standardized
temperature, the temperature dependence of CHas emissions, and the
pond area. For the first two sources, Gaussian distributions were
modeled using regression coefficients and their associated standard er-
rors (Harrison et al., 2021). To address uncertainty in pond water area,
we applied a 10 % standard deviation on either side for the Monte Carlo
simulations, estimating variability in CHa flux. Our study reports median
flux estimates, supplemented by 5th to 95th percentile confidence
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interval bounds from these simulations.

To further assess sensitivity, we applied a one-variable-at-a-time
approach to evaluate how variations in input variables—pond area,
temperature, water depth and TN concentrations—affect CHa fluxes. We
examined scenarios where each target variable deviated by —20 % to
+20 % from its mean value, while holding other inputs constant, to
evaluate the sensitivity of CHs emission fluxes.

2.6. Statistical analyses

We used variation partitioning modeling to quantify the relative
contributions of four groups of factors in explaining changes in total CHa
flux from 1960 to 2020. These four groups of factors included: (1) pond
water surface area, (2) temperature, (3) water depth and (4) water
nutrient. The variation partitioning model was performed based on R
package Vegan (Oksanen et al., 2013).

3. Results
3.1. CHy emission rates from ponds

Analysis of the compiled dataset (Table S2) revealed substantial
variation in total CH4 emission rates (diffusive flux and ebullition) from
ponds (Table 1), with an average of 151.6 mg CH4 m~2 day .. Diffusive
emissions averaged 40.5 mg CHs m~2 day !, while ebullition exhibited a
notably higher mean rate of 111.02 mg CH, m~2 day ™. CH4 emission
rates were further categorized by eco-climatic pond types. Surprisingly,
tropical/subtropical ponds exhibited the lowest emission rates, whereas
temperate and boreal ponds showed higher rates. Ebullition was iden-
tified as the dominant CH4 emission pathway, contributing an average of
80 % to total emissions (median: 88 %, 95 % confidence interval (CI):
5.6 %-99.6 %). Additionally, the contribution of ebullition to total CHy4
emissions increased with rising water temperature and decreasing water
depth (Fig. 2).

3.2. Temperature dependence of pond CHa emissions

In our compiled dataset, CHs emission rates from ponds increased
exponentially with water temperature (P < 0.001; Fig. S3a). Analyzing
the two primary emission pathways, field data showed that CHa ebulli-
tive emissions had an exponential relationship with water temperature
(P < 0.001; Fig. S3c), while diffusive CH4 emissions did not exhibit a
similar dependency. To characterize the temperature dependence of
pond CH« emissions, we fitted the Boltzmann-Arrhenius function to the
data in the compilation database. The apparent activation energy
(reflecting the temperature dependence) of total CHa (Ety) emissions
was 0.83 eV (95 % CIL: 0.68 to 0.98) (Fig. 3a). As for two emission
pathways, activation energy of CHa ebullitive emissions (Egy, 1.43 eV,
95 % CI: 0.94 to 1.86; Fig. 3c) differed significantly from that of diffusive

Table 1
CH,4 emission rates from Ponds.
Emission rate Eco-climatic Mean Median 95 % CI n
mg CHy m ™2 region
day™?
Diffusive / 40.50 14.24 0.6-388.77 318
Ebullitive / 111.02 73.29 0.21-563.36 192
Total / 151.60 76.80 2.18- 512
1079.04
Boreal 122.61 43.91 1.35-1215 214
Temperate 188.73 155.23 4.51-942.57 138
Tropical/ 150 72.15 2.08-905 146

Subtropical

Note: Boreal (>50°N or >50°S), Temperate (23.5°N-50°N or 23.5°S-50°S),
Tropical/Subtropical (23.5°S-23.5°N), 95 % CI: 95 % confidence interval (CI), n
is number of observations.
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Fig. 2. Relationship between ebullition rate and water temperature (a), water depth (b). The temperature on the x-axis indicates the air temperature when

measuring the CH4 emission rate. n represents the number of samples.

emissions (Epy, 0.54 eV, 95 % CI: 0.17 to 0.83; Fig. 3b), suggesting that
ebullitive emissions showed higher temperature dependence than
diffusive emissions.

As expected from the different responses of ebullitive and diffusive
emissions to temperature, the proportion of ebullitive emissions to total
emissions was significantly affected by temperature across all sites
(Fig. 3d). This result suggests that, on average, the relative contribution
of ebullition to total CHs emissions rises with seasonal temperature in-
creases or in the context of climate warming.

3.3. Drivers and predicting models of CHa emissions

Utilizing our compiled dataset, we examined the relationship be-
tween total CHa emission rates at a standardized water temperature (19
°C) and various climatic, morphometric, water nutrient, and biotic
variables through a linear mixed-effects model (Fig. 4). Climatic vari-
ables, including MAT and MAP, showed a significant negative correla-
tion with total areal CHa emissions. Regarding morphometric features,
CH. emissions significantly declined with increasing water column
depth, although no significant relationship was observed between water
surface area and CHs emissions. Among water nutrient variables, total
nitrogen (TN), total phosphorus (TP), and ammonium (NH4*) signifi-
cantly influenced total areal CH. emissions, while nitrate (NOs") did not
show a regulatory effect. DOC exhibited significantly relationship with
total CH4 emissions, while Chl-a had a marginally significant effect on
total emissions.

Climatic variables were particularly influential on standard-
temperature diffusive CHs emissions, while no similar relationship was
observed for ebullitive CHa emissions. The slope of water depth on
ebullitive emissions was larger than that on diffusive emissions, indi-
cating water depth likely more strongly regulates ebullition relative to
diffusive fluxes. Major nutrient variables present significantly positive
relationship with diffusive emissions, but significant relationships be-
tween nutrient variables and areal ebullitive CHs emissions were not
observed, possibly due to limited sample size. Overall, the relationship
between environmental properties and two CHa emission pathways was
weaker than their relationship with total CHs« emissions, complicating
the upscaling of individual CHa pathways based solely on environmental
factor correlations.

The potential regression models for CHs total emission rates are
presented in Table S5. When including TN, TP, and depth of ponds, the
predicting equation can have a higher R? and a lower RMSE. However,
two of its predictor variables are not statistically significant (TP and
Depth). When using TN and depth as predictors, the equation shows only

a slightly lower R? and a slightly higher RMSE compared to the original
three-variable model, and both variables are statistically significant.
Thus, the best-performing regression equation for pond CHs emissions at
the standard-temperature for ponds used TN and depth variables, as
follow:

In(Rpase) = 0.95 x In(TNpong) — 0.51 x In(H) — 0.23

where Ry is pond CHa emission rates (mg m2 day‘l), is TN concen-
tration (ug L’I) and H is water depth (cm).

3.4. CHa emission flux from 1960 to 2020

The spatial distribution of annual CHa emission across China from
1960 to 2020 were modeled using the best-predicting model (Fig. 5a-g).
During this period, annual CHa emission flux from ponds increased 8.6-
fold, rising from 0.16 Tg CHa yr~! (95 % CI: 0.09-0.24 Tg CHa yr™!) in
1960 to 1.53 Tg CHa yr ' (95 % CI: 0.85-2.22 Tg CHs yr ') in 2020
(Fig. 5h). On average, the annual growth rate of pond CHs emissions
over this period was approximately 0.02 Tg CHa yr'. Seasonal analysis
revealed that CH. emissions during the summer season accounted for
approximately half of the total annual flux, followed by emissions during
autumn (23.9 %) and spring (21.6 %), with winter contributing only 7.8
% of the total annual emissions in 2020. Notable hotspots for CHa
emissions were identified in the eastern Yangtze River Basin and the
southern Huaihe River Basin (Fig. 5). In 2020, pond ebullition fluxes
were 0.99 Tg CHa yr~?, contributing around 66 % of total CHa emissions,
with a higher contribution observed in the tropical climates of Southern
China. Very small ponds (<0.1 ha) account for 40.6 % of total CH4
emissions, but comprise 21.54 % of ponds by area in Chinese (Table S6).
However, large ponds (>2 ha) contribute only 9.15 % of CHy4 fluxes,
while covering 18.87 % of pond area.

3.5. Sensitivity and contributions for CHa flux

In a sensitivity analysis, we evaluated the changes in pond CHa
emission fluxes when input variables decreased or increased by 20 %
(Fig. 6). CH4 emissions were most sensitive to temperature changes.
Specifically, CHa fluxes decreased by up to 28.6 % and increased by as
much as 39.3 % when air temperature was reduced or increased by 20 %
from the base level. This indicates that CHs emissions are more strongly
influenced by climate warming than by cooling. CHs emission fluxes
showed the same changes as pond area. Regarding water nutrient and
depth, CHa emissions were more sensitive to TN concentration than to
water depth. Overall, £20 % changes in nitrogen concentration led to
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Fig. 3. Temperature dependence of pond CHs emissions. The temperature dependence values of pond total (a), diffusive (b), ebullitive (c) emissions and
ebullitive:total emission ratio(d) were separately characterized using mixed-effects models after fitting Boltzmann-Arrhenius functions to the emissions data. The
fitted solid lines correspond to the average apparent activation energies estimated from the mixed-effects models (Ety = 0.83 eV for the total CHa emissions (a), Epm
= 0.54 eV for the diffusive CH4 emissions (b), Egy = 1.43 eV for the ebullitive CHs emissions (c), Eg.p = 0.17 eV for ebullitive:total emission ratio (d)). a,b,c
Emissions are expressed in standardized form as In[R/(T)]-In[R(T¢)], where R,(T) is the measured CH4 emission rate at site i and R(T¢) is the site-specific estimate of
the CH. emission rate at a fixed temperature (T¢c = 19 °C, the average measured temperature in the complied emissions dataset). n represents the number of samples.

CH. flux variations ranging from —19.5 % to +18.6 %.

When considering the single contributions of four factors, water
depth accounted for the largest proportion of variance in CHa fluxes.
However, most of the variance in CHas emissions was explained by in-
teractions among factors. The combined influence of all four variables
explained 29 % of the variance, while the interaction between nutrient
concentration and depth accounted for 28 %. Furthermore, the inter-
action among nutrient concentration, depth, and pond area explained 30
% of the variance.

4. Discussion
4.1. High CH4 emission rate and ebullition proportion from ponds

Among aquatic ecosystem, ponds exhibit particularly high CH4
emission rates with a mean of 151.60 mg CHy m™~2 day !, and a median
of 76.8 mg CH, m~2 day . These values are substantially higher than
CHa emissions from rivers and streams, which have median diffusive and
ebullitive rates of 2.51 and 2.05 mg CH4 m™ day’!, respectively
(Rocher-Ros et al., 2023). Comparing to a global synthesis of reservoir
emissions (Johnson et al., 2021), CH4 emission rates in
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Fig. 4. Linear mixed-effects model showing relationships between CH4 emissions and various pond variables. (a—c) Relationships between CHs emissions and
key environmental drivers in ponds. Variables include MAP (mean annual precipitation), MAT (mean annual atmospheric temperature), DEPTH (pond water column
depth), AREA (pond water surface area), TN (total nitrogen), TP (total phosphorus), NOs~ (nitrate), NHs* (ammonium), DO (dissolved oxygen), DOC (dissolved
organic carbon) and Chl-a. Error bars represent 95 % confidence intervals (Cls). Effects were considered statistically significant if the 95 % CI did not overlap zero.
Statistical significance is indicated by: *p < 0.05; **p < 0.01; ***p < 0.001. Numbers in parentheses represent the number of observations in the compiled datasets.

tropical/subtropical and temperate ponds were similar to their corre-
sponding reservoir counterparts, while boreal ponds exhibited higher
emission rates than boreal reservoirs (mean 39.1 mg CH4 m—2 day’l). In
some studies, ponds have been grouped with lakes for CHs4 emission
analyses. However, when considering lakes with larger surface areas,
pond emissions were higher than those from lakes of 0.1-1 km? (median:
20.8 mg CH4 m™ day™!, n = 58) and lakes larger than 1 km? (median:
13.7 mg CH4 m2 day™', n = 20) (Rosentreter et al., 2021). Although the
2019 IPCC Refinement report estimated a refined CHs emission rate of
18.3 g m™ yr! for ponds (based on a sample of 68 data points) (IPCC,
2019), our study indicates this rate may be underestimated.

Ebullition, accounting for approximately 80 % of total CH4 emissions
from ponds, is the predominant emission pathway. This proportion is
comparable to that of reservoirs (median: 77.9 %) and higher than that
observed in lakes (median: 53.7 %) (Deemer and Holgerson, 2021). In
highly eutrophic ponds, ebullition can contribute up to 90 % of total
emissions (Yang et al., 2020).

4.2. Temperature dependence

The temperature dependence of pond CHs emissions was greater
than the larger freshwaters with the activation energy of 0.63 eV
(Kraemer et al., 2017) and wetlands with 0.63 eV (0.52-0.75) (H. Chen
et al., 2021a). Our estimate of activation energy is higher than the result
which reported a 0.43 eV for pond CH4 emissions based on 286 obser-
vations(Malerba et al., 2022a). This lower activation energy is likely
because most of those observations included only diffusive emissions
while neglecting ebullition (Ollivier et al., 2019; Webb et al., 2019).

Our findings demonstrate that ebullitive CH4 emissions from ponds
are more temperature-sensitive than diffusive emissions (Wik, 2014;
DelSontro et al., 2016). Consequently, the proportion of ebullitive fluxes
to total CH4 emissions is expected to disproportionately increase with
rising seasonal temperature or ongoing climate warming. The relation-
ship between water temperature and ebullition proportion could
demonstrate this point (Fig. 2a). Specifically, ebullition rate accounted

for only 27 % of the total CH+ emissions when water temperature was
below 10 °C but rose to 69 % at temperatures between 10 °C and 15 °C,
and further to 88 % when water temperatures exceeded 30 °C (Fig. 2a).
This trend underscores that ebullition becomes the dominant CHa
emission pathway above 10 °C, consistent with mesocosm experiments
reported by Aben et al. (2017).

CH4 fluxes are ultimately driven by methanogenesis rates
(Yvon-Durocher et al., 2014a), which are enhanced by rising tempera-
tures through increased activity of methanogenic and methanotrophic
bacteria in sediments. However, while diffusive CH4 emissions are more
susceptible to oxidation by methanotrophs in the water column, ebul-
litive CH4 emissions bypass this oxidation process, making them more
sensitive to temperature increases (Aben et al., 2017). Previous studies
have also shown that temperature has a weaker effect on CH4 oxidation
than on CHa production (Duc et al., 2010), reinforcing the observed
temperature dependence of diffusive CH4 emissions.

An intriguing outcome of our study is negative relationship between
MAT and pond CH. emissions at the standardized temperature of 19 °C.
This result signifies that boreal ponds had high CH4 emission rates than
tropical/subtropical ponds at the standard temperature. Indeed, this
pattern is confirmed by CH4 emission data across different eco-climatic
regions in our compiled dataset (Table 1). In boreal ponds, organic
substrate accumulation during the colder months fuels methanogenesis
during the subsequent warming phase (Chang et al., 2021; Gedney et al.,
2004), leading to higher CHa emissions in the warm season. This implies
that boreal ponds, abundant in northern regions, may respond more
intensely to climate warming, making them significant hotspots for CHa
emissions (Wik et al., 2016).

4.3. Pond shallowing enhances CHa emissions

Ponds are becoming increasingly shallow due to sedimentation
processes, a widespread issue that affects their ecological functions and
morphometric characteristics (Ahmad et al., 2021; Renwick et al.,
2005). Over the past six decades, the average depth of ponds smaller
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(a-g) Modeled spatial distribution of CHs emissions rate per HL-8 watershed area for the years 1960 (a), 1970 (b), 1980 (c), 1990 (d), 2000 (e), 2010 (f), and 2020
(g). The rates were calculated by dividing the total pond CH4 emissions in a HL-8 watershed, in kg CH, per year, per the total HL-8 watershed area. (h) Temporal
change in CH4 emission fluxes from ponds in China from 1960 to 2020, with shaded areas representing the 95 % confidence intervals. (i) Spatial distribution of the
ratio of ebullition to total CHs emissions in the HL-8 watershed in 2020, simulated using the temperature dependence of the ebullition:total CH« emission ratio based

on the Boltzmann-Arrhenius function.

than 0.1 ha has declined sharply from 2.02 m to 0.7 m, while those
between 0.1 and 1 ha have decreased from 3.21 m to 2.1 m (Table S3).

Our result confirm that water depth plays a critical role in regulating
CH4 emissions from aquatic ecosystems (Natchimuthu et al., 2016; West
et al., 2016; Zhong et al., 2023). Depth not only influences the magni-
tude of CHy4 fluxes but also alters the dominant emission pathway.

Shallow ponds exhibit a higher proportion of ebullition relative to total
CH4 emissions compared to deeper ponds. Specifically, the ebullition
contribution increased by 12 % for every 1 m decrease in depth (Fig. 2b).
Moreover, depth had a stronger effect on ebullitive emissions
(slope=—0.7, p = 0.08) than on diffusive emissions (slope=—0.17, p =
0.22) (Fig. 4). Interestingly, this stronger impact of water column depth
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on pond ebullition contrasts with findings for lakes (Li et al., 2020),
where lake CH4 diffusive fluxes correlate significantly with depth, while
ebullition remains relatively unaffected.

Two key mechanisms likely explain the depth-related increase in
pond CH4 ebullition. First, hydrostatic pressure, which limits bubble
formation and release from sediments, is lower in shallow water bodies,
thereby facilitating CH4 ebullition (Varadharajan and Hemond, 2012;
West et al., 2016). Second, water depth influences sediment tempera-
ture, a key driver of methanogenesis. Bottom sediments are the principal
sites for CH4 production in aquatic systems (Bastviken et al., 2004).
Shallow sediments can be heated more effectively due to direct solar
radiation or changes in epilimnion temperatures, which raises sediment
temperatures (Wik et al., 2014). Elevated temperatures enhance CHa
production by stimulating methanogenic microbes (Zhu et al., 2020). As
previously noted, ebullition emission increased disproportionately with
an increase in temperature. Consequently, we observed a stronger
negative relationship between water depth and ebullitive CHa emissions
than with diffusive emissions (Fig. 4). Additionally, shallow water
bodies have shorter CH4 transport pathways to the air-water interface,
reducing the potential for CHa oxidation by methanotrophic bacteria
during transport (Bastviken et al., 2010; West et al., 2016).

Overall, these findings highlight that ongoing pond shallowing due
to sedimentation may significantly amplify CH« emissions, primarily
through increased ebullition. Given the widespread occurrence of sedi-
ment accumulation in ponds globally, this process could represent an
underappreciated yet increasingly important driver of CH4 fluxes from
inland waters.

4.4. Nutrient enrichment drives pond CH4 emissions

Pond eutrophication is a widespread and pressing water environ-
mental issue, often leading to algal blooms, oxygen depletion (Janssen
et al., 2021). Chl-a, a widely used proxy of algal productivity, exhibits
high concentrations in eutrophic ponds. Based on our compiled dataset
(Table S2), the mean Chl-a concentration in ponds reached 56.58 pg L™
(0.4 to 348.1 pg L™!). Chinese ponds are usually located nearby crop-
lands for irrigation purposes (Lv et al., 2022) and receive substantial
nutrient inputs, leading to even higher Chl-a levels. For instance, in a
watershed study encompassing 28 ponds, the mean Chl-a concentration

was 61.7 ug L™, with values ranging from 13 to 325.28 ug L! (Xiao et al.,
2023).

Although not statistically significant, Chl-a had a marginally signif-
icant effect on CH4 emissions (p = 0.08), suggesting a potentially strong
influence. High algal productivity enhances labile organic carbon
availability, stimulating methanogenesis in sediments and thereby
increasing CH4 fluxes (Berberich et al., 2020; West et al., 2015).
Furthermore, the decomposition of organic matter depletes oxygen,
creating an anoxic environment that favors methanogenic bacteria
(Liikanen et al., 2002), and reduce CH4 oxidation rates, and ultimately
enhance diffusive CHy4 flux (Yan et al., 2017).

Eutrophication in ponds is primarily driven by external nutrient in-
puts from surrounding watersheds. Our analysis revealed a significant
positive relationship between CHs emissions—particularly diffusive and
total emissions—and TN and TP concentrations. However, the correla-
tion between ebullition and nutrient levels was weaker. This could be
due to the stochastic nature of ebullition, which makes it inherently
difficult to measure and predict, as well as the limited number of
available measurements. While TP has traditionally been considered a
key predictor of CH4 emissions in inland waters (Beaulieu et al., 2019;
DelSontro et al., 2016), our findings suggest that TN may be a stronger
predictor for CHa emissions in ponds.

Additionally, ammonium (NH4*) showed a significant positive cor-
relation with both diffusive and total CH4 emissions, and a near-
significant relationship with ebullitive emissions (p = 0.08). This
aligns with previous studies, which have also highlighted the role of
NHy* in driving CHy4 fluxes (Cui et al., 2024; Deng et al., 2024; Zhao
etal., 2025). Methanotrophs rely on methane monooxygenase to oxidize
CH4 (Holmes et al., 1995); however, under high NH4* conditions,
methanotrophs preferentially utilize NHa*, thereby reducing CHy
oxidation efficiency. Consequently, nitrogen-enriched aquatic environ-
ments may promote methane accumulation, ultimately leading to
elevated CH4 emissions (Bodelier and Steenbergh, 2014).

4.5. Amplifying pond CHa emissions in China

From 1960 to 2020, CHa emissions from Chinese ponds increased
approximately 9-fold, underscoring their growing role in global inland
water carbon fluxes. In 2020, CH4 emissions from ponds in China



M. Lv et al.

reached 1.53 Tg CHy, surpassing the estimated 0.8 Tg CHa4 from reser-
voirs across eastern Asia, including China (Lauerwald et al., 2023b). CHy
emissions from rice cultivation have long been recognized as one of the
dominant contributors to anthropogenic greenhouse gas emissions (Tian
et al., 2016). Chinese pond, covering approximately 11.2 % of the total
paddy rice cultivation area (301,400 km?), contributed 18.6 % - 22.5 %
of the CH4 flux from rice fields in 2020, which release 6.8-8.2 Tg of CHa
annually (Wang et al., 2021; Zhang et al., 2011). Notably, ponds smaller
than 1 ha account for 81 % of total CH4 emissions (Table S6), consistent
with previous studies emphasizing the disproportionate CH4 contribu-
tion from small ponds (DelSontro et al., 2018; Holgerson and Raymond,
2016). Interestingly, our meta-analysis did not identify water surface
area as a significant driver of CHa emissions from ponds (Fig. 4),
diverging from patterns observed in lakes and reservoirs, where surface
area is a key determinant of CHy flux (Deemer and Holgerson, 2021).

The relative contribution of CHa emissions to total carbon flux is
anticipated to continue rising. Since 1960, nitrogen runoff has increased
tenfold (Lv et al., 2024; Yu et al., 2019), leading to widespread pond
eutrophication, particularly after the 1980s. Recent studies demonstrate
that nutrient enrichment drives significant increases in total CHa flux,
along with a higher proportion of ebullitive CHs emissions (Davidson
et al., 2018). Additionally, with increasing eutrophication, CO: emis-
sions from inland waters generally decrease (Colas et al., 2021; Ran
et al., 2021; Sun et al., 2021), indirectly increasing CHa’s share of total
carbon emissions.

Among four key factors analyzed, CH4 emissions exhibited the
highest sensitivity to temperature (Fig. 6). As discussed earlier, tem-
perature directly regulates CH4 emissions by influencing methano-
genesis rates (Yvon-Durocher et al., 2014a). Between 2010 and 2020,
China experienced rapid temperature increases (Wang et al., 2024),
coinciding with the most substantial rise in CH4 fluxes during this
period—a 0.44 Tg CHy increase. These findings highlight the potential
for future climate warming to further amplify CH4 emissions from Chi-
nese ponds, emphasizing the urgent need for targeted management
strategies.

4.6. Implications for pond management and limitation

Ongoing climate warming, eutrophication, and sediment accumula-
tion are expected to further elevate CHs emissions from ponds. Ponds are
becoming more significant contributors to global inland water carbon
fluxes. As critical CH4 emission hotspots, ponds should be explicitly
accounted for in greenhouse gas inventories to improve emission esti-
mates and mitigation strategies.

China has committed to reaching a peak in carbon emission by 2030
and then achieving carbon neutrality by 2060. Nature-based solutions,
including those provided ponds, have a potentially important role to
play in achieving these targets (Yang et al., 2022). Several management
actions could be implemented in order to increase the potential for
carbon sequestration in ponds via enhancing carbon burial and reducing
CHa emissions.

A key management strategy is reducing nutrient input into ponds, as
nutrient loading is a major driver of CHa emissions (Beaulieu et al.,
2019). In China, high levels of nutrient runoff are primarily driven by
fertilizer use (Lv et al., 2024; Xiao et al., 2024). Reducing fertilizer
application could therefore maintain clearer water conditions and sub-
stantially lower CH4 emissions from ponds. Additionally, reducing the
rising N:P ratio in aquatic systems, driven by human activities (Wu et al.,
2022), could mitigate CHs emissions in eutrophic inland waters (Yu
et al., 2025). Increasing pond depth also holds promise for reducing
emissions due to enhanced CHa oxidation in the sediment layer before it
reaches the water surface (Webb et al., 2019). Given the significant
sedimentation in Chinese ponds, periodic dredging of shallow ponds can
maintain adequate water depth, thereby improving water quality,
reducing organic substance supply and reducing CHa flux.

Only a minority of the studies in our database reported sediment

10

Water Research 281 (2025) 123576

temperatures. Improved measurements of temperatures at the sediment-
water interface would greatly enhance present and future CHs emission
estimates. Besides, due to the limited availability of simultaneous CHy4
emissions and sediment property measurements, our study couldn’t
directly qualify the relationship between CH. emissions and sediment
characteristics. Quantifying monthly nutrient concentration changes
across millions of ponds remains a significant challenge, but better es-
timates of pond productivity and nutrient levels would improve CHa flux
assessments. Additionally, ponds are highly susceptible to anthropo-
genic disturbances and climate fluctuations, which cause substantial
changes in surface water area and depth across wet and dry seasons.
These water level fluctuations likely impact CH4 emissions, suggesting
that future assessments should incorporate these dynamic factors (Keller
et al., 2021; Malerba et al., 2024). Remote sensing provides large-scale
monitoring of key environmental variables and captures their spatio-
temporal dynamics (Asadollah et al., 2025; Kuhn et al., 2019; Sun et al.,
2024). Future research can further integrate remote sensing technology
and machine learning to enhance the accuracy and spatial applicability
of CH4 emission predictions in ponds (Duan et al., 2023). Future research
should focus on leveraging these technologies to develop more precise,
scalable models for assessing CHas emissions from ponds, ultimately
aiding in more effective mitigation strategies.

5. Conclusion

This study synthesizes 674 observations to provide a comprehensive
analysis of CH4 emissions from ponds, highlighting an increasingly
growing role as significant contributor to global CH4 budgets. Our
findings reveal that ebullitive emissions exhibit significantly higher
temperature dependence than diffusive emissions, with warming
disproportionately increasing ebullition fraction. Water depth, rather
than water surface area, emerges as a more influential driver and pre-
dictor of CH4 emissions, highlighting the importance of pond shallowing
as a key mechanism that not only amplifies total emissions but also shifts
the dominant pathway toward ebullition. Additionally, nitrogen con-
centrations proved to be a more reliable predictor of CH4 fluxes than
phosphorus, underscoring the role of nutrient dynamics in regulating
emissions.

We developed a spatially explicit framework to estimate CH4 emis-
sions from ponds, revealing that while pond area in China has doubled
from 1960 to 2020, CH4 emissions have increased approximately 9-fold,
reaching 1.54 Tg CHa yr™' in 2020. This findings suggest that ponds are
intensifying as CHy4 sources and should be explicitly incorporated into
national greenhouse gas inventories to emission assessments and inform
mitigation strategies. Small ponds disproportionately contribute to CH4
emissions due to their high susceptibility to sedimentation and eutro-
phication. Targeted interventions, such as sediment dredging and
nutrient control, could serve as effective mitigation strategies. Overall,
by identifying key drivers and refining previous estimates, this study
provides critical insights into the growing impact of ponds on global CHa
budgets and informs sustainable management practices.
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