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Abstract Global estimates of methane (CH4) emissions from lakes to the atmosphere rely on understanding
CH4 processes at the sediment‐water interface (SWI). However, in the Arctic, the variability, magnitude, and
environmental drivers of CH4 production and flux across the SWI are poorly understood. Here, we estimate CH4

diffusive fluxes from the sediment into the water column in 10 lakes in Arctic Scandinavia and Svalbard using
porewater modeling and mass transfer estimates, which we then compare with 60 published estimates from the
Arctic to the tropics. Diffusion of CH4 in the sampled lake sediments ranged from − 0.46 to
3.1 mmol m− 2 day− 1, which is consistent with previous reports for Arctic and boreal lakes, and lower than for
temperate and tropical biomes. Methane production occurs primarily within the top ∼10 cm of sediment,
indicating a biogenic origin. Random forest predictive modeling of the sampled lakes revealed that conditions
promoting production and deposition of autochthonous organic carbon in Arctic lakes drive CH4 diffusion into
the water column by fueling sediment CH4 production. For small lakes across biomes, determinants of the
estimated CH4 flux were also best captured by climate predictors, with warmer and wetter conditions favoring
ecosystem productivity and enhancing flux but also lake morphometry resulting in important regional
variability in estimates. Our study emphasizes the importance of quantifying diffusive CH4 fluxes from
sediments in diverse lake types to account for differences in the controls on primary production and the
preservation of organic carbon across and within different biomes, to refine CH4 emission estimates in a
warming climate.

Plain Language Summary Methane is a powerful greenhouse gas. Lakes in the Arctic release large
amounts of methane to the atmosphere, which increases global warming. This study explores how methane
moves from the sediments (accumulated layers of mud and organic matter) of Arctic lakes, where it is produced,
into the overlying water. We find that most lakes release methane from their sediments, with some lakes having
higher‐than‐expected methane levels, especially further north. The results from our advanced data analysis
techniques suggest that carbon content in the water and sediment, lake depth and size, and latitude and elevation
all influence methane production and release. Overall, we highlight the need to study methane dynamics from a
wider variety of lakes to better understand and predict how methane is produced and released in different
environments.

1. Introduction
With their large coverage of the regional land surface (Downing et al., 2006), Arctic lakes represent a major
natural source of atmospheric greenhouse gases (Lauerwald et al., 2023). Among these, methane (CH4) is
particularly potent, with a warming potential approximately 27 times than that of carbon dioxide (CO2) over a
centennial timescale (Forster et al., 2021). Because Arctic lakes are located in one of the most rapidly warming
regions on Earth (Rantanen et al., 2022), they are expected to experience shifts in ecosystem functioning—
changes that are already being observed (IPCC, 2021; Wik et al., 2016). These changes could enhance carbon
processing and CH4 emissions (Fowler et al., 2020; Kuhn et al., 2021; McGowan et al., 2016), contributing to
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strong positive climate feedbacks (Schuur et al., 2015). Yet, the sensitivity of CH4 emissions from Arctic lakes to
climate change is still uncertain due to a poor understanding of the underlying controlling processes of such
emissions (Aben et al., 2017; Hastie et al., 2018). A key step toward resolving this uncertainty is a deeper
investigation into CH4 production in sediments, as it is a primary driver of emissions (Jansen et al., 2020). Even
though CH4 oxidation and other removal pathways play an important role for the net emissions (Bastviken
et al., 2003), it is the rate and magnitude of CH4 production that ultimately set the upper limit for emissions.
Therefore, understanding the environmental and biogeochemical factors that control CH4 production in lake
sediments is crucial for predicting future CH4 fluxes and their role in future climate feedback.

Production of CH4 in lakes primarily occurs in the sediments, where organic matter (OM) accumulates and
undergoes microbial degradation (Gudasz et al., 2010; Peeters et al., 2019). Although whole‐lake CH4 emissions
have been widely studied, the specific environmental drivers regulating CH4 production in lake sediments are not
well constrained. Incubation studies have provided valuable insights into the key drivers of methanogenesis and
methane consumption in northern lake sediments (e.g., Bretz & Whalen, 2014; Carnevali et al., 2015; de Jong
et al., 2018; Duc et al., 2010; Gentzel et al., 2012; Heslop et al., 2019; Lofton et al., 2014; Pellerin et al., 2022).
However, the variability in environmental drivers under natural conditions remains poorly understood (Cunada
et al., 2018).

Temperature is a well‐established driver of CH4 production in freshwater sediments, with studies demonstrating a
positive exponential correlation between CH4 production and temperature (Duc et al., 2010; Yvon‐Durocher
et al., 2014). Additionally, in‐lake OM production and its subsequent delivery to the sediments have been
closely connected with sediment CH4 production (Isidorova et al., 2019; Moras et al., 2024). However, sediment
CH4 production and its associated production pathways (e.g., acetoclastic and hydrogenotrophic methanogenesis)
depend not only on OM supply but also on its degradability (Grasset et al., 2018, 2021; Schwarz et al., 2008; West
et al., 2012, 2015), redox conditions (Van Grinsven et al., 2022), deposition of fine‐grained material (Bodmer
et al., 2020), and sediment depth (Wilkinson et al., 2015). A meta‐analysis of over 60 lakes and reservoirs
suggested that sediment CH4 production rates could be linked to trophic status (D’Ambrosio & Harrison, 2021;
DelSontro et al., 2018). Lake trophic status may be disconnected from the fraction of OM available in sediments
for fueling CH4 production. This fraction is influenced not only by processes controlling primary production (PP)
but also by those governing OM transport and degradation, such as thermal stratification regimes, convective
mixing, and biological uptake. Furthermore, it remains unclear whether trophic status would have the same
impact in clear and shallow high‐latitude lakes, where productivity is low, and ice cover persists for extended
periods. In these systems, gross PP predominantly occurs near the lake bottom, particularly in soft sediments,
which are also the primary sites of CH4 production.

Understanding whether the same drivers of CH4 production observed in lower‐latitude lakes apply to high‐
latitude systems is essential for improving predictions of CH4 emissions in a warming Arctic. One
approach to do this is modeling of chemical processes in the sediments. This can reveal down‐profile vari-
ability in various processes related to CH4 production, degradation and diffusion, and thus contribute to a
more mechanistic understanding of the drivers for CH4 fluxes in sediments. In this study, we aim to determine
environmental drivers and variability of CH4 production in high‐latitude lakes. With this objective, we
measured CH4 concentration and indicators of ecosystem productivity in sediments (i.e., autochthonous and
terrestrial OM inputs), as well as morphometric and landscape properties from 10 Arctic lakes. We then
applied porewater diffusion modeling, mass transfer estimates, and random forest (RF) predictive modeling on
the sampled lakes to (a) establish a baseline of CH4 diffusive fluxes across the sediment‐water interface (SWI)
from Arctic lakes; (b) determine the depth of CH4 production; (c) identify predictive variables of the diffusive
CH4 flux across the SWI from the sedimentological, morphometric, hydrological, and catchment measure-
ments; then (d) develop a predictive model of diffusive CH4 fluxes across the SWI including published data
from an additional 60 lakes.

2. Materials and Methods
2.1. Regional Setting and Study Sites

The 10 lakes sampled in this study included three lakes from High Arctic Svalbard and seven from Subarctic
Scandinavia (Figure 1; Figure 2; Table 1). The area of the lakes ranges from 0.015 to 0.11 km2 and the lakes are
generally shallow (maximum depth between 4.1 and 8.6 m) except for Stuptjørna in Svalbard (maximum depth
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Figure 1.
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22.6 m). The lakes are oligotrophic with clear to slightly colored water (indicating higher dissolved organic
carbon; DOC). All lakes are seasonally ice covered. Thermal regimes and oxygen cycles in the lakes are not well
defined; however, oxygen depletion in the bottom water is expected to occur when the lakes are ice covered
(Leppi et al., 2016), whereas well‐mixed oxygenated water columns exist during the brief ice‐free summers
(Bégin et al., 2021; Michaud &Apollonio, 2022). The Svalbard lakes—Stuptjørna (Sval‐STU), Jodavannet (Sval‐
JOD), and Heftyevatnet (Sval‐HEF)—are surrounded by High Arctic tundra without any trees and with patchy
vegetation concentrated around the lakes (Walker et al., 2005). The lakes in northern Sweden (Swe‐BD03, Swe‐
BD11, and Swe‐BD12) are in open mountain birch forest with extensive areas covered by heathland, scrubs, and
tundra. Norwegian lakes Kulivatnet (Nor‐KUL) and Fiskevatnet (Nor‐FISK) are surrounded by a less sparse
deciduous forest, with patches of peatlands and coniferous forest in the catchments (Dinerstein et al., 2017; Weiss
& Banko, 2018). Currently, Norwegian lake Aspevatnet (Nor‐ASP) is the only lake with an inflow of glacial
meltwater. Both Nor‐ASP and Sval‐HEF are marine isolation lakes. Details on the location, physical parameters,
climatic conditions, bedrock lithology, land cover, and presence of permafrost at each lake are given in Table 1.

2.2. Bathymetry, Sediment Core Collection, and Field Subsampling

To acquire lake morphometric properties, we conducted a bathymetric survey and calculated the dynamic ratio
(DR) of each lake. This is a measure of the shape of the lake and its potential influence on water mixing and
sediment interactions. In Sval‐JOD and Sval‐STU, we employed a Garmin ECHOMAP™ Plus 73SV with a
CV52HW‐TM transducer and a 5 Hz receiver to survey the bathymetry. Using a lead line, we mapped the ba-
thymetry of Nor‐DAL from lake ice at 29 locations. The bathymetry of Nor‐ASP (Bakke et al., 2005), Nor‐FISK
(Paasche et al., 2004), Nor‐KUL, and Swe‐BD03, Swe‐BD11, and Swe‐BD12 (Klaus et al., 2021) was previously
mapped (Figure 1). Depth soundings during coring were performed with a Hondex PS‐7 Transducer. The lake DR
was calculated as follows:

DR =
̅̅̅
a

√

D
(1)

Figure 1. (a) Location of the study areas in Svalbard (b) and northern Scandinavia (c). The IBCAO base maps are modified after Jakobsson et al. (2012). (d) Aerial
orthophotographs (©The Norwegian Polar Institute) of the catchments of Sval‐JOD, Sval‐STU, and Sval‐HEF on Svalbard. Note that the bathymetry of Sval‐STU is
presented on a separate depth scale compared to the other lakes. (e) Aerial orthophotographs (©Statens Kartverk) of the catchments of Nor‐ASP, Nor‐KUL, Nor‐FISK,
and Nor‐DAL in Troms, Norway. The scale bar for Nor‐ASP is different from that of the other lakes. (f) Aerial orthophotographs (©Lantmäteriet) of the catchments of
Swe‐BD03, Swe‐BD11, and Swe‐BD12 in Abisko, Sweden. The bathymetry of each sampled lake, except for Sval‐HEF, is presented.

Figure 2. Downcore profiles of [CH4] and porosity measurements at the 10 Arctic lakes sampled. The sediment‐water interface is at 0 cm (gray dashed line). Summer
sampling is represented with orange symbols, winter sampling with blue symbols. Two shades of blue were introduced to differentiate between 2 years of winter
sampling. Porosity is represented with black symbols.
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where a is the lake area (km2) andD is the mean depth (m) (Håkanson, 1982). Measurements of dissolved oxygen,
temperature, and specific conductivity in the water column were performed for Swe‐BD11, Swe‐BD12 (July
2021), and Nor‐DAL (April 2021) using a multiparameter probe (Table S1 in Supporting Information S2).

Sediment cores were sampled to determine CH4 concentration (Bulínová, 2025a), sediment porosity, and
geochemical indicators for ecosystem productivity, which were acquired through spectral analysis. At each lake,
two sediment coreswere collected at the deepest point of the lake using aUniversal surface corer (AquaticResearch
Instruments) equippedwith a 120 cm long coring tubewith an inner diameter of 68mm. Sediment cores were taken
through a drilled hole in the lake ice in winter or through a hole in the bottom of a small zodiac in summer. The first
sediment core was used for CH4 and spectral analyses, and the second sediment core for porosity. From the first
core, we collected multiple sub‐samples (approximately 5 mL) by inserting a syringe (with the tip cut off) through
1‐cm pre‐drilled holes in the coring tubes. In the top 4–6 cm, samples were collected at 1‐cm resolution, then every
other cm until 28 cm, and every fourth cm from 28 to 60 cm. Below 60 cm, the sub‐sample resolution was 5–10 cm
depending on the length of the remaining core. Samples were divided into 4 mL for CH4 (headspace gas) analysis
and 1 mL for visible near‐infrared reflectance spectroscopy (VNIRS). The sub‐sample for headspace gas analysis
was transferred to a 20 mL glass serum vial containing a glass bead and 5.00 mL of 1.0 M sodium hydroxide
(NaOH), designed to terminate microbial activity. Each vial was immediately capped with a butyl/PTFE septum
and an aluminum crimp seal, vigorously shaken to promote equilibrationwith the vial headspace, and stored at 4°C.
Porosity (i.e., water content) was determined from the second sediment core by measuring the weight differences
between wet and after freeze‐dried samples. The total length of the organic sediments was measured by coring the
entire postglacial sediment succession at each lake using a piston corer.

2.3. Sample Processing

2.3.1. Headspace CH4 Gas Analysis

Concentrations of CH4 ([CH4]) in the headspace gas were determined using gas chromatography (Thermo-
Scientific, Trace 1310, FID detector, MSieve 5A column) after injecting 10–25 μL of sample headspace with a
gas‐tight syringe into the instrument. The instrument's baseline noise level yielded a detection limit of approx-
imately 1.5·10− 9 mmol. The sediment [CH4] was then calculated from the headspace gas concentration using the
ideal gas law and further adjusted to account for the sample vial volume (Equation 2):

[CH4] =
pV

RTVsed
(2)

where p represents pressure (Pa), V represents volume (L), R is the ideal gas constant (J mol− 1 K− 1), T represents
temperature (K), and Vsed is the volume of wet sediment (L). Analyses were conducted at The Arctic University
(UiT) of Norway.

2.3.2. Visible and Near‐Infrared Reflectance Spectroscopy (VNIRS)

To provide insight into lake color conditions, trophic status, and OC pools, we used VNIRS to infer both lake‐
water total OC (LW‐TOC; mg TOC L− 1) concentrations at the time when a particular sediment layer was
deposited and concentrations of chlorophyll a and related derivatives in the sediment (sedChla; mg g− 1). The top
0–1 cm interval at each lake was analyzed, representing recent (∼decadal) deposition. An important difference
between these two values is that LW‐TOC represents an integrated measure of the amount of TOC present in the
lake‐water column when the sediment sample was deposited (Meyer‐Jacob et al., 2017), whereas the sedChla
represents the concentration of Chla and its derivatives present in the actual sediment sample (Michelutti &
Smol, 2016; Michelutti et al., 2005).

Before the spectroscopic analyses, sediment samples were freeze‐dried and subsequently sieved (125 μmmesh) to
remove the effects of water and particle size on the VNIRS signal (Meyer‐Jacob et al., 2017). The VNIR spectra
were recorded with a FOSS XDS Rapid Content Analyzer operated in diffuse reflectance mode at a wavelength
range from 400 to 2,500 nm at Umeå University, Sweden. LW‐TOC was inferred using the Partial Least Squares
Regression (PLSR) calibration model described by Meyer‐Jacob et al. (2017). This model was developed based
on surface sediments and single measurements of LW‐TOC taken during summer from 345 High Arctic
to northern temperate lakes in Canada, Greenland, Sweden, and Finland. It covers a wide LW‐TOC range
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0.5–41 mg L− 1) encompassing expected values for our sampled lakes. The PLSR calibration has a cross‐validated
R2 of 0.57 and a prediction error of 4.4 mg L− 1.

SedChla concentration (i.e., Chlorophyll a, its derivatives, and their respective degradation products) was inferred
using the pigment‐based calibration model of Michelutti et al. (2005) based on the absorbance peak area between
650 and 700 nm. The model has a reported R2 of 0.72 (p < 0.05) and an estimated lowest detection limit of
0.01 mg g− 1. SedChla values in our sampled lakes were <0.06 mg g− 1 (Table S1 in Supporting Information S2)
that is, well within the calibration range (Michelutti et al., 2005).

2.4. CH4 flux Modeling/Mass Transfer

We modeled the net production rates of CH4 in various depth zones of the sediment profile and the diffusive CH4

flux across the SWI. To compare differences in approaches on estimates, modeling of the flux was done using two
of the main approaches for flux calculations: porewater modeling using the software PROFILE (Berg et al., 1998)
and a mass transfer model. It is important to recognize several key assumptions and limitations of both ap-
proaches. They assume steady‐state conditions (i.e., a constant concentration gradient and flux over time), one‐
dimensional vertical diffusion, and homogeneous sediment layers (as defined by input porosity and concentration
data). Both approaches also rely on Fick's Law of diffusion. None of the approaches account for advective
processes such as groundwater flow or bioturbation, which may influence CH4 transport. The accuracy of the
estimates is highly sensitive to input parameters, particularly porosity and concentration profiles.

The computer code PROFILE (Berg et al., 1998) is a widely used differential equation‐solving software sup-
ported by statistical F‐testing (e.g., Bartosiewicz et al., 2016; Clayer et al., 2018, 2020; D’Ambrosio & Harri-
son, 2022; Langenegger et al., 2019; Nordi et al., 2013; Rahalkar et al., 2009; Thottathil et al., 2022). PROFILE
applies a one‐dimensional diagenetic reaction‐transport equation for solutes:

0 =
d
dx
(φDS

d[CH4]

dx
) + RCH4

net (3)

In Equation 3, ϕ (%) represents the porosity, and Ds (m2 s− 1) is the effective diffusion coefficient of the CH4 in
sediments. The [CH4] represents [CH4] in (mM), whereas x represents the sediment depth (cm) (measured as
positive downward from the SWI). The term RCH4

net denotes the net production rate of CH4 (or consumption rate if
negative) (mmol m− 3 day− 1). We used measured values of ϕ, [CH4] profiles and Ds, which we assumed to be
ϕDw. Here,Dw represents the CH4 tracer diffusion coefficient in water, and its value was 1.0158·10

− 9 m2 s− 1 after
correction assuming in situ temperature (4°C; from data in Jähne et al. (1987)). The [CH4] at 0–1 cm of the
sediment and at the deepest point of the measured concentration gradient served as boundary conditions. We then
used the RCH4

net values provided for various depth zones determined by the program. These values were obtained
through a series of least‐square fits to the measured concentration profile. The fits were compared using statistical
F‐tests to evaluate their accuracy. The program also provided an estimate of the diffusive CH4 flux across the
SWI, hereafter referred to as “PROFILE.”

We also employed a mass transfer estimation of the diffusive CH4 flux across the SWI, hereafter referred to as
“mass transfer,” using Fick's First Law (Equation 4):

FCH4,diff = − φ
Dm

θ2
dCCH4

dx
(4)

where ϕ (%) is the measured porosity in the first cm of sediment, θ (dimensionless) is the tortuosity correction (we
applied θ2 = 1 − ln(ϕ)) (Boudreau, 1997; Jähne et al., 1987), and Dm (m2 s− 1) stands for the molecular
temperature‐dependent diffusion of CH4 in water, and is 1.02·10

− 10 m2 s− 1. This coefficient was calculated for an
assumed in situ temperature (4°C) from data in Jähne et al. (1987).

For the PROFILE and mass transfer approaches, we considered two sections of sediment profile. The first section
is commonly used to measure the diffusive CH4 flux across the SWI (Bartosiewicz et al., 2016; D’Ambrosio &
Harrison, 2022; Langenegger et al., 2019). It involves a quasi‐linear decrease of the concentration curve within
the top few centimeters (typically 2–4 cm) of the sediment, determined by linear regression. This section is
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referred to as “PROFILE: Top” or “mass transfer: Top.” This quasi‐linear decrease likely results from CH4

diffusion and oxidation at the oxic‐anoxic boundary. The second section extends from the SWI at the top to the
main inflection point of the concentration curve at the bottom, where the increase is significantly reduced. This
section is referred to as “PROFILE: Inflection” or “mass transfer: Inflection.” Additionally, we used the entire
measured sediment section in PROFILE only (“PROFILE: Long”). For depth zones of net CH4 rates, we focused
on the top 25 cm of the sediment, where most concentration profile changes occur.

2.5. Numerical Analyses

2.5.1. Multivariate Analyses

A Principal Component Analysis (PCA) was conducted on the 10 sampled lakes to explore and visually represent
differences and similarities between the sampled lakes with regard to their landscape, morphometric and sediment
parameters. We generated PCA biplots using the built‐in R function prcomp (R Core Team, 2024), including the
following variables (Figure S1): maximum lake depth, elevation, sedChla, LW‐TOC, DR, the total length of
organic sediment, mean annual air temperature (MAAT), and catchment size. Prior to conducting the PCA, all
variables except for MAAT were log‐transformed, then variables were standardized by converting them to Z‐
scores (Mean = 0, Variance = 1).

2.5.2. Database Compilation of Diffusive CH4 fluxes Across the SWI in Lakes

To provide a global context for our estimates of Arctic diffusive CH4 flux across the SWI, and identify potential
environmental predictors, we compiled a database of published diffusive CH4 flux estimates across the SWI for
99 lakes worldwide, integrating published data with our estimates from the sampled lakes. Although this study
focuses on lakes from high‐latitude regions (north of ∼60°N), the database encompasses a broad latitudinal range
(2–79°N; Table S2 in Supporting Information S2; Bulínová, 2025b). There are 32 Arctic lakes (including the 10
lakes sampled for this study), 23 boreal lakes, 39 temperate lakes, and 5 lakes from the subtropics to tropics (Table
S2 in Supporting Information S2). The synthesized estimates are derived from sediment diffusion modeling using
Fick's first law (n= 56), sediment incubations (n= 24), hypolimnion or whole‐lake budgets (n= 18), and benthic
chamber sampling (n = 1). In addition to diffusive CH4 flux estimates across the SWI, the data set includes basic
morphometric, and biological data, such as lake surface area, maximum lake depth, and trophic status. Climate
data including long‐term (1970–2000) MAAT and mean annual precipitation were obtained from global 1‐km
gridded WorldClim 2 bioclimatic (BIO) variables (https://www.worldclim.org/data/index.html; Fick & Hij-
mans, 2017). Only natural lakes are included in the data set, and they encompass lake sizes from <0.01 km2 to
32,900 km2. The majority of observations in our data set are from lakes up to 0.5 km2, with limited data available
for larger lakes. Consequently, we selected this size category as it represents the most frequently observed group
in our data set. In lakes where estimates were made for different locations within the lake, we report the estimate
for the deepest location, and the average where multiple estimates for different points in time were taken (i.e.,
daily to seasonal).

2.5.3. Predictive Modeling of Diffusive CH4 flux Across the SWI

We conducted predictive modeling to (a) identify the most important measured environmental variables driving
diffusive CH4 flux across the SWI for the 10 Arctic lakes sampled in this study (RF‐sampled), and (b) identify
variables that may be used as predictors across biomes for the expanded literature‐based data set (RF‐global). The
randomForest package (version 4.7–1.1) (Liaw & Wiener, 2002) in R was used to build RF models that can
capture complex non‐linear relationships (see R script: Bulínová, 2025c). RF does not require dimensionality
reduction prior to modeling and is robust to outliers and noise in the data due to the aggregation of multiple
decision trees (Duan et al., 2023; Huang et al., 2022; Simon et al., 2023). The selected models were determined by
selecting the “best” number of variables to use in each split (mtry) based on the minimum out‐of‐bag error. For
each model, 66.6% of the observations were used for training and 33.3% were withheld for testing for cross‐
validation. The performance of the trained RF models was evaluated using R2 values, and root‐mean‐squared
error as performance metrics. To further analyze the RF‐model results, we evaluated the importance of
different variables and their partial dependence on the predicted diffusive CH4 flux across the SWI. The
importance of variables in the RF models was determined by calculating the mean decrease in accuracy.
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Ultimately, we selected three RF models: (a) including the sampled lakes (RF‐sampled), (b) small (<0.5 km2)
lakes from the database (RF‐global (<0.5 km2)), and (c) all lakes (RF‐global (All)), respectively. The number of
trees (n_trees) to try was set to 500, and the seed number was set to 71. The final selected parameters aremtry= 1,
1, and 1, and n_trees = 1, 45, and 130. For the RF‐sampled model, a range of landscape, morphometric, hy-
drologic and ecosystem variables were tested (Table S3 in Supporting Information S2). After initial data
exploration, we optimized model performance by carefully considering the variables to be removed from the
analysis and prioritized easily measured variables. During this process, sedChla, LW‐TOC and maximum lake
depth were selected for the final model. Multiple variables tested were highly correlated and many were therefore
removed, such as Vegetation (most strongly correlated to LW‐TOC; Table S4 in Supporting Information S2),
mean lake depth (most strongly correlated to maximum lake depth) and the total length of organic sediment
(inversely correlated to maximum lake depth). Porosity was excluded because it is used for flux calculation
(Equations 3 and 4). As a target variable, we used the diffusive CH4 flux across the SWI estimates obtained by
mass transfer modeling when considering the top depth section of sediment only, which is commonly reported in
the literature (e.g., D’Ambrosio et al., 2022; Langenegger et al., 2019; Lenstra et al., 2018; Rissanen et al., 2023),
as opposed to those estimated using deeper intervals. After initial testing, seasonal and annual measurements were
averaged in all models.

Due to the differences between the VNIRS‐sediment inferred parameters (sedChla and LW‐TOC) and lake‐water
measurements of these variables, we excluded both of them from the database models (RF‐global (All) and RF‐
global (<0.5 km2)). We also excluded the DR, as it is not reported in many publications. Additionally, 24 lakes
were removed because their diffusive CH4 fluxes across the SWI were estimated via incubation experiments,
whereas are focus was on in situ estimates. Five lakes were then removed as outliers due to their very large surface
area (>2,000 km2). Therefore, the final global data set used for RF‐global (All) included 75 lakes, ranging in
maximum depth from 1.5 to 1,450 m and lake surface area between 0.01 and 582 km2. When considering only
lakes with a surface area smaller than 0.5 km2, the maximum lake depth ranged from 1.9 to 26 m. In this subset of
lakes (n = 41), 16 measurements (or 6 when excluding this study) were from the Arctic, 7 measurements from the
boreal region, and 18 from the temperate region.

3. Results
3.1. CH4 Concentration Profiles

3.1.1. Variability in Sediment Porewater CH4 Concentrations

Downcore [CH4] profiles were systematically explored across the 10 sampled lakes (Figure 2). In general, the
[CH4] profiles show an initial steep increase with depth from the SWI down to 4–14 cm. After this initial steep
increase, [CH4] reaches an inflection point, marking a transition in the rate of change. Beyond this inflection
point, [CH4] stabilizes and remains relatively constant throughout the sediment profile. However, Sval‐HEF
stands out, showing a distinct [CH4] decrease in the uppermost sediment layers. The between‐lake variability
in [CH4] is large, even between lakes with similar porosity profiles (i.e., constant high porosity), such as Nor‐
KUL, Nor‐FISK, Nor‐DAL, Swe‐BD11, and Swe‐BD12 (Figure 2). Swe‐BD11 displayed the lowest overall
range of [CH4] (0.02–0.2 mM) with a maximum concentration found at a depth of 52 cm, followed by glacial
meltwater‐fed Nor‐ASP (0.01–0.5 mM; maximum at 36 cm) and Swe‐BD03 (0.001–0.6 mM; maximum at
80 cm). In contrast, Nor‐KUL exhibited the highest overall range of [CH4] (0.61–2.8 mM) with a maximum at a
depth of 32 cm, followed by Sval‐JOD (0.05–1.9 mM; maximum at 84 cm) and Nor‐DAL (0.39–1.8 mM;
maximum at 24 cm). For the four lakes where [CH4] profiles have been measured more than once (Nor‐ASP, Nor‐
FISK, Nor‐DAL, Nor‐KUL), the visual comparison of profiles (Figure 2) suggests that the within‐lake variability
in [CH4] is generally smaller than the between‐lake variability, even when the measurements have been done in
different seasons.

3.2. Modeled Net CH4 Production Zones

The highest modeled net CH4 production rate in each sediment profile ranged from 0.35 to 26 mmol m− 3 day− 1

and were generally associated with the top 10 cm of the sediment profile. The exception was Sval‐HEF where the
upper 10 cm were estimated to have negative net CH4 production rates that is, consumption of CH4 (Figure 3).
The CH4 modeling revealed two to five production zones within the vertical sediment profile in the lakes, labeled
CH4‐Z1, CH4‐Z2, CH4‐Z3, CH4‐Z4 and CH4‐Z5 from the SWI downward. Except for Nor‐KUL and Sval‐HEF, the
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first zone (“CH4–Z1”) was represented by a steep increase in [CH4], reaching down to 4–10 cm, and had the
highest estimated net CH4 production rates in the profile (Figure 3; Table S5 in Supporting Information S2). In
Nor‐KUL and Sval‐HEF, the first production zone “CH4‐Z1” was overlaid by a consumption zone, denoted as
“CH4‐Z0,” where the net production rate was negative. Across all lakes, the CH4‐Z1 was followed by zones with
progressively lower net CH4 production as we go down the profile (Figure 3). According to these estimates, most
of the net CH4 production occurred from 0 to as far down as 8 cm of the sediment, except lakes Nor‐KUL and
Swe‐BD11 where the peak in net production is shifted deeper between 5 to 10 cm and 4–8 cm, respectively.

3.2.1. Diffusive CH4 flux Across the SWI

We found that the highest positive flux estimates were obtained when using one of the “Top” interval ap-
proaches; however, there was no significant difference between the mass transfer and PROFILE approaches,
nor between the intervals considered (Figure 4a; Table S7 in Supporting Information S2). The highest estimated
top interval CH4 fluxes were in Nor‐ASP during winter (0.41 mmol m− 2 day− 1), in Nor‐DAL
(3.1 mmol m− 2 day− 1), Nor‐KUL (2.7 mmol m− 2 day− 1), Swe‐BD03 (0.24 mmol m− 2 day− 1), Swe‐BD11
(0.74 mmol m− 2 day− 1), Swe‐BD12 (4.4 mmol m− 2 day− 1), and Sval‐STU (1.5 mmol m− 2 day− 1) during
summer, and in Nor‐FISK in both seasons (2.6 mmol m− 2 day− 1 in winter and 1.1 mmol m− 2 day− 1 in
summer). Sval‐JOD (summer sampling), Sval‐HEF, Nor‐DAL, and Nor‐KUL (all winter samplings) had the
highest fluxes when considering the inflection section (0.18, 0.03, 2.9, and 1.5 mmol m− 2 day− 1, respectively).

Figure 3. Comparison of the measured (black circles) and PROFILE‐modeled (black dashed lines) concentration profiles of
CH4 in the sampled lakes. The red lines represent the net CH4 reaction rate (RCH4

net ). Positive values represent production,
negative values represent consumption. Across the 10 models evaluated, the Sum of Squared Errors ranged from 0.68 ·10− 6 to
9.60 · 10− 1. The R2 ranged from 0.94 to 0.99.
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There was no significant sub‐regional difference between the High Arctic and the Subarctic Scandinavian lakes
(p‐value = 0.62). In lakes where CH4 fluxes were estimated on multiple occasions or during different seasons,
there was substantial variability. The coefficient of variation for lakes Nor‐ASP, Nor‐KUL, Nor‐FISK during
different seasons was 100%, 45%, 10%, respectively, whilst for Nor‐DAL, it was 39% between two winter
samplings (Table S7 in Supporting Information S2).

The results also revealed that the between‐lake variability in CH4 diffusive flux estimates based on sediment data
ranged from − 5.0 to 4.4 mmol m− 2 day− 1 (median of 1.4 mmol m− 2 day− 1) across all 10 sites, considering all the
different estimation approaches (Figure 4a; Table S6 in Supporting Information S2). The largest inconsistency
between approaches was observed in Nor‐DAL during the winter sampling in 2021, where the different ap-
proaches yielded flux estimates between − 5.0 and 3.1 mmol m− 2 day− 1. This was followed by Nor‐KUL (summer
sampling; − 3.1–2.7 mmol m− 2 day− 1), and Swe‐BD12 (summer sampling; 0.70–4.4 mmol m− 2 day− 1). The most
consistent values across the estimates were observed in Swe‐BD03 (0.15–0.24 mmol m− 2 day− 1) and Sval‐JOD
(0.04–0.18 mmol m− 2 day− 1). For Nor‐ASP and Nor‐FISK, the winter sampling yielded higher fluxes.

3.2.2. Regional Variability in Diffusive CH4 flux Across the SWI in Lakes

The CH4 diffusive flux (modeled by “mass transfer: Top”) values in the 10 sampled lakes (mean = 1.0 and
median = 1.0 mmol m− 2 day− 1) were similar when compared to other Arctic lakes smaller than 0.5 km2 (n = 6;
mean = 4.9 mmol m− 2 day− 1, median = 4.1 mmol m− 2 day− 1). The values for all Arctic lakes in the database
(n = 18, including our data; mean = 2.2 mmol m− 2 day− 1, median = 1.2 mmol m− 2 day− 1) were comparable to
estimates from boreal lakes (n= 13; mean= 1.9 mmol m− 2 day− 1, median= 0.6 mmol m− 2 day− 1 Figure 5, Table
S10 in Supporting Information S2). Estimates from both the Arctic and boreal lakes were significantly lower than
those reported from temperate lakes of similar size (p‐values <0.02; Figure 5; Table S8 in Supporting
Information S2).

3.3. Statistical Analysis

3.3.1. Lake Grouping

The PCA showed two main groupings of the sampled Arctic lakes (further referred to as “high flux” and “low
flux” lakes), defined based on their geochemical, limnological and landscape properties (Figure S1; Table 1;
Figure 2). The “high flux” lakes (Nor‐DAL, Nor‐KUL, Nor‐FISK, Swe‐BD12, and Sval‐STU) are shallower
(3.9–6.3 m, except for Sval‐STU at 22.6 m), located at lower latitude, and have higher sedChla

Figure 4. Comparison of five approaches to estimate diffusive CH4 flux from sediments in the sampled lakes. The black circles represent “mass transfer: Top,” the
approach that we then selected for predictive modeling. The open symbols represent “mass transfer: Infl,” “PROFILE: Top,” “PROFILE: Infl,” and “PROFILE: Long.”
Horizontal black lines represent median.
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(0.04–0.06 mg g− 1), a thicker OM sediment accumulation (2.6–4.1 m, except for Sval‐STU with 1.0 m), a higher
LW‐TOC (8.0–15.6 mg L− 1, and Sval‐STU 4.0 mg L− 1), and higher mean sediment porosity. This is in agreement
with our CH4‐data, because the “high flux” lakes also had the highest sediment CH4 concentrations, highest
modeled CH4 diffusive fluxes, and highest estimated net CH4 production rates (Figure 3). Sval‐STU also had a
high [CH4] and diffusive flux across the SWI, but due to its greater depth and low sedChla, it is an outlier plotting
most separate for this group. The “low flux” group (Sval‐JOD, Sval‐HEF, Swe‐BD03, Swe‐BD11, and Nor‐ASP)
is a more heterogeneous group in terms of latitude and catchment size, but the lakes are deeper (6.4–8.7 m) and
consistently showed lower sedChla values (0.01–0.04 mg g− 1), LW‐TOC (<5.7 mg L− 1, except for Swe‐BD11 at
12.7) total length of organic sediment (1.0–2.4 m) and lower mean porosity, suggesting low OM accumulation in
sediments. According to our CH4 data, lakes within this group had low [CH4], low CH4 fluxes across the SWI
(<0.24 mmol m− 2 day− 1) and net CH4 production rates that did not exceed 2.6 mmol m

− 3 day− 1.

3.3.2. Random Forest—The Sampled Lakes

Random forest modeling showed that the most important environmental predictors of diffusive CH4 flux across
the SWI in the sampled lakes were VNIRS‐Chla (sedChla) (10.3%), maximum depth (6.9%), and LW‐TOC
(5.3%) (Figure 6a). The percentage of variance explained was 39%, the mean of squared residuals was 0.2 and
the average difference between the predicted and model estimates was 0.2 (log(mmol m− 2 day− 1)), which is well
within the difference in flux estimate that may be attributed to the modeling approach selected, or the seasonal (or
sampling) difference we were able to capture (Table S6 in Supporting Information S2). Generally, the diffusive
CH4 flux across the SWI increased with sedChla and LW‐TOC, and it decreased with lake depth (<10 m) except
for the larger Svalbard lake Sval‐STU (22.6 m; Figure 6).

Figure 5. Diffusive CH4 flux at sediment‐water interface for all lakes in the database (n = 75). The Arctic group includes our
10 sampled lakes. The central box represents the interquartile range (IQR), calculated using the exclusive median method,
with the lower and upper edges indicating the first and third quartiles, respectively. The horizontal line inside the box marks
the median value. The whiskers extend to the smallest and largest values within 1.5 times the IQR from the quartiles. Circles
denote outliers. The “X” symbol represents the mean value of the data.
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3.3.3. Random Forest—Global Database Lakes

When expanded to the global database of diffusive CH4 flux across the SWI, the RF predictive model's per-
formance decreased (Figure 7). When the larger lakes, but also a larger number of lakes were incorporated into the
analysis (a) lakes <0.5 km2, and (b) all database lakes), the percentage of variance explained changed to 45 and
26, respectively. The mean of squared residuals increased to 0.66 and 0.65 for these models, respectively, whereas

Figure 6. (a) Variables most important in predicting diffusive CH4 flux across the sediment‐water interface for the sampled
lakes as evaluated by the random forest predictive model (RF‐sampled). (b) RF‐sampled predicted versus observed CH4
diffusive flux (mmol m− 2 day− 1) (in log scale). The red line represents the 1:1 line. (c) Diffusive CH4 flux from the sampled
lake sediments plotted against the predictor variables: sediment VNIRS‐inferred chlorophyll a (sedChla) (p = 0.0027).
(d) Maximum lake depth (p = 0.1228). (e) LW‐TOC (p = 0.1661). (f) Dynamic ratio (p = 0.0490). The significance of the
interaction has been assessed by Spearman's rank correlation.
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the average difference between the predicted and model estimates increased to 0.77 and 0.79 (log
(mmol m− 2 day− 1). The RF predictive modeling showed that the most important environmental predictors of
diffusive CH4 flux from the sediment were MAAT (14.2%, and 16.5%), latitude (15%, and 11.2%), maximum
depth (8%, and 10%), annual precipitation (7.3%, and 6.6%), and lake surface area (only included in RF‐global
(All), 7.1%; Figure 7a). Significant linear relationships over the full gradient were found for latitude
(p < 0.05) and MAAT (p < 0.1) where the diffusive CH4 flux generally increased southward and with increasing
mean air temperature.

Figure 7. (a) Variables most important in predicting diffusive CH4 flux across the sediment‐water interface (SWI) for the
database lakes including lakes with area <0.5 km2 (RF‐global (<0.5 km2)), and all lakes in the database (RF‐global (All)).
(b) Diffusive CH4 flux across the SWI from the compiled database lake sediments plotted against (selected) predictor
variables: Latitude (p = 0.0146). (c) Annual mean air temperature (p = 0.0298). (d) Annual precipitation (p = 0.5909),
(e) Maximum lake depth (p = 0.2015). (f) Lake surface area (p = 0.8628). The significance of the interaction has been
assessed by Spearman's rank correlation. Inset graphs in panels (e) and (f) are zoomed in to show lakes with maximum lake
depth <40 m and lakes with surface area <0.5 km2. The mean of squared residuals are 0.66 and 0.65, and the root mean
squared error is 0.78 and 0.79 log(mmol m− 2 day− 1) for the RF‐global (<0.5 km2) and (RF‐global (All)), respectively.
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4. Discussion
4.1. Variability of CH4 Diffusive Flux Across the SWI

Our porewater modeling suggests a positive net exchange of CH4 across the SWI—that is, that CH4 leaves the
sediment—in nine of the sampled lakes (0.1–4.4 mmol m− 2 day− 1). The exception was Sval‐HEF, where the net
exchange across the SWI was negative (− 0.5 mmol m− 2 day− 1; Figure 4, Table S6 in Supporting Information S2).
The sampled lakes exhibit similar CH4 fluxes across the SWI (median = 0.6 mmol m− 2 day− 1; Table S10 in
Supporting Information S2) compared to those reported in the database for six other Arctic lakes of similar size
(<0.5 km2) (median= 4.1 mmol m− 2 day− 1; Table S10 in Supporting Information S2). The range of estimates for
the CH4 diffusive flux across the SWI in the sampled lakes is also within reported flux estimates from boreal lakes
of similar size (<0.5 km2), but with greater range of values (mean = 1.3 mmol m− 2 day− 1, range = 0.3–
6.6 mmol m− 2 day− 1; Figure 5). Arctic and boreal lakes exhibit, however, a significantly lower diffusive CH4 flux
across the SWI than temperate lakes (p < 0.05 and 0.01 when compared with Arctic and boreal lakes, respec-
tively; Table S8 in Supporting Information S2). Consistent with this result, variables associated with enhanced
ecosystem productivity, such as warmer (higher MAAT, lower latitude) and wetter (higher annual precipitation)
conditions, were identified as the most important predictors in the RF‐global (All) models (Figure 7; Table S9 in
Supporting Information S2). Our results suggest that a shift toward warmer conditions, which enhances
ecosystem productivity at high latitudes, would increase CH4 production in lakes, with likely consequences on the
contribution by northern lakes on global CH4 budget expected for the future (Wik et al., 2016).

The three sampled High Arctic lakes (Sval‐HEF, Sval‐JOD, and Sval‐STU) showed some of the highest ranges of
values in flux estimates. This variability also goes beyond the seasonal/interannual variability we measured in the
Subarctic lakes, which was not found to be an important predictor variable of CH4 flux (Table S6 in Supporting
Information S2; Figure 6). The potential influence of for example, lake mixing regime on lake bottom redox
conditions affecting CH4 flux (Vachon et al., 2019) may not be captured by the relatively limited sampled lake
number and temporal resolution (Natchimuthu et al., 2016), at least beyond the effect of multiple sampling at-
tempts at somewhat different locations between years/seasons. Only one lake (Sval‐HEF) had sediments that
consumed more CH4 than was produced (Figure 4, Table S6 in Supporting Information S2), suggesting higher
production may occur in the water column or, more likely, deeper in the sediments, as well as some level of
methane oxidation. Although the deeper sediment production is supported by “PROFILE: Long”
(0.03 mmol m− 2 day− 1) and “mass transfer: Inflection’ (0.03 mmol m− 2 day− 1) (Table S6 in Supporting In-
formation S2), a deep geogenic origin of the CH4 may also explain this outlier, particularly considering the
presence of bituminous mudstone in this catchment, which has been associated with CH4 emissions on Svalbard
(Birchall et al., 2023). Although we had expected that High Arctic lakes might stand out given the relatively low
productivity of these systems, their [CH4] profiles and fluxes were within the range of the Subarctic lakes from
our study. This high variability suggests that not only ecosystem productivity along climatic gradients but also
other factors are driving CH4 production.

The variability in CH4 diffusive flux across the SWI in these Arctic lakes may also at least partly be attributed to
differences in porosity. Most lakes in this study display consistently high porosity throughout their profile, except
for Sval‐JOD, Sval‐HEF, and Nor‐ASP. Overall, lakes categorized within the “high flux” group demonstrate
higher porosity within their sediments (Figure S1). In the case of Sval‐JOD, there is a 15–20‐cm‐thick silty fine
sand layer capping the deeper sediments (see unit L4 in Figure S1 in Kjellman et al., 2024), leading to a buildup of
CH4. In the case of Sval‐HEF, the upper sediments are more permeable than the deeper layers, which presumably
leads to less build‐up of CH4 in the upper part. Nor‐ASP has an overall low porosity of 0.3–0.7 (except the top
2 cm), with a thin layer with very low porosity at 8–10 cm. However, unlike for Sval‐JOD, the measured CH4‐
profiles in Nor‐ASP did not indicate any buildup of CH4 in deeper sediment. This indicates that the low porosity
layer is not thick enough to prevent diffusion.

The new data we provide on diffusive fluxes across the SWI in Arctic lakes further support the importance of
consistent methodologies for estimating and, eventually, upscaling (D’Ambrosio & Harrison, 2022). Our
different approaches to estimate diffusive flux across the SWI highlight that although general trends between
lakes could be reproduced using multiple approaches, the differences between approaches were at times as high as
between‐lake differences (Figure 4, Table S6 in Supporting Information S2). Even though expanding CH4

measurements into deeper sediments resulted in higher CH4 estimates at some lakes (Nor‐DAL, Nor‐KUL, and
Sval‐JOD), we found no systematic direction of this variability, neither between the approaches of flux modeling
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nor down‐core. However, we provide evidence that because most studies estimate flux based on shallow sedi-
ments, significant CH4 production in deeper sediments in some systems might have been overlooked. For
instance, a negative production rate may be explained at Sval‐HEF when taking into account the estimates from
14 cm (flux rate = 0.03 mmol m− 2 day− 1), showing that CH4 in the top sediments is likely produced—or
originates—deeper down. CH4 production in deep sediments is usually associated with highly organic‐rich
sediments or sediments in highly acidic or basic lakes where CH4 production in surface sediments is inhibited
(D’Ambrosio & Harrison, 2022). At the sampled lakes, the total length of organic sediment was an important
factor separating the “high flux” from the “low‐flux” lakes (Figure S1). Overall, our results highlight that beyond
the difference in approach, significant regional (i.e., within the Arctic) variability in CH4 diffusive fluxes was
identified.

4.2. Lake Primary Production as the Main Control of CH4 Production and Diffusive Flux in Arctic Lakes
and Additional Drivers of Landscape Variability

4.2.1. Autochthonous Organic Matter Fuels Diffusion of CH4 Across the SWI in Small Arctic Lakes

The modeling estimates indicate that the bulk of CH4 that leaves the sediment through the SWI originated from
the upper 10 cm (Figure 3). This suggests that it is the recently deposited OM that fuels sediment CH4 diffusive
flux across the SWI in those lakes. This is consistent with sediment incubations from a range of lakes showing that
OM in the sediment controls the production and flux of CH4 across the SWI (Grasset et al., 2018, 2021; Isidorova
et al., 2019; Moras et al., 2024; Schwarz et al., 2008; West et al., 2012, 2015). Furthermore, algal OM, represented
by sedChla, emerged as the strongest predictor of diffusive CH4 flux across the SWI in the RF‐sampled model,
with fluxes becoming larger with increasing sedChla (Figure 6c). Even though sedChla is a measure both of the
chlorophyll pigments and their degradation products and hence does not only reflect fresh algal‐OM, it provides a
measure of quantity and quality of the algal OM. As expected, given the strong link between DOC and PP in
northern lakes (Karlsson et al., 2009; Seekell et al., 2015; Solomon et al., 2013), LW‐TOCwas also identified as a
positive predictor in the RF‐sampled model (Figure 6). The CH4 flux and both spectrally derived variables were
significantly correlated to other environmental indicators of enhanced ecosystem productivity—higher vegetation
cover, less extensive permafrost, and thicker OM sediment accumulation (Table S4 in Supporting Informa-
tion S2). In relatively clear and shallow lakes, where the light is sufficient for photosynthesis throughout the water
column, a positive correlation between DOC and PP has been explained by input of DOC‐associated nutrients and
by DOC promoting elevated levels of CO2 (Jansson et al., 2012). Our analyses, therefore, point to high‐quality
autochthonous substrate availability being critical to CH4 diffusion across the SWI in small Arctic lakes. The
increased PP, transport, and deposition of autochthonous OC fuel CH4 production, thereby enhancing CH4

diffusion from sediments in these oligotrophic, relatively clear‐water Arctic lakes.

4.2.2. Mechanisms of CH4 Production in Arctic Lake Sediments

Svalbard lake Sval‐STU stood as an outlier in our “high flux” lakes group, particularly due to its location in the
high Arctic, with high porosity compared to other sampled Svalbard lakes, and deep basin (>22 m). The lake sits
at high elevation, and often remains covered by ice for long periods, with only a small ice‐free area in the peak of
summer. Due to its deep basin, the bottom of the lake is unlikely to become oxidized, leading to the main process
of OM reduction being the production of CH4. We therefore propose that the high flux (1.5 mmol m− 2 day− 1)
estimated at this lake is likely due to the otherwise limited mineralization of OM (besides methanogenesis).

Our porewater modeling also indicates that CH4 consumption within the CH4‐Z0 sediments may have been more
important at lakes Nor‐KUL, Sval‐JOD and Sval‐HEF, which show low net CH4 production rates (− 24.88 to
0.52 mmol m− 3 day− 1; Figure 3). Lake Sval‐HEF showed one of the most notable rates of CH4 loss
(− 9.42 mmol m− 3 day− 1; Figures 4 and 5) and was one of few lakes in the database with a negative flux (Table S2
in Supporting Information S2). A possible explanation for the increased CH4 consumption in the Sval‐HEF
sediments could be the presence of alternative electron acceptors that would allow for fermentation and meth-
anotrophy in the zone of CH4 consumption (0–5 cm; Figure 3). Even though we assume there is no aerobic CH4

oxidation in deep sediments, anaerobic oxidation of CH4 (AOM) has been detected at the top as well as deeper in
Arctic lake sediments elsewhere. In the sediments of Arctic Lake Doughnut, AOMwas estimated to 12%–30% of
the CH4 produced, with the highest rate observed in the top 2.5 cm (Martinez‐Cruz et al., 2018). AOM occurs
under anoxic conditions in the presence of alternative electron acceptors (such as sulfates, nitrates, iron,

Journal of Geophysical Research: Biogeosciences 10.1029/2024JG008508

BULÍNOVÁ ET AL. 16 of 22



manganese, and humic substances) and can significantly constrain CH4 emissions to the atmosphere. Measure-
ments of CH4 stable isotopes would help establish whether the origin of CH4 at Sval‐HEF might be biogenic or
rather geogenic, with potentially a strong role of AOM (Whiticar, 1996; Whiticar & Faber, 1986). Overall, the
direction of net CH4 production was variable between lakes and down‐core, suggesting that other processes (e.g.,
different methanogenic pathways, different importance of OM mineralization) result in regional upscaling un-
certainties that may not be well accounted for in global modeling efforts.

4.2.3. Intertwined Arctic Landscape and Climate Controls

Though our study shows that ecosystem productivity has a major impact on CH4 diffusive fluxes in the 10
sampled Arctic lakes, we also found high variability that we attribute to landscape and climate controls. Spe-
cifically, lower maximum depth was the most important morphometric predictor of greater flux for the 10
sampled lakes, whereas higher DR was also significantly correlated with the flux, although it was not included in
the final selected model (Figure 6a). Our “high flux” lakes are indeed shallower and have higher DR (“high flux”
median = 0.10; “low flux” median = 0.06; Figure 7). When the maximum depth increases, the importance of the
shape of the lake basin becomes more apparent, especially for processes such as the redistribution of carbon (e.g.,
sediment focusing), lake stratification, oxygen regime, or carbon accumulation (Boehrer & Schultze, 2008). In
contrast, higher lake‐water temperatures may be expected in smaller water volumes with relatively larger shallow
zones (higher DR, Table 1), thus promoting PP. This is consistent with shallow lakes showing higher sedChla,
higher LW‐TOC, and higher OC accumulation (Figure 6). The interplay between lake depth and surface area can
also impact oxygen levels and CH4 production through thermal stratification and mixing (Fee et al., 1996;
Holgerson & Raymond, 2016). This effect may play a role in the sampled small Arctic lakes but becomes more
important where a larger range for those variables is considered (Figure 7). As the database models suggest,
morphometric and climate variables reliably account for important drivers of diffusive CH4 flux that may be
related to OM production and preservation in small lakes. However, we clearly lack critical information for
accurately predicting fluxes in larger lakes, such as hydrological connectivity, lake shape and the spatial vari-
ability of fluxes within such large lakes (Figure 7a). Furthermore, it is evident from our database that fluxes have
only been quantified in relatively few large lakes, particularly at higher latitudes, thus limiting the scope of our
global training data set for predictions. The highly variable sediment diffusive CH4 emissions from Arctic lakes
reported in this study stress the importance of accurately representing the variability in lake types for global
upscaling estimates and future predictions.

5. Conclusions
We estimated diffusive fluxes of CH4 across the SWI in 10 lakes in Subarctic Scandinavia and High Arctic
Svalbard. The estimated fluxes ranged from − 0.46 to 3.1 mmol m− 2 day− 1, which is comparable to fluxes
observed in other Arctic and boreal lakes, but lower than for temperate and tropical lakes. Although we show that
CH4 production was contained within the top ∼10 cm of the sediments in most of those Arctic lakes, we strongly
recommend measuring at least 20 cm of sediment depth to be able to explore potentially higher CH4 production in
deeper sediments. Our RF predictive modeling indicates that Arctic between‐lake variability is primarily asso-
ciated with autochthonous PP of organic carbon, as well as factors favoring the deposition of OM in sediments.
We found that morphometric and landscape variables, including lake depth and lake surface area, as well as
climatic factors such as warmer and wetter conditions enhancing ecosystem productivity have a significant impact
on the diffusive CH4 flux across the SWI and across biomes. By expanding the sampled lake types and linking the
diffusive CH4 flux across the SWI to climatic and landscape variables, we provide insights necessary for the
evaluation of process‐based CH4 dynamical models.

Data Availability Statement
The Lake Sediment Methane Diffusive Flux Database (1.0.0) compiled for this study is available at Zenodo via
https://doi.org/10.5281/zenodo.15683902 under a Creative Commons Attribution license (Bulínová, 2025b).

The Methane in sediments of small Arctic lakes (1.0.0) data set used in this study is preserved at Zenodo and can
be accessed via https://doi.org/10.5281/zenodo.15683559 under a Creative Commons Attribution license
(Bulínová, 2025a).
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The Random Forest modeling script used for methane flux analysis is preserved at Zenodo. Version 1 of the
script is available at https://doi.org/10.5281/zenodo.15678563 under a Creative Commons Attribution license
(Bulínová, 2025c). The script is also available on GitHub at https://github.com/MariBulin/RandomForest_
methane‐flux.
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