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Abstract

Inland waters emit a globally significant amount of methane (CHy) into the atmosphere. Measurements of
potential CH4 production rates in the sediment can help constrain the magnitude of CH,4 sources and time-
averaged emission rates. We explored the magnitude, variability, and drivers of potential CH4 production rates
in the sediment, based on compiled measurements (238 sediment cores from 72 aquatic systems) following a
standardized laboratory incubation procedure. The data reveal > 4-fold higher potential CH4 production rates in
reservoir sediments than lakes and > 14-fold higher than rivers after being standardized for temperature. Sedi-
ment organic carbon content and depth below the sediment-water interface are universal drivers for potential
CH,4 production rates across freshwater ecosystems. The disproportional high CH4 production rate in sediments
from human-made water bodies calls for more comprehensive monitoring of their CH4 emissions to inform car-
bon footprint and inventory efforts. This first meta-analysis of potential CH, production rates in sediments from
different types of freshwater aquatic systems may help with process-based modeling of CH4 emissions from indi-

vidual water bodies in larger-scale assessments.

The atmospheric concentration of the potent greenhouse
gas methane (CH4) has more than doubled since the
preindustrial era and is contributing ~ 23% to the current radi-
ative forcing of climate change (Etminan et al. 2016; Saunois
et al. 2020). Recent estimates suggest that inland waters con-
tribute nearly half of the total combined CH,4 emissions from
natural and anthropogenic sources (Rosentreter et al. 2021), yet
these emissions cause the greatest uncertainty in current CH,
budgets (Saunois et al. 2020). Major uncertainties arise from
the areal and temporal upscaling of fluxes at the air-water inter-
face, which are mostly based on sparse and episodic measure-
ments despite the extensive observational evidence of their
large spatial and temporal variability (Bastviken et al. 2011;
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Deemer et al. 2016; Rosentreter et al. 2021). More accurate esti-
mates of inland water CH, emissions and, more importantly,
predictions of their response to climate change and anthropo-
genic stressors, require a better mechanistic understanding of
the processes that regulate these emissions.

Methane emitted from freshwater ecosystems is a final
product of the decomposition of organic matter by methan-
ogenic archaebacteria in anaerobic environments and is pro-
duced mainly in sediments (Bastviken 2009; but see,
e.g., Bogard et al. 2014; Liu et al. 2024 for oxic CH,4 produc-
tion in the water column). Methane produced in sediment
can be emitted into the atmosphere through diffusive gas
exchange at the air-water interface, but also in the form of ris-
ing gas bubbles (ebullition) or through macrophytes (Bodmer
et al. 2024; Deemer and Holgerson 2021; Stanley et al. 2016).
However, large fractions of CH4 can be oxidized to carbon
dioxide (CO2) when exposed to aerobic conditions or through
anaerobic oxidation (Mayr et al. 2020; Reed et al. 2017; Saw-
akuchi et al. 2016). In shallow aquatic systems, ebullition can
efficiently bypass oxidation by transporting CH,4 directly from
the sediment to the atmosphere (McGinnis et al. 2006).
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Despite the large variability and dynamics within individual
water bodies and poor predictability by environmental drivers
across different water bodies (Bastviken et al. 2011; Rosentreter
et al. 2021), the controls on CH, emissions were found to
depend on waterbody type (Deemer and Holgerson 2021),
suggesting important differences in CH, dynamics between riv-
ers, lakes, and reservoirs. To a large extent, the strong temporal
and spatial variability of CH4 emissions observed during short-
term flux measurements is caused by the physical processes that
regulate the CH, transport from sediment to the atmosphere.
These include the diffusive flux across the sediment-water
interface (D’Ambrosio et al. 2022; Sun et al. 2022), vertical and
horizontal advection and dispersion within the water body
(Bastviken et al. 2008; Encinas Ferndndez et al. 2016), gas trans-
fer across the air-water interface (Jansen et al. 2020; MacIntyre
et al. 1995), as well as the formation and release of gas bubbles
in the sediment (Liu et al. 2016; Maeck et al. 2014; Wik
et al. 2013). However, at extended time scales, atmospheric
emissions are regulated by CH, production and oxidation rates.

Methane production in anaerobic sediments is primarily
controlled by organic matter quantity and quality, and sedi-
ment temperature (Segers 1998; Yvon-Durocher et al. 2014).
The production rates have been measured extensively in labo-
ratory incubations of natural sediment samples (e.g., West
et al. 2012) and during experiments with organic-matter
additions (Grasset et al. 2018). Since under in-situ conditions
the production rates can be affected by the dynamic physical
and biogeochemical conditions at the sediment-water inter-
face (D’Ambrosio et al. 2022), production rates measured
under standardized laboratory conditions can only be consid-
ered as potential CH; production rates. Close agreement
between temperature-corrected potential CH4 production rates
measured in laboratory incubations of sediment samples and
seasonally averaged CH,4 ebullition rates estimated from high-
frequency field observations has been reported for a shallow
impounded river (Wilkinson et al. 2015), where ~ 90% of the
depth-integrated sediment potential CH4 production rates
were emitted to the atmosphere via ebullition. In other water
bodies, the actual sediment CH, production rates can be con-
sidered to be lower than potential rates, due to the continu-
ous, flow-dependent, supply of oxygen and alternative
electron acceptors to the upper sediment from the overlying
water (D’Ambrosio et al. 2022; Sun et al. 2022).

With potential CH, production rates measured in anaerobic
laboratory incubations following a standardized protocol, we
tested two main hypotheses: (1) sediment organic carbon con-
tent and depth below the sediment-water interface are univer-
sal drivers of depth-specific potential CH, production rates
across aquatic systems. (2) Reservoirs have the highest poten-
tial CH, flux at the sediment-water interface due to generally
higher sedimentation rates and organic carbon burial compared
to rivers and lakes (Clow et al. 2015; Mendoncga et al. 2017).
We also hypothesize that the conversion efficiency of organic
carbon to CH,4, which can be assessed through the molar ratio
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of potential production rates of CH; and CO,, may differ
between systems. Generally, we expect that potential CH,
fluxes at the sediment-water interface constitute an upper limit
or exceed the average emission rates at the air-water interface
reported for the different types of aquatic systems in global
assessments (Rosentreter et al. 2021).

Methods

Data sources and sediment incubations

The present study analyzed the most comprehensive
dataset of potential CH,4 production rates in sediments from
rivers, lakes, and reservoirs located in different climatic zones
(Fig. 1). The data presented here are from two sources: (1) sedi-
ment incubations by the authors; (2) literature. In total, data
on 238 sediment cores were collected in which 66 cores were
prepared by the authors (unpublished). Sediment cores
were collected using either a gravity corer (lakes and reser-
voirs) or a long cut-off syringe (rivers) (Supporting Informa-
tion Table S1).

All potential CH4 production rates were measured acc-
ording to Saarnio et al. (1997). Duplicated sub-samples of
5-10 mL wet sediment (1187 samples in total) were
extracted from different depth layers of each core (homoge-
nized sediment samples from 2-cm-thick vertical slices). The
sampling depths below the sediment-water interface were,
for example, as follows: 1, 3, 5, 7, 9, 15, 25, and 40 cm with
a smaller interval in the upper 10 cm and a greater interval
at depths larger than 10 cm. The exact layer depths varied
among datasets. The processing of the cores and samples
was done in a nitrogen-flushed glove box with low-oxygen
concentration to keep the samples under anaerobic condi-
tions. The samples were transferred into nitrogen-flushed
flasks (100 mL volume), which were sealed with butyl rub-
ber stoppers and crimp capped. Hundred microliters of
headspace gas samples was extracted regularly (weekly inter-
vals) over 4-5 weeks and analyzed for CH, and CO, mixing
ratios according to Wilkinson et al. (2018). Potential CHy4
production rates and potential CO, production rates were
calculated from linear regressions of the increase in gas
mixing ratios in the headspace over time (Fig. 1). Potential
CH, production rates were normalized by the dry weight
(DW) of the incubated sediment and reported in the unit ug
CH, gDW 'd .

Potential CH,4 production rates either reported in volumet-
ric units or per sediment DW for 172 additional sediment
cores could be gathered from the literature (Supporting Infor-
mation Table S1, in total 238 cores and 66 unpublished were
prepared by the authors). The literature data were selected
based on strict screening criteria including comparable labora-
tory procedures. All data were categorized in the three system
categories “Rivers,” “Lakes,” and “Reservoirs” (Fig. 1;
Supporting Information Table S1). Given the large geographi-
cal gaps in our data (Fig. 1), with most sites sampled in the
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Fig. 1. Study design: The methane production potential of aquatic sediments was estimated from sediment cores that were collected from rivers, lakes,
and reservoirs (a) located mainly in Europe with some representations from other continents (b). Subsamples from selected depths of individual cores
were incubated under anaerobic conditions and at a constant temperature for 3—4 weeks in the laboratory. Methane (CH,4) and carbon dioxide produc-
tion rates were estimated from the observed increase in headspace gas mixing ratios over time (c). The production rates measured in samples from differ-
ent depths of the same core were vertically integrated to estimate the potential CH, flux across the sediment-water interface to the surface water (d).

northern hemisphere and data from “Rivers” were mostly
obtained in Europe, global upscaling with these data is gener-
ally not recommended. With the distinct differences in sedi-
mentation rates and sediment properties between rivers, lakes,
and reservoirs, this study explores potential systematic differ-
ences, rather than analyzing the global significance of the
three system categories.

For estimating depth-integrated potential production rates
as a proxy of potential sediment-water fluxes (Fig. 1), we con-
sidered only data from incubations that reported the potential
CH,4 production rate measurements for at least three slices
from the upper 10 cm, not thicker than 3 cm each. Therefore,
data with poor depth resolution were excluded from the
depth-integrated analyses, resulting in 185 cores for core-
based calculations: rivers (n = 64), lakes (n = 20), and reser-
voirs (n = 66).

Temperature adjustment

Since the sediment incubations compiled from the litera-
ture were conducted at different temperatures (T), we adjusted
the measured potential production rates of CH; and CO, to
those at a standard temperature of 20°C using the temperature
coefficient theta (9):

Xogc = X710020°¢-D) (1)

We used a coefficient § = 0.045°C~!, which was estimated by
Wilkinson et al. (2019) for CH4 production under anaerobic
conditions in aquatic sediments.

In addition, Eq. (1) was used for adjusting measured pro-
duction rates to the annual mean sediment temperature at
each study site. For lakes and reservoirs, we assumed that the
temperature of the upper sediment is approximately equal to
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the bottom water temperature. For rivers, the annual mean air
temperature at the study sites was obtained from the nearest
weather station (Czernecki et al. 2020). For most of the rivers,
we estimated the annual mean water temperature from the
annual mean air temperature, assuming equal temperatures of
the upper sediments following Lauerwald et al. (2015). At the
river “Wellbach” we got the water temperature from available
monitoring data. For lakes and reservoirs, we retrieved either
directly the annual mean sediment temperature or water tem-
peratures at maximum depth from the site-related literature
(Supporting Information Table S2).

Wet volume to DW conversion

Some studies provided data of potential production of
CH4 and CO, normalized by the volume of wet sediment
(ug CH, mL™' d™'), whereas others were normalized by DW
(ug CH, gDW~! d71). In this study, we only use potential
production rates per DW, and volumetric rates were converted
using a conversion factor (C), which relates the sample vol-
ume (Vws) to dry mass (mpw):

Vws =C-mpw (2)

C was derived from sediment porosity (¢) and density of the
solid sediment fraction (ps ~ 2.65 10° kg m—>):

C=——— 3)

Here we assumed that the sediment was water saturated, such
that VW = SVWS and VS = (1 — S)sz, with VW and VS
denoting the volume of water and solid material in the sam-
ple, respectively. Depending on data availability, porosity was
calculated either from the measured dry to wet mass ratio of
the sample (R), from the water content in the sample (Z), or
from wet bulk density (pw3) as follows:

mpw _ ps(1—e¢)

R= = 4
mww  ps(1—e)+pye @

mw PWE
Z= = S
mww  ps(1—e)+pye ®)

m
pwn = =ps(1 =€) +pye (6)
WS

with mww being the wet weight, m,, the mass of water, and
pw (10% kg m~3) the density of water.

Depth integration

To determine the potential CH,4 flux at the sediment-water
interface (Fsw; in mg CH, m % d ') for the individual cores,
we calculated the cumulative areal CH4 production rate of the
sediment by numerical integration of potential CH4 produc-
tion rates (P in ug CHy gDW ! d ') over the sampling depth
(core length ) using the trapezoidal method:
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1
FSWI = CJOP(Z)dZ (7)

For estimating the potential flux at in situ temperature (Fswi in
situ), we used Eq. (7) after adjusting the measured potential
CH,4 production rates to the annual mean sediment tempera-
ture at each study site according to Eq. (1).

Organic carbon content

In the compiled datasets, sediment carbon content was
determined using two different methods. For a set of 407 sam-
ples, the mass fraction of organic matter in the samples was
measured as loss on ignition. For a second set of 633 samples,
the mass fraction of organic carbon (OC) was measured using
an elemental analyzer. Following Snowball and Sandgren
(1996), a conversion factor of 2.0 was chosen to convert
organic matter to organic carbon.

Statistics

Linear mixed-effect models were used to test: (i) the influ-
ence of the fixed effects sediment OC, sediment depth, sedi-
ment porosity, and climate zone on the response variable
potential CH4 production rates at different depths (four
models: all systems, rivers, lakes, reservoirs), and (ii) the influ-
ence of the fixed variables core-averaged sediment OC, mean
sediment porosity, climate zone, and latitude on the response
variable Fswi 20 (at 20°C), as well as Fswiin situ (at mean
annual sediment temperature) for all systems. For the models
using data across all systems, we additionally tested system
category (river, lake reservoir) as a fixed effect. We decided to
exclude potential CO, production rates during the incubation
from all models. Carbon dioxide production is intrinsically
related to potential CH4 production, and both of these param-
eters are measured in parallel. Koeppen-Geiger climate zones
were added based on latitude and longitude with the “kgc”
R-package (Bryant et al. 2017), which resulted in the following
climate zones (abbreviations indicated in parentheses) covered
by our dataset: tropical monsoon climate (Am), tropical wet
and dry or savanna climate (Aw), hot semi-arid climate (BSh),
humid subtropical climate (Cfa), temperate oceanic climate or
subtropical highland climate (Cfb), hot-summer Mediterra-
nean climate (Csa), monsoon-influenced humid subtropical
climate (Cwa), subtropical highland climate or monsoon-
influenced temperate oceanic climate (Cwb), warm-summer
humid continental climate (Dfb), and subarctic climate (Dfc).
We used the “Imer” function of the R-package “Ime4” (Bates
et al. 2015) with maximum likelihood estimation. For all lin-
ear mixed-effect models, we included system ID as a random
effect on the intercept (22, 4, 4, and 14 levels for all system:s,
rivers, lakes, and reservoirs, respectively) to account for the
fact that systems have a different number of samples. Linear
mixed-effect models with system ID as a random effect per-
formed better (i.e., had a lower Akaike information criterion
value) compared to models with climate zone as a random
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effect. Statistical significance of fixed effects was assessed with
likelihood ratio tests using the function “dropl” (Zuur
et al. 2009). Co-correlated fixed effects, tested via the R-package
“corrplot” (Pearson method) (Taiyun and Viliam 2021), were
excluded if r> 0.5 (Zuur et al. 2009). The linear mixed-effect
models were followed by model validations, checking the resid-
uals for normal distribution and homogeneity of variances.
Additionally, we checked that no climate zone was systemati-
cally underestimated or overestimated. For all linear mixed-
effect models, we log-transformed the response variable to
improve the model performance and validity, and z-scaled
(i.e., standardized) the fixed effects to account for the different
scales of each variable.

Differences in depth-specific molar ratios of produced CHy
to CO,, sediment OC content, potential CH,4 production rates,
and Fswi in situ across systems were tested with the Kruskal-
Wallis and pairwise Wilcox methods. All statistics were per-
formed in R (R Core Team 2023).

Results

Variability and drivers of potential CH4 production rates

When standardized to a temperature of 20°C, the potential
CH, production rates varied between zero (observed in sedi-
ment from rivers, lakes, and reservoirs) and a maximum value
of 266.4 ug CHy gDW ' d™! (normalized to the DW of the
incubated sample) in sediment from a temperate reservoir.
While median values of potential CH, production rates were
similar in river and lake sediments, the rates were a factor of
five higher in reservoir sediments (Fig. 2a; Table 1). The poten-
tial production rates of CO, were slightly less variable, ranging
from 0.04 in sediments from a temperate stream to 643.9 ug
CO, gDW ' d™! in samples from a temperate reservoir. The
molar ratio of CH4 and CO, production rates had an overall
median value close to unity (median 0.9 [Q1, Q3] [0.1, 1.4]),
but the ratio was higher in reservoir sediment (1.1 [0.7, 1.5])
than in sediment from rivers (0.7 [0.1, 1.4]) and lakes (0.1
[0.04, 0.9]), respectively (Supporting Information Fig. S1).
Potential CH4 production rates were highest in the uppermost
10-20 cm of the sediments collected in rivers and lakes, whereas
in reservoirs, the productive layer extended up to 60 cm depth
below the sediment-water interface (Supporting Information
Fig. S2). The analyzed sediment samples represented a wide
range of porosity (16.1-98.2%) and OC content (0.4-24.5%).
The OC content was < 10% in most samples; higher values were
predominantly found in reservoir sediments. There were signifi-
cant differences in OC content between different types of
aquatic systems (Kruskal-Wallis; p < 0.001), with highest and
lowest OC content in reservoir and river sediments, respectively.
In sediment cores from lakes and reservoirs, the OC content
declined with sediment depth, whereas the opposite trend was
observed in river sediments (Supporting Information Fig. S3).
Also, sediment porosity declined with sediment depth in lakes
and reservoirs (Supporting Information Fig. S4).
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Besides a strong positive correlation with potential produc-
tion rates of CO, (r = 0.89, r =95, and r = 0.93 for all systems
combined, rivers, and reservoirs, respectively), there were no
strong correlations (r < 0.50) between the individual explana-
tory parameters (OC, porosity, depth) and potential CH4 pro-
duction rates, except for OC in rivers (r = 0.54; Supporting
Information Figs. S5, S6). Four different linear models (for data
from all systems combined and for rivers, lakes, and reservoirs,
respectively) showed significant effects of sediment OC con-
tent (positive) and depth (negative) on potential CH, produc-
tion rates (Table 1). Porosity showed a significant positive
effect for all systems and for lakes, while climate zone showed
a significant effect on potential CH, production rates for all
systems, lakes, and rivers (Table 1). Across all aquatic systems,
system category (i.e., rivers, lakes, reservoirs) showed a signifi-
cant effect on potential CH4 production rates, and 60% of the
variance in potential CH4 production rates data was explained.
In separate models for individual freshwater systems, the
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Fig. 2. (a) Potential methane production rates (PMP) in sediment sam-
ples from rivers, lakes, and reservoirs at standard temperature (20°C) and
normalized by the dry weight (DW) of the sample. (b) Depth-integrated
PMP for entire cores as an estimate of the potential CH, flux across
sediment-water interface (Fsw 20). In both panels, boxes stretch from the
15 to the 3™ quartiles, whiskers show the 1.5 * inter-quartile ranges, and
values outside of this range are shown by circular symbols. The horizontal
lines mark the median values, and the crosses show the mean values.
Note the y-axes are log10-transformed. Significant differences between
data from different aquatic systems are indicated by letters a, b, and c
(Kruskal-Wallis and Post-hoc Wilcox test).
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Table 1. Descriptive statistics and results of linear mixed models testing the fixed effects organic carbon content (OC), depth below
the sediment-water interface (SWI), sediment porosity, and climate zone on the response variable potential CH4 production rates (PMP)
at a standard temperature of 20°C. System category (rivers, lakes, reservoirs) was additionally included as a fixed effect for the all-system
model. Potential CO, production rate was not included in the models and only descriptive statistics are reported. System ID was
included as a random effect on the intercept. The significance of fixed effects was assessed with likelihood ratio tests with degrees of
freedom = 1. The direction (sign) of the effect is indicated with — or + when significant. Significant p values (< 0.05) are marked in
bold. NA indicates variables that were either not suitable for individual models (system category) or variables that were excluded due to
co-correlations.

All
systems* (n = 934) Riverst (n = 258) Lakest (n = 237) Reservoirs|| (n = 439)
Q1, Q3 Q1, Q3 Q1, Q3 Q1, Q3
Median Median Median Median
Mean + SD Mean + SD Mean + SD Mean + SD
Q) 22 (1) () ()
p-value (effect p-value (effect p-value (effect p-value (effect
direction) direction) direction) direction)
Response variable
log10(PMP + 0.1) (ug CH4 0.4,5.2 0.02, 3.0 0.3,2.0 0.8,8.7
gbw~"d™") 1.6 0.7 0.7 3.3
6.8 +18.7 51+14.7 1.7+28 10.3 £ 23.7
Fixed effects
OC (% of dry weight) 1.7,5.9 0.5,4.8 1.6, 2.9 3.1, 6.7
3.4 1.6 2.1 4.9
4.0 £ 3.1 28+29 2.8+ 2.1 53+3.1
88.79 109.66 19.30 41.32
<0.001 (+) <0.001 (+) <0.001 (+) <0.001 (4)
Depth (cm below SWI) 3.0, 25.8 3.0,10.0 5.0, 56.8 3.5,25.0
9 5 21.0 10
19.2 £ 24.5 11.4 £16.9 349+ 354 16.7 +18.9
71.46 31.89 31.93 50.81
<0.001 (-) <0.001 (-) <0.001 (-) <0.001 (-)
Porosity (—) 44.8,78.1 42.2,71.4 49.3,71.4 45.9,83.6
61.9 55.3 58.9 70.2
61.4+19.5 56.5+18.3 59.6 +15.9 65.5+ 21.1
58.95 NA 7.12 NA
<0.001 (+) 0.008 (+)
Climate zone 9.60 7.90 5.04 0.74
0.048§ 0.019** 0.025%+ 0.390
System category 5.90 NA NA NA
0.052:%%
CO, production (zg CO, gDW*1 29,257 1.4,9.6 6.3, 35.0 4.1, 24.1
d™ 8.9 3.9 23.6 10.3
21.2 +40.8 11.7 £27.0 22.6 +16.8 26.7 +53.9

*Marginal R? = 0.393, conditional R* = 0.602.

"Marginal R? = 0.420, conditional R? = 0.494.

*Marginal R?> = 0.278, conditional R> = 0.348.

IMarginal R? = 0.218, conditional R? = 0.572.

$No significant pairwise differences.

**Cfb > Dfb (p = 0.044), Cfb = Dfc (p = 0.280), Dfb = Dfc (p = 0.973).

"No significant pairwise differences.

*Reservoirs = lakes (p=0.092), lakes = rivers (p = 0.390), reservoirs = rivers (p = 0.803).
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models performed better for reservoir and river sediments the linear mixed model as for Fsw 20 (Supporting Information
(57% and 49% of the variance explained, respectively) than Table S4). System category, mean OC (positive), and climate
for lake sediment (35%; Table 1). zone were significant parameters, whereas mean porosity was
not significant. 56% of the variance of Fswi in situ could be
explained (Supporting Information Table S4).

A first comparison of available potential areal fluxes of CHy
at the sediment-water interface (Fswi in situ) Showed consis-
tently higher values than measured atmospheric emission
rates from the different types of aquatic ecosystems that have
been compiled in a recent meta-analysis (Fig. 4). The propor-
tion of the emission rates at the water surface to Fswi in situ
was highest in rivers (62.1%), followed by lakes (45.4%),
and lowest in reservoirs (7.7%), if median values were used.
When using mean values, the proportions were consistently
higher, yet still lower in reservoirs than in lakes and in rivers
(Table 2).

Potential CH,4 flux at the sediment-water interface

Vertical integration of the potential CH4 production rates
measured at standard temperature (20°C) in sediment cores
provided estimates of the potential areal CH, flux across the
sediment-water interface (Fswj 20). The potential fluxes dif-
fered significantly between sediment cores from different
aquatic systems (Kruskal-Wallis; p <0.001) (Fig. 2b). The
smallest median ([Q1, Q3]) flux (mg CH, m 2 d™!) was found
for river sediment (66.1 [16.2, 288.1]), in contrast to four
times higher fluxes from lake sediment (242.5 [108.0, 792.0]),
and more than 14 times higher fluxes from reservoir sediment
(950.5 [465.0, 1473.9]).

The trends and correlations between the potential CH, . ]
fluxes and potential drivers mostly resemble those of the  Discussion
depth-specific potential CH,4 production rates (Fig. 3). A linear Reservoir sediments are hotspots of CH, production
mixed model testing the effects of system category, sediment We found that reservoir sediments produce more CH4 than
core-related mean OC and porosity, and climate zone on sediments from rivers and lakes under standardized laboratory
Fswi 20 combining all systems (n = 147) could explain 53% of  conditions. The differences were most pronounced in depth-
the variance of the potential fluxes (Supporting Information integrated production rates, representing potential areal fluxes

Table S3). It was not tested for rivers (n = 64), lakes (n = 20), at the sediment-water interface (Fswi 20), which were more
and reservoirs (n = 66) individually, because the limited num- than one order of magnitude higher in sediments from reser-
ber of samples per group does not support robust and reliable voirs compared to rivers (Fig. 2b). The large differences in
models. Mean OC content was the strongest predictor (posi- potential areal fluxes among systems, compared to the smaller
tive), followed by climate zone, whereas mean porosity, indi- differences in potential CHy production rates measured in
cating sediment physical characteristics, was not a significant depth-specific sediment samples, suggest that the enhanced
explaining variable of Fsywj_20. potential fluxes in reservoirs are supported by greater contri-

To account for the effect of sediment temperature under in ~ butions (i.e., higher potential CH4 production rates) from
situ conditions on the potential fluxes, we adjusted the spe- deeper sediment layers, where production rates were generally
cific potential CH4 production rates (at 20°C) to the annual low in lakes and rivers (Supporting Information Fig. S2). Thus,
mean temperature at the sediment sampling sites before inte- the elevated CH4 production potential of reservoir sediments

gration over depth (Fswi in situ; Fig. 4, Table 2). We repeated is likely caused by the comparably high sedimentation rates
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Fig. 3. Potential CH, fluxes across the sediment-water interface (SWI_20) in sediment cores from rivers (green symbols), lakes (blue symbols), and reser-
voirs (red symbols) vs. sediment properties: (a) vertically integrated potential CO, production rates (potential CO, flux), (b) mean (vertically averaged)
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and the associated supply of fresh organic matter (Berberich
et al. 2020). In both shallow impounded rivers and larger
reservoirs, higher CH, fluxes have often been reported in
river inflow regions, where most terrestrial organic matter set-
tles (DelSontro et al. 2011; Linkhorst et al. 2021; Sobek
et al. 2012). In addition to sediment input, the properties of
the flooded soil and the presence of terrestrial vegetation at
the time of flooding have been found to affect CH4 produc-
tion in reservoir sediments (Abril et al. 2005; Rust et al. 2022).
In contrast to the CH4 production fueled by continuous sedi-
ment supply, however, these contributions decrease over time,
resulting in a decline of CH,4 emissions with increasing reser-
voir age, as it has been found for some reservoirs (Barros
et al. 2011).

Sediment OC content was a consistent control on depth-
specific potential CH4 production rates (Table 1; Supporting
Information Figs. S5, S6). The uppermost, freshest sediment
layers produced generally more CH4 than deeper layers, and
sediment depth was also an important predictor for potential
CH4 production rates across systems (Table 1). In sediment
incubation studies for which the age of the sediment was esti-
mated, it was found that the youngest sediment layers (< 6-
12 yr old in tropical reservoirs and 30-150 yr in Northern
lakes) contribute most to the depth-integrated CH, production
(Isidorova et al. 2019; Moras et al. 2024). These studies further
found that age and total nitrogen were the best predictors of
potential CH, production rates. Total nitrogen content of the
sediment was suggested as a proxy for OC reactivity of the

sediment and thus a better predictor for potential CH4 produc-
tion rates than OC (Moras et al. 2024). Because estimates of
sediment age were not available, we could not test to what
extent the empirical relationship suggested by these authors
(Moras et al. 2024) would also hold for the larger dataset ana-
lyzed here. Nevertheless, the mechanistic models often
assume an exponential decline of potential CH4 production
rates with increasing sediment depth (Langenegger et al. 2019;
Sabrekov et al. 2017), which has also been described for
individual cores of the dataset analyzed here (Wilkinson
et al. 2019). However, no consistent depth dependence has
been found in other sediment cores (Bodmer et al. 2020; Liu,
Sotiri, et al. 2020; Liu, Yang, et al. 2020). In this study, we
identified sediment depth as a universal driver beyond indi-
vidual studies but acknowledge that the variability of potential
CH,4 production rates related to depth within and among sys-
tems remains high (Supporting Information Fig. SS5). More
accurate empirical predictions require additional site-specific
parameters, including sedimentation rate or sediment age, and
additional measures of the quality of sediment OM, including
nitrogen (Moras et al. 2024).

The high production potential of reservoir sediments was
associated with a higher molar ratio of produced CH; to CO,
(Supporting Information Fig. S1). The median ratio of 1.1
observed in reservoir sediments is close to the expected 1 : 1 ratio
for the complete fermentation of glucose to methanogenesis. For
stoichiometric reasons, one-third of the total CH, is produced by
hydrogenotrophic methanogenesis, using hydrogen derived from
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rivers (Table 2). This temperature sensitivity underscores the
importance of being able to map reservoir and lake bathymetry
(and associated bottom temperatures) better for informing
large-scale estimates.

The difference between Fswi in situ and atmospheric emis-
sion rates can generally be attributed to the reduction of CHy
production under in-situ conditions and by aerobic CH,4 oxi-
dation at the SWI and in the water column. Moreover, the
potential CH4 production rates estimated from anaerobic sedi-
ment incubations can be expected to overestimate the net in
situ rates, where not all parts of the sediment cores are
oxygen-depleted. The oxygen penetration depth into sedi-
ment is typically limited by mass transfer across the SWI. In
fast-flowing streams with coarser sediment, oxygen transport
can be enhanced by advective flows and can reach several cen-
timeters to decimeters (Galloway et al. 2019; Kaufman
et al. 2017). Thus, the relatively short sediment cores sampled
from rivers (mostly ~ 10 cm) may not be representative for in
situ production rates in these systems. In slow-flowing envi-
ronments, such as lakes and reservoirs, oxygen penetration is
often limited to some millimeters or less (Lorke et al. 2003)
and the CH, production estimated under laboratory condi-
tions might be closer to in situ rates. Under these conditions,
the upward flux of CH,4 is reduced by aerobic CH4 oxidation
in the top sediment layer and in the water column. In accor-
dance with the average ratio of emission rates to sediment
potential CH,4 production rates (Table 2), estimates of ecosys-
tem CH, oxidation suggest that between 30% and 90% of the
produced CH4 can be oxidized (Lei et al. 2019; Sawakuchi
et al. 2016), yet a systematic analysis of oxidation rates across
different aquatic systems is currently lacking. However, many
existing estimates of CH4 emissions and ecosystem oxidation
rates have neglected bubble-mediated fluxes, which can be the
main emission pathway and efficiently bypass oxidation in
shallow aquatic systems. Under these conditions, the atmo-
spheric emission rates can closely correspond to sediment
potential CH4 production rates, as it has been found in a tem-
perate run-off-river reservoir (Wilkinson et al. 2015).

Our estimates of Fswi in situ Strongly exceed the fluxes at
the SWI that have been obtained in a recent meta-analysis of
measurements from lakes (D’Ambrosio and Harrison 2021),
where mean and median CH, fluxes were a factor of 26 and
140 lower than Fswi in situ from lake sediment (see Supporting
Information Fig. S7 for a comparison of flux estimates from
both studies). In contrast to the potential fluxes estimated
using a standardized incubation method and incubation con-
ditions, the fluxes reported in the former study were compiled
from data obtained under different incubation conditions.
While it is expected that the potential CH, production
rates-based sediment-water fluxes exceed those under in-situ
conditions, the large magnitude of the differences is rather
surprising. It should be noted, however, that the CHy fluxes
reported by D’Ambrosio and Harrison (2021) are also substan-
tially lower than the reported atmospheric emission rates from

10

CH, production in freshwater sediments

lakes (Rosentreter et al. 2021). These contrasting findings
underscore the need for an improved understanding of CH,
production and consumption pathways in aquatic ecosystems.

Implications

The first meta-analysis of potential CH4 production rates in
sediments from different types of freshwater aquatic systems
presented in this study improves our process understanding of
quantitative inland-water CH4 budgets. Existing larger-scale
assessments of inland-water CH, emissions are based on
upscaling of mostly sparse and episodic flux measurements.
The accuracy of these estimates and, more importantly, the
ability to predict their responses and feedback to ongoing and
future environmental changes require mechanistic under-
standing of the processes that regulate CH,4 dynamics in differ-
ent types of inland waters. Such models have recently been
developed for rivers (McGinnis et al. 2016), lakes (Stepanenko
et al. 2016; Zhuang et al. 2023), and reservoirs (Delwiche
et al. 2022), and require knowledge on CH, fluxes across the
SWI, or on the vertical distribution of CH,4 production rates in
sediment. The potential CH4 production rates obtained under
standardized conditions provide important constraints on
the magnitude and variability of sediment CH4 production
and reveal consistent differences between aquatic systems.
The quantitative description of sediment potential CH4 pro-
duction rates in terms of potentially relevant drivers, as it is
required for a perspective integration of inland waters in land
surface and earth system models, revealed OC content and
depth as universal drivers across systems and sediment poros-
ity as a more system-specific driver. In wetland biogeochemical
models, sediment CH4 production rates were either estimated
from degradation of different pools of organic matter (Wania
et al. 2010), or additionally considering the kinematics of organic
matter decomposition, the precursors (acetate and hydrogen) and
alternative electron acceptors (Ricciuto et al. 2021). The distinct
anaerobic degradation kinetics of different types of autochtho-
nous and allochthonous organic matter to CH, in aquatic sedi-
ments (Grasset et al. 2021; West et al. 2012) suggest that such
approaches could also be applied for estimating depth profiles of
potential CH,4 production rates in aquatic sediments based on
known deposition rates and organic matter composition.

The observed shift in the conversion efficiency of OC in
favor of CHy; vs. CO, in reservoir sediment has important
implications for the longer-term assessment of aquatic CHy
emissions. Higher OC burial rates have been reported for reser-
voirs in comparison to rivers and lakes because of the high
sediment trapping efficiency and reduced oxygen exposure
time in reservoirs (Clow et al. 2015; Mendonga et al. 2017).
This supports our discussion on sedimentation rates as the
main reason for higher CH,4 production in reservoir sediments
compared to sediments from rivers and lakes under standard-
ized laboratory conditions. As the original carbon source of
organic material that fuels CH, production in inland waters is
atmospheric CO,, the CH, emissions are ultimately associated
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with a conversion of atmospheric CO, to CH,4, and with an
around 30-fold increase of its contribution to the current radi-
ative forcing on a 100-yr timescale (Etminan et al. 2016).
The disproportional high CH, production rate in sediments
from human-made water bodies calls for more comprehensive
monitoring of their CH, emissions and their consideration
in the assessment of carbon footprints of reservoirs (Harrison
et al. 2021) as well as for reservoir management practices
(e.g., Lessmann et al. 2023). Sedimentation, which appears to
be the main driver of potential CH, production, also decreases
the storage volume of reservoirs and therewith reduces their
economic and societal values (Wisser et al. 2013). Efforts to
address these challenges by improved sediment management
should consider CH,4 emissions as an additional drawback of
sediment retention.
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