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Abstract Peatlands store organic carbon available for decomposition and transfer to neighboring water
bodies, which can ultimately generate carbon dioxide (CO2) and methane (CH4) emissions. The objective of this
study was to clarify the biogeochemical functioning of open‐water peatland pools and their influence on carbon
budgets at the ecosystem and global scale. Continuously operated automated equipment and monthly manual
measurements were used to describe the CO2 and CH4 dynamics in boreal ombrotrophic peatland pools and
porewater (Québec, Canada) over the growing seasons 2019 and 2020. The peat porewater stable carbon isotope
ratios (δ13C) for both CO2 (median δ13C‐CO2: − 3.8‰) and CH4 (median δ13C‐CH4: − 64.30‰) suggested that
hydrogenotrophic methanogenesis was the predominant degradation pathway in peat. Open‐water pools were
supersaturated in CO2 and CH4 and received most of these dissolved carbon greenhouse gases (C‐GHG) from
peat porewater input. Throughout the growing season, higher CO2 concentrations and fluxes in pools were
measured when the water table was low—suggesting a steady release of CO2 from deep peat porewater. Higher
CH4 ebullition and diffusion occurred in August when bottom water and peat temperatures were the highest.
While this study demonstrates that peatland pools are chimneys of CO2 and CH4 stored in peat, it also shows that
the C‐GHG concentrations and flux rates in peat pools are comparable to other aquatic systems of the same size.
Although peatlands are often considered uniform entities, our study highlights their biogeochemical
heterogeneity, which, if considered, substantially influences their net carbon balance with the atmosphere.

1. Introduction
Inland freshwater ecosystems play a central yet underappreciated role in the global carbon cycle (Regnier
et al., 2022). Lakes, reservoirs, ponds, rivers, and streams receive, transport, and store terrestrial organic matter
delivered through hydrological surface and subsurface processes. They also act as biogeochemical reactors, fixing
atmospheric carbon dioxide (CO2) via autotrophic activity, mineralizing terrestrial organic matter into CO2

through heterotrophic activity (Battin et al., 2023), producing methane (CH4) through methanogenesis, and
oxidizing CH4 to CO2 via methanotrophy (Kumar et al., 2021; Reis et al., 2022). However, emissions are spatially
and temporally variable, making estimates of their planetary contribution unclear, despite global efforts to
constrain those numbers (e.g., Holgerson & Raymond, 2016; Raymond et al., 2013; Rocher‐ros et al., 2023;
Rosentreter et al., 2021). For example, one study described that lakes next to one another can either be a source or
a sink of CO2 depending on the land cover in their catchment (Riera et al., 1999), while other studies reported a
diel amplitude in dissolved CO2 concentrations of 21%–43% in lakes and reservoirs with greater emission rates at
night when much fewer studies are conducted (Golub et al., 2023). Hydrological connectivity of a water body
with its surrounding catchment also influences the carbon load it receives and its water residence time, which both
affect the quantity and fate of this terrestrial‐derived carbon between burial, mineralization, evasion and export
(Prijac et al., 2023; Raymond et al., 2016; Sand‐Jensen et al., 2022). Considering all these challenges, there is a
crucial need to constrain the contribution of inland waters to the global carbon budget since they offset an
important yet unclear portion of the terrestrial carbon sink (Bastviken et al., 2011; Butman et al., 2016; Raymond
et al., 2013). Constraining estimates of land‐atmosphere carbon exchange require an exhaustive understanding of
the carbon balance of all land cover types along with their hydrological and biogeochemical interactions with one
another within a defined spatial unit such as a watershed (Casas‐Ruiz et al., 2023). Given that peatlands are
carbon‐dense and water‐saturated ecosystems, small waterbodies within peatland‐dominated catchments may
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receive and release large quantities of dissolved and particulate organic carbon as well as dissolved C‐GHGs. As
such, peatland open‐water pools may even need to be considered as specific water body categories to refine global
scale estimates, as suggested in previous syntheses (e.g., Holgerson & Raymond, 2016; Rosentreter et al., 2021).

Open‐water pools, or ponds, are distinct peatland microforms (i.e., small‐scale land covers) that contribute to the
spatial hydrological and ecological heterogeneity of northern peatland ecosystems (Harris et al., 2019). The
existence of peatland pools has been subject to various hypotheses (Belyea & Lancaster, 2002; Comas et al., 2011;
Foster et al., 1983; Garneau et al., 2018), which may all be correct but vary between regions. Regardless of their
origins, peatland pools are likely to play central biological and ecological roles and deserve full attention. Ac-
cording to the Boreal‐Arctic Wetland and Lake Dataset (BAWLD), peatland pools occupy 260,000 km2, which is
equivalent to 6% of the northern peatland area (Olefeldt et al., 2021) and within the same order of magnitude as
what reservoirs cover globally (Raymond et al., 2013). Nevertheless, the biogeochemical processes driving
carbon and C‐GHG dynamics to and within the pools have not been fully described. Additionally, C‐GHG from
pools have not been clearly assessed within peatland budgets at the catchment scale, which prevents under-
standing their importance in the net ecosystem carbon balance.

Within open‐water peatland pools, hydrological mechanisms and biogeochemical processes can influence the
production, transformation and loss of organic and inorganic carbon. Just like any freshwater system, particulate
and dissolved carbon in peatland pools can either originate from allochthonous input or in situ metabolism (i.e.,
the balance of the metabolic fluxes, gross primary production (GPP) and ecosystem respiration (ER; autotrophic
and heterotrophic), which is equivalent to net ecosystem production (NEP=GPP − ER)). Considering that open‐
water pools are surrounded by peat, an important fraction of the carbon present in the pools is introduced through
diffusion and advection from peat porewater. For instance, Prijac et al. (2022) demonstrated that most of the
dissolved organic carbon (DOC) in the pools originated from peat vegetation rather than autotrophic bacterial
activity. Yet, Prijac et al. (2022) also reported an important difference in concentrations, optical properties,
molecular composition, and stable isotopic values, which suggest that DOC degradation processes are happening
either at the peat porewater‐pool interfaces or within the pools, just like observed elsewhere for boreal streams
draining boreal landscapes, including peatlands (Rasilo et al., 2017). DOC can be degraded and converted to CO2

as a result of photochemical oxidation, an abiotic reaction that breaks down and oxidizes organic compounds
through solar radiation (Granéli et al., 1998), or as a result of in situ heterotrophic bacterial degradation. Methane
in peatland pools is expected to be released from peat porewater via diffusion or ebullition (Dean et al., 2023;
McEnroe et al., 2009). Additionally, a fraction of the diffused methane can be oxidized in the peatland water and
converted into CO2 via methanotrophic microbial activity present under oxic conditions (Hanson & Han-
son, 1996; Reis et al., 2022) and, to a smaller extent, anoxic conditions (Schubert et al., 2011; Sivan et al., 2011).
The variety of biogeochemical processes and interconnectivity between them complicate the identification of
each pathway. However, the use of stable carbon isotope ratios (δ13C) along with elemental analysis and
continuous in situ measurements can help develop interpretations to better understand freshwater carbon cycling
(e.g., Campeau et al., 2018; Rocher‐Ros et al., 2021; Taillardat et al., 2022), including in peatland ecosystems.

This study aims to describe the biogeochemical functioning of open‐water peatland pools and assess their
importance in carbon budgets. More specifically, we wanted to test the hypothesis that pools are primarily fueled
by peat‐derived porewater seepage and that they emit and export large amounts of CO2 and CH4. This study was
designed to address the following three research objectives: (a) identify the biogeochemical processes that explain
CO2 and CH4 concentrations in and emissions from open‐water peatland pools; (b) synthesize and compare the C‐
GHG concentrations in and emissions from open‐water peatland pools with other aquatic systems; (c) assess the
importance of open‐water pools in the peatland carbon budget at the ecosystem scale. In link with the research
objectives, we wanted to test the following three hypotheses: (a) the dissolved carbon in the pools predominantly
originates from peat organic matter rather than in situ autotrophic microbial productivity; (b) peatland pools are a
unique biogeochemical freshwater category because of the surrounding carbon‐dense peatland they drain; and (c)
C‐GHG emissions from pools offset a substantial fraction of the peatland ecosystem carbon sink function.

2. Methods
2.1. Study Site

The study was conducted in a 2.22 km2 peatland‐dominated catchment (Figure 1b; 50°31′N, 63°12′W; eleva-
tion: 108 ± 5 m above sea level) within the La Romaine Watershed (Québec, Canada) located in the bioclimatic
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spruce‐moss domain of the closed boreal forest of Eastern Canada (Payette et al., 2001). The delineation of the
peatland drainage catchment was made using a LiDAR (Light Detection and Ranging) image from 17 August
2004 (source: Hydro‐Québec) by computing a digital elevation model using the 3D analyst tool in ArcGIS v10.5.1
(Environmental Systems Research Institute, USA). The terrestrial and aquatic surfaces within this catchment
were measured using a remote sensing image from « World Imagery ArcGIS » from 8 May 2017 with a resolution
of 0.3 m. The ombrotrophic peatland vegetation and open‐water pools cover 82.4% of the catchment surface; the
other land covers are exposed bedrock with lying sand deposits (10.4%), non‐peat vegetation (7.19%), and a
headwater stream draining the catchment (0.5%). The total peatland area is 2.60 km2, but only 1.82 km2 is located
within the studied catchment (Figure 1b). Peat started to accumulate 9,070 calibrated years before the present,
following the postglacial Goldthwait Sea retreat, and today, the maximum peat depth reaches 440 cm (Primeau &
Garneau, 2021). The regional 30‐year (1990–2019) normal mean annual temperature, rainfall, and snowfall are
1.5°C, 422 mm, and 589 mm, respectively (Environment Canada, 2023). The coldest and warmest months are
January and July, with mean daily temperatures of − 13.9°C and 15.1°C, respectively. Average monthly tem-
peratures above 0°C occur from May to October.

The peatland has a patterned surface of alternating microforms characterized by hummocks, lawns, hollows, and
pools. Pools occupy 108,112 m2, representing 4.9% of the studied catchment and 5.8% of the peatland surface
within the catchment. In total, 164 pools >10 m2 were identified in the catchment. The median and mean pool
sizes were 109 and 659 m2, respectively. The 25 largest pools (15% of the total number of pools) represented 80%
of the total pool area, while the 118 smallest pools (72% of the total number of pools) only represented 10% of the
total pool area. Research documenting C‐GHG dynamics in the draining stream and dissolved organic matter
(DOM) composition and exchange along the peat‐pool interface within this study site has previously been
published (Prijac et al., 2022, 2023; Taillardat et al., 2022).

Instrument data and manual samples were collected from five pools within the peatland during the growing
seasons of 2019 and 2020. These five pools were selected based on their size. First, we mapped all pools >10 m2

located within the peatland and binned them into five groups based on their surface area and population (Table S1
in Supporting Information S1). Second, for each group, the pool closest to the eddy covariance system was
selected for further analyses (Figure 1d). The pools' respective surface areas were determined via ArcGIS Pro
2.8.0, and their depths were manually measured on‐site using a meter stick at multiple locations within the pool
and averaged (Table S2 in Supporting Information S1).

Figure 1. (a) Location of the study area in Eastern Canada; (b) aerial photograph image from « World Imagery ArcGIS » from 8 May 2017; (c) land cover representation
of the peatland‐dominated catchment study site; and (d) aerial photograph zoom from a drone image to show the five studied pools (M11 to M15).
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2.2. Manual Measurements

Data via manual sampling were collected monthly during the snow‐free season in 2019 from June to October.
This resulted in a total of five field campaigns in each of which all five pools were sampled within the same day.

2.2.1. Water Samples

Partial pressure (pCO2 and pCH4) and stable carbon isotope values (δ13C‐CO2 and δ13C‐CH4) were determined
using the headspace technique (see Taillardat et al. (2022) for a complete description). On each sampling day,
triplicate samples were taken at each sampling point between 09:00 and 16:00. Additionally, samples were
collected within each of the five studied pools every 2 hr over a 24‐hr sampling effort on 4–5 August 2019.
Samples were analyzed in the laboratory using a cavity ring‐down spectroscopy (CRDS) C‐GHG analyzer
(G2201‐i, Picarro Inc., USA) equipped with a gas autosampler (SAM, OpenAutosampler Inc., Canada). The
stable isotopic ratio for CO2 and CH4 data are reported in standard data notation (δ) expressed in ‰ relative to the
Vienna Pee Dee Belemnite standard. To ensure consistency of the measurements, gas standards (AlphagazTM
Isotope Natural Air, Airgas, USA) were analyzed at the beginning, in the middle (after 25 samples), and at the end
of each run.

Peat porewater samples were collected during the field campaigns in June, August, and September 2019 using a
peristaltic pump and tubing fixed to a 1‐m metallic rod which was directly inserted into the peat. Two microforms
(a hummock and a hollow) were selected to account for spatial variation, and samples were taken 30 cm, 70 cm,
and 100 cm below the peat surface in each microform. Subsurface water samples from the wells (i.e., 2‐m PVC
(Polyvinyl Chloride) pipes inserted into the peat) were collected using a peristaltic pump after flushing the first
liter of water. Water samples for dissolved CO2 and CH4, δ

13C‐CO2, and δ13C‐CH4 estimates were collected from
two porewater sampling sites and six wells in triplicate (Figure 1b). Dissolved oxygen (DO) concentration, pH,
and temperature were measured in these pore‐ and well‐water samples using a multiparameter probe (WTW Multi
3620 IDS, Xylem Analytics, Germany).

Temperature, DO, pH, and specific conductivity in the pool water were measured using the above‐mentioned
multiparameter probe whenever dissolved gas samples were collected. Samples for DOC concentration anal-
ysis were filtered using pre‐burned 0.7‐μm GF/F filters (Whatman, USA), acidified to pH 2 using 1‐M HCl and
stored in 40‐mL glass vials. Analyses were performed using the catalytic oxidation method followed by non‐
dispersive infrared (NDIR) detection of produced CO2 (total organic carbon (TOC) analyzer TOC‐L, Shi-
madzu, Japan) with a quantification limit of 0.1 mg C L− 1. Certified materials (ion 915 and ion 96.4, Environment
and Climate Change Canada, Canada) were included in the analytical loop, and the recovery was >95% of the
certified value. To account for the total dissolved carbon (DOC + CO2 + CH4 + HCO3

− ), we also calculated the
bicarbonate (HCO3

− ) concentration using dissolved CO2 and pH via the program CO2SYS (Lewis et al., 1998)
with the carbonate dissociation constants K1 and K2 taken from Millero et al. (2006) and the KHSO4 from
Dickson (1990).

2.2.2. Diffusive CO2 and CH4 flux

Water‐atmosphere CO2 and CH4 fluxes (FCO2 and FCH4) were measured using a CRDS mobile gas concen-
tration analyzer (Picarro GasScouter™ G4301, USA) during data collection in 2019 using the floating chamber
method (Frankignoulle et al., 1998). A custom‐built dynamic floating chamber (0.157 m2, 0.042 m3) was con-
nected to the CRDS C‐GHG analyzer in a closed loop. A temperature sensor (HOBO Pendant UA‐002‐08
Temperature/Light, ONSET, USA) was installed in the chamber headspace to measure the temperature every
ten seconds. Each flux measurement of each sampling point was conducted over five incubation periods of five
minutes each, and calculated following Equation 1.

F = SpCO2
OR SpCH4

·
V

R · Tchamber air · A
(1)

where F is the water‐air CO2 or CH4 flux (mmol m− 2 s− 1); SpCO2
or SpCH4

is the slope of the CO2 or CH4 con-
centration inside the chamber over time (ppmV s− 1); V is the total volume of the flux chamber + tubing (m3); R is
the ideal gas constant (atm m3 K− 1 mol− 1); Tchamber air is the absolute air temperature in the chamber (K); and A is
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the water surface covered by the chamber (m2). The slopes were calculated using linear regressions. Only re-
gressions with an R2 ≥ 0.89 were used to calculate F.

2.2.3. Gas Transfer Velocity Determination

The gas transfer velocities (k; m d− 1) of CO2 and CH4 were derived using Equation 2:

k =
F · 3.6

(K0 (pwater − pair))
(2)

where F is the flux measured with the floating chamber expressed in mmol m− 2 s− 1 (Equation 2), K0 is the
solubility coefficient expressed in mol L− 1 atm− 1 (Weiss, 1974), and pwater and pair are the gas partial pressures in
water and air, respectively, expressed in μatm.

Based on field measurements during the campaigns of June, August, and September 2019, k was determined for
each sampling point (n = 5), combining direct flux chamber measurements and dissolved CO2 and CH4 using the
headspace technique (see Section 2.2.1). For sampling periods in which only dissolved CO2 and CH4 samples
were collected (i.e., no aquatic flux chambers), the median values specific to each sampling point were used.

The k values were normalized to k600 values, which represent k at 20°C in freshwater at a Schmidt number of 600
as calculated according to Equation 3:

k600 = k · (Sc/600)n (3)

where Sc is the Schmidt number of a gas at a given temperature (Wanninkhof, 1992). We used n = 0.5 for a wind
speed >3 m s− 1 (Goldenfum, 2011).

2.2.4. Ebullitive CH4 Flux

The CH4 flux via ebullition (i.e., bubbling) was estimated from a total of 16 bubble traps (i.e., inverted funnels,
30 cm diameter, 0.07 m2 area) in the summer of 2019. Eleven bubble traps were deployed from 14 June to 7
August 2019 and five more from 7 August to 7 September 2019, and emptied and analyzed once at the end. The
bubble traps were floating underneath the water surface in three different pools. They were entirely submerged in
water with their wide‐open ends directed toward the bottom of the water body and their narrow ends facing
upwards. At their upward‐facing narrow ends, the bubble traps were sealed with rubber caps. As gas entered the
bubble traps, water was displaced and gas accumulated underneath the rubber caps. The trapped gas was collected
through the rubber caps using a 60‐mL polyethylene syringe equipped with a needle. The total gas volume was
read from the syringe scale. All gas samples were stored in pre‐evacuated 12‐mL glass exetainers (Labco In-
ternational Inc., UK) for later estimation of CO2 and CH4 concentrations and δ13C‐CO2 and δ13C‐CH4. The
number sampling frequency and spatiotemporal distribution of the deployed traps do not allow a detailed analysis
of the spatiotemporal variability of ebullition flux from the pools. We therefore solely used the average ebullitive
flux estimated from the 16 bubble trap deployments for a rough estimate of total ebullitive flux from the pools for
inclusion in the overall carbon budget of the peatland.

2.3. Automated Measurements

From 25 June 2020 to 27 August 2020, an automated C‐GHG monitoring system was installed in pool M11 (see
Figure 1) to measure pCO2 and pCH4 in water every three hours starting at midnight. Equipment and setup are
described in Deblois et al. (2023) and were similar to those used in Taillardat et al. (2022). Briefly, water was
sampled at a water depth of 10 cm using a peristaltic pump and channeled into a gas equilibrator (Minimodule
membrane contactors, Liqui‐Cel, USA) for 30 min to allow equilibration of partial pressure between water and air
phase in the module lumen. pCO2 was measured with a non‐dispersive infrared sensor (Li‐Cor Li‐850, USA; 0–
20000 ppm; 2%–4% accuracy), and pCH4 with a Tunable Diode Laser Spectroscopy sensor (TDLS; Axetris LGD
Compact A, Switzerland; 0–1000 ppm, precision ≤0.8 ppm). Data were recorded by a data logger (CR1000x,
Campbell Scientific, USA) at the end of each measuring cycle for a total of eight measurements per day (i.e.,
every three hours). Partial pressures (ppm) were converted to concentrations (μM) based on water temperature
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and gas solubility coefficient from Weiss (1974) for CO2 and from Lide (2007) for CH4, as described in Gold-
enfum (2011).

A micrometeorological station that included an eddy covariance system with a sonic anemometer (CSAT3,
Campbell Scientific, USA) and InfraRed Gas Analyzers (IRGAs) for quantification of the CO2 & H20, and CH4

flux (LI‐7200 and LI‐770, LI‐COR Biosciences, USA) was installed about 600 m NW of the outlet (Figure 1b).
Additionally, we measured the peat water table depth using a water level pressure sensor (U20 Hobo, ONSET,
USA) in a PVC pipe inserted in a 2‐m deep well into the peat. The barometric pressure was subtracted from the
ambient atmospheric pressure using a second pressure sensor left aboveground.

2.4. Systematic Literature Review

A systematic literature review was conducted to provide a synthesis of dissolved CO2 and CH4 concentrations and
fluxes from open‐water peatland pools globally. A literature search through the Scopus database was conducted
using the search string “(pool OR pond) AND (carbon OR CO2 OR CH4 OR methane) AND (peatland OR
wetland OR bog OR fen)” on 3 October 2023. A total of 1,892 documents were captured. A title screening was
conducted to only download papers that appeared relevant to our study (e.g., the term “pool” was often used to
describe the carbon stocks in peatlands (“carbon pool”) and not about a water body), which narrowed down the
number of relevant papers to 92. The selected papers were then downloaded, and data were extracted when
possible or relevant. One key consideration was to exclude papers that referred to thermokarst since they represent
a distinct aquatic system. The database constructed from the literature review is based on 38 independent studies
and 284 individual study sites (Supporting Information S2).

2.5. Data Processing and Statistical Analysis

All data processing was done using R version 4.0.2 (Core Team R, 2021). To quantify and express the seasonal
amplitude of daily CO2 and CH4 variation, we used the same data treatment as in Taillardat et al. (2022).

3. Results
3.1. Dissolved Carbon Composition in the Peat Porewater

A median dissolved carbon concentration of 51.1 mg C L− 1 (mean: 47.2 mg C L− 1; range: 6.3–93.5 mg C L− 1)
was measured in peat porewater, with 27.2 mg C L− 1 or 53% present as dissolved CO2, 20.2 mg C L− 1 or 40%
present as DOC, 3.2 mg C L− 1 or 6% present as dissolved CH4, and the remaining as 0.4 mg C L− 1 or 1% as
HCO3

− (Table S2 in Supporting Information S1). The lowest δ13C values in peat porewater were for δ13C‐CH4,
which ranged from − 82.4‰ to − 68.5‰. The second lowest was δ13C‐DOC (− 28.3‰ to − 25.0‰), and the
highest was δ13C‐CO2 (− 9.9‰ to − 0.2‰).

3.2. Variability of CO2 and CH4 Dynamics From Discrete Measurements

The surface water of all five pools M11–M15 determined from discrete measurements in June to September 2019
was supersaturated in CO2 and CH4 relative to the atmosphere. Median dissolved carbon concentrations in the
surface water were 13.3 mg C L− 1 (range: 3–28.6 mg C L− 1). Despite these supersaturated conditions, CO2 and
CH4 concentrations represented only 3.7% and 0.1% of the total dissolved carbon in pools, respectively. The bulk
of dissolved carbon was present in its organic form as DOC (median: 12.8 mg C L− 1; range: 3.0–26.7 mg C L− 1),
while HCO3

− was insignificant (median: 6.0 μg C L− 1; range: 3.6–32.4 μg C L− 1; Table S2 in Supporting In-
formation S1). Peat porewater was more concentrated in CO2 and CH4 than the pool water (55 and 159 times for
CO2 and CH4, respectively), while the DOC content was within the same order of magnitude for the two envi-
ronments (median peat porewater DOC concentration: 20.2 mg C L− 1; Table S2 in Supporting Information S1).
The median δ13C‐CO2 was higher in the peat porewater (− 3.8‰) than in the pool water (− 12.4‰), whereas the
median δ13C‐CH4 was lower in the peat porewater (− 77.2‰) than in the pool water (− 66.2‰; Table S2 in
Supporting Information S1).

The overall median diffusive CO2 and CH4 fluxes in the five pools were 220.0 mg C m− 2 d− 1 (110.0–940.0 mg C‐
CO2 m− 2 d− 1) and 17.7 mg C‐CH4 m− 2 d− 1 (3.0–447.9 mg C‐CH4 m− 2 d− 1). Leaving aside pool M11, a negative
relationship between pool size, dissolved gas concentrations (Figures 2e and 2f) and fluxes was observed
(Figures 2a and 2b). The highest CO2 and CH4 concentrations and CO2 fluxes were found in the smallest pool

Global Biogeochemical Cycles 10.1029/2023GB007909

TAILLARDAT ET AL. 6 of 21

 19449224, 2024, 4, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023G

B
007909 by C

ochrane France, W
iley O

nline L
ibrary on [04/11/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://agupubs.onlinelibrary.wiley.com/action/rightsLink?doi=10.1029%2F2023GB007909&mode=


Figure 2. Diffusion fluxes (top panels a and b), surface water concentrations (middle panels c and d) and stable isotope ratios (bottom panels e and f) of CO2 (a, c, and e)
and CH4 (b, d, and f) in the five studied pools presented by their surface area from smallest to largest, left to right. The gray dots show individual measurements. Larger
colored dots represent the median value for each pool, with the vertical lines showing the interquartile ranges (25%–75% percentiles). Note that outliers were removed in
each of the panels b (448, 299, and 298 mg C m− 2 d− 1at M15; 188 and 173 mg C m− 2 d− 1 at M11) and d (1.1 μg C L− 1 at M14, 1.0 μg C L− 1 at M11, 0.7 μg C L− 1 at M12,
0.1 μg C L− 1 at M13).
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M15. Conversely, the lowest CO2 concentrations and CO2 fluxes were measured in M14, leaving the largest
studied pool M11 aside (Figures 2a and 2e, and Table S2 in Supporting Information S1). The patterns of median
isotopic values for CO2 and CH4 comparing the different pools mirrored each other (Figures 2i and 2j). On the
contrary, the median δ13C‐CO2 in pools M11, M12, and M14 was lower compared to the smallest pool M15
(while it was slightly higher in M13; Figure 2e).

3.3. Variability of CO2 and CH4 Dynamics From Continuous Measurements

3.3.1. Temporal Variability Along the Growing Season

Over the 63 days of continuous measurements in pool M11 from 25 June to 27 August 2020, the median daily
values (Q1–Q3) for CO2 and CH4 concentrations were 0.4 mg C L− 1 (0.1–0.8 mg C L− 1) and 23.3 μg C L− 1 (1.5–
185.5 μg C L− 1), respectively (Figures 3b and 3c). The CO2 concentrations increased over the growing season. All
daily mean CO2 concentrations above the seasonal median were measured after 26 July 2020, except for one
earlier measurement on 13 July 2020 that coincided with a rain event (Figures 3a and 3b). Peat water table depth
had a similar seasonal pattern as CO2 concentrations, with 71% of the daily mean values above the seasonal
median value (− 0.25 m) being reported after 26 July 2020 (Figures 3a and 3b). The CH4 concentrations followed
a different seasonal trend, however. Most of the daily CH4 concentrations above the seasonal median
(24.0 μg C L− 1) were measured between 13 July and 11 August 2020, except for a few later CH4 concentration
measurements on 23–25 August, which also showed values above the median (Figure 3c). Peat temperature at
− 40 cm steadily increased throughout the growing season, starting at 11°C on 25 June and reaching a peak of
15.7°C on 19 August 2020 (Figure 3d). Pool water temperature was more consistent along the season, with a mean
of 21.7°C. Pool water temperature increased over periods with no rain and decreased after a rain event (Figure 3e).
Rain events did not seem to influence the CO2 and CH4 variability, except for 14 July 2020 when a clear increase

Figure 3. Continuous measurements in pool M11 from 25 June to 27 August 2020, of (a) peat water table depth (WTD), (b) dissolved CO2 concentration, (c) dissolved
CH4 concentration, (d) soil (peat) temperature at − 40 cm, and (e) pool temperature 40 cm below the water surface. Blue bars represent rainfall.
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in CO2 and CH4 concentrations was observed following a four‐day rain event (32 mm from 8 to 13 July 2020;
Figures 3a–3c).

3.3.2. Diel Variability

Over the 63 days of continuous measurements in pool M11 from 25 June to 27 August 2020, we observed a clear
pattern of higher CO2 surface water concentration in the early morning at around 06:00, and lower in the early
evening at around 19:00 (Figure 4a). The diel pattern of CH4 surface water concentrations was not clear, however.
We observed only slightly higher CH4 surface water concentrations during daytime than during nighttime hours,
where the median was highest between 06:00 and 13:00 (26.7 μg C L− 1), and lowest at 22:00 (19.3 μg C L− 1;
Figure 4b). When plotted as a variation from the daily median, diel patterns are clearly visible for CO2 (Figure 4c)
but not for CH4 (Figure 4d).

The discrete measurements in pools M11–M15 on 5–6 August 2019 revealed a pattern of most negative δ13C‐CO2

(min: − 21.4‰) in night hours (22:00–04:00), and least negative δ13C‐CO2 (max: − 7.2‰) in evening hours
(16:00–18:00; Figure 4e). The δ13C‐CO2 mirrored with the CO2 surface water concentrations (Figures 4c and 4e).
Neither δ13C‐CH4 values nor CH4 concentrations showed a comparable diel pattern (Figures 4d and 4f).

3.4. C‐GHG Balance of the Pools

The overall mean CH4 ebullition flux from all 16 deployed bubble traps was 7.5 mg C m− 2 d− 1. Ebullitive CH4

emission estimated from the 11 bubble traps deployed from 14 June to 7 August 2019 ranged from 0.6 to
6.2 mg C m− 2 d− 1 (median: 2.4 mg C m− 2 d− 1; mean: 3.0 mg C m− 2 d− 1). Between 7 August and 7 September
2019, CH4 ebullition from five bubble traps ranged from 4.0 to 25.1 mg C m− 2 d− 1 (median: 20.4 mg C m− 2 d− 1;
mean: 17.4 mg C m− 2 d− 1). As a rough estimate for the contribution of CH4 ebullition to the overall peatland
carbon budget, we multiplied this mean from the 16 traps by the total pool water surface area (108,112 m2),
resulting in an overall ebullitive emission of 813 kg C d− 1 from the pools. The mean amount of CO2 found in the
captured bubbles by the 16 traps was 0.06 mg C m− 2 d− 1, resulting in an overall contribution of 6 kg C d− 1 from
the total pool area.

Mean diffusive emission from the pools from 25 June to 27 August 2022 was 193.5 and 40.4 mg C m− 2 d− 1 for
CO2 and CH4, respectively (Figure 5). Similar to what is reported in Section 3.3.1, a clear seasonal trend was
observed, with greater C‐GHG emissions toward the end of the time series, particularly for CO2 but also a quick
increase in emissions on 13 July 2020. The CO2:CH4 emission ratio fluctuated between 2.4 and 25.0, and the
contribution of CH4 to the total C‐GHG release was the largest between 15 July and 31 July 2022. At the diel time
scale, CO2 emissions were on average 46% higher in the morning (i.e., before noon) than in the afternoon (Figure
S1 in Supporting Information S1) and matched the CO2 concentration diel variability (Figure 4c). The difference
between morning and afternoon was only 7% for CH4 diffusion. Summed up over the 64‐day measurement period,
a total of 15.0 g C m− 2 was released from the pools, with CO2 responsible for 83% of the total emissions
(Figure 5).

3.5. Global Dataset of CO2 and CH4 Concentrations and Fluxes From Open‐Water Peatland Pools

The dataset built from our systematic literature review includes 117 records of CO2 concentration, 164 records of
CH4 concentration, 76 CO2 flux values, 174 diffusion CH4 flux values, and 63 ebullition CH4 flux values from
283 unique sites and 38 independent publications (Supporting Information S2). All data were published between
1990 and 2023. Within this timeframe, 49% of the extracted data were published in 2020 or later. This suggests a
growing scientific interest in peatland pools. Spatially, 54% of all sites are in Canada, followed by the European
Union (20%), USA including Alaska (10%), Chile (9%), Russia (7%) and China (<1%). Concentrations and fluxes
of CO2 and CH4 vary over several orders of magnitude (Figure S2 in Supporting Information S1). The average
concentration is 1.43 mg C L− 1 (median: 0.5 mg C L− 1) and 0.1 mg C L− 1 (median: 0.0 mg C L− 1) for CO2 and
CH4, respectively. The mean CO2 diffusion flux is 1,039.0 mg C m− 2 d− 1 (median: 346.0 mg C m− 2 d− 1), and the
mean CH4 diffusion flux is 53.0 mg C m− 2 d− 1 (median: 20.0 mg C m− 2 d− 1). The mean CH4 ebullition flux is
33.0 mg C m− 2 d− 1 (median: 8.0 mg C m− 2 d− 1). The median CO2 and CH4 concentrations and fluxes from our
study site were close to the global median values of other open‐water peatland pools globally (Figure S2 in
Supporting Information S1).
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Figure 4.
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4. Discussion
Open‐water pools had considerably lower CO2 and CH4 concentrations than the adjacent peat porewater (Table
S2 in Supporting Information S1), indicating that dissolved gas was transported from peat to pools and that
substantial gas losses to the atmosphere occurred during this transport and from the pools. While the gradient in
CO2 and CH4 concentration and stable isotope ratio between peat and water bodies (either streams or pools) have
previously been observed (e.g., Campeau et al., 2018; Prijac et al., 2022; Rasilo et al., 2017), our study is the first
to combine CO2 and CH4 stable isotope values and concentrations from open‐water peatland pools, including a
64‐day long continuous time series. This spatio‐temporal dataset, along with a synthesis of the available data from
the literature, allowed us to shed light on the importance of the dynamics in C‐GHG processes between peat and
pools and associate emissions with implications at the ecosystem and global scale.

4.1. Drivers of CO2 and CH4 Concentrations in the Peatland Pools

4.1.1. Predominant Contribution for Peat‐Derived Organic Matter Degradation

Low δ13C‐CH4 values such as those measured in the peat porewater of our studied system (− 77.2 ± 3.6‰; Table
S2 in Supporting Information S1) are typically reported from environments in which hydrogenotrophic meth-
anogenesis (HM) is the main CH4 source (Figure 6), including peatlands (Conrad, 2005; Galand et al., 2010;
Holmes et al., 2015). In the studied pools' surface water, in contrast, δ13C‐CH4 was higher (median:
− 64.3 ± 3.8‰). We explained the difference in CH4 concentration and δ13C‐CH4 between porewater and pool
water by CH4 oxidation (Figure 6), as observed and described by Zhang et al. (2016). Therefore, our CH4

concentration gradient and δ13C‐CH4 values support the hypothesis that CH4 is produced in the peat and that some
of it is transferred, either laterally or vertically, to the pools.

Unlike CH4, dissolved CO2 in the pools of our studied system originated from multiple potential sources, as the
difference in median δ13C‐CO2 between peat porewater (− 3.8‰) and pool water (− 12.4‰; Table S2 in Sup-
porting Information S1) suggests. The first potential process is, as mentioned above, peat porewater input. The
extremely high δ13C‐CO2 in the peat porewater is explained by intense HM, which typically selects lighter CO2

isotopes and generates high residual δ13C‐CO2 (Okumura et al., 2016). Methanogenesis results in Rayleigh‐type
distillation (Whiticar, 1999), which, unlike autotrophic (i.e., root) and heterotrophic bacterial respiration, is a non‐
linear process. Therefore, the importance of methanogenesis explains the weak linear relationship observed in the
Keeling plots (Figure S3 in Supporting Information S1) and the Miller‐Tans plots (Figure 7b) for peat porewater.
The Miller‐Tans relationships were stronger for each of the five pools (r2 ≥ 0.60; Figure 7a) as compared to the
peat porewater (r2 = 0.57; Figure 7b), suggesting that organic matter decomposition from heterotrophic bacteria
in pools was more important than in peat porewater. Nevertheless, the Miller‐Tans relationships observed in pools
were still weak compared to other sites where autotrophic and heterotrophic decomposition were identified as the
exclusive sources of CO2 (e.g., r2 = 0.99 in Campeau et al. (2018)). The slopes of the linear Miller‐Tans re-
lationships, which can be used to identify the end‐member (e.g., Campeau et al., 2018; Dean et al., 2023), were
relatively consistent between the five pools (between − 18.2‰ and − 9.0‰; Figure 7a) and fell in between the
δ13C‐CO2 values expected from HM (− 3.8‰ based on the porewater values) and ecosystem respiration (− 30‰
to − 25‰; Campeau, Bishop, et al., 2017; Campeau, Wallin, et al., 2017; Hutchins et al., 2020). Organic matter
decomposition via heterotrophic activity in the pools was further supported by our diel analyses, where we
measured greater CO2 concentrations and lower δ13C‐CO2 at night than at daytime (Figures 4a, 4c, and 4e). This
diel pattern from both CO2 concentration and δ13C‐CO2 has been observed in other aquatic systems where in situ
metabolism, predominated by heterotrophic respiration over autotrophic productivity, plays an active role as a net
source of CO2 into the system rather than a net sink (Rocher‐Ros et al., 2021; Taillardat et al., 2022). As initially
proposed, photochemical oxidation could also have played a role in explaining the CO2 dynamics in the pools.
However, Prijac et al. (2022) have previously concluded based on an in situ incubation experiment that such a

Figure 4. Panels (a)–(d) show three‐hourly measurements of CO2 and CH4 surface water concentrations in pool M11 from 25 June to 27 August 2020: (a) CO2 and
(b) CH4 grouped by hour of the day, and (c) CO2 and (d) CH4 presented by variation from the daily median, where the daily median was subtracted from the hourly
measured value. Data in panels (a)–(d) are plotted on a continuous color scale along the season from June (orange) through July (yellow) to August (green). The bottom
two panels (e)–(f) show diel measurements of (e) δ13C‐CO2 and (f) δ13C‐CH4 in the five open‐water pools (M11–M15) on 5–6 August 2019. The gray background in all
panels indicates nighttime.
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process was negligible at our study site. Similarly, CH4 oxidation also contributed little to explaining CO2

concentration in pools. Using a mass balance model based on one end‐member (i.e., here, peat porewater) and in
situ CH4 concentrations and on δ13C‐CH4 values from Thottathil et al. (2018), we found that CH4 oxidation
contributed between 3.9% and 10.3% of the total CO2 present in the pools (Table S3 in Supporting Informa-
tion S1). This is a limited contribution that can be explained by low CH4 concentration (20 times less) relative to
CO2 in the pools (Table S2 in Supporting Information S1).

Altogether, we conclude that the peatland pools at our study site have a consistent behavior among themselves
(Figure 2). C‐GHG concentrations and δ13C values support the interpretation that most of the CH4 and CO2

present in the pools are the product of input from peat porewater, but that heterotrophic organic matter degra-
dation within the pools also contributes to releasing CO2 to a smaller extent. Other biogeochemical processes such
as photooxidation and autotrophic microbial activity were also considered but did not appear to play a substantial
role in our system. The diel CO2 variation amplitude (Figures 3a and 3c) revealed that autotrophic microbial
activity in the pools was at least twice lower than what was measured in the stream draining the peat (Figure S4 in
Supporting Information S1), which was already considered to be a small component of the stream net carbon
balance (Taillardat et al., 2022). The δ13CO2 values and the slope of the Miller‐Tans plot are further evidence
suggesting that the lateral input from peat and heterotrophic bacteria activity played a larger role than CO2 uptake
from autotrophic bacteria.

4.1.2. Temporal Variability in C‐GHG Dynamics

Our results suggest that water table level and temperature in peat and water are driving seasonal variability in CO2

and CH4 concentrations (Figure 3). Some previous studies highlighted the importance of temperature in
explaining the concentration and flux variability in pools (McEnroe et al., 2009; Pelletier et al., 2014), while
others did not observe any such significant relationship (Cliche Trudeau et al., 2013). The water table level seems
to have influenced CO2 concentrations, with greater pool CO2 concentrations when the water table was low. A
similar relationship has been reported for pools in a patterned fen (Cliche Trudeau et al., 2014), and also for the

Figure 5. Time series of C‐GHG evasion rate in mg C m− 2 d− 1 in pool M11 from 25 June to 27 August 2020, based on continuous measurements.
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peat‐draining stream of our study site (Taillardat et al., 2022). A probable explanation for this phenomenon is that
a lower peat water table facilitates the lateral discharge of deeper and older peat porewater enriched in dissolved
material (Covino, 2018). Water table level, however, does not appear to have influenced CH4 concentrations in
the pools (Figure 3). The inconsistent behavior of CO2 and CH4 may suggest that the peat‐derived material
follows different pathways: CO2 and potentially oxidized CH4 might predominantly be discharged to the pool
from a lateral water movement, while CH4 is principally produced at the bottom sediment of the pool (Campeau
et al., 2021). Greater concentrations and fluxes occurred in the middle of the summer (Figure 3). Such a trend has
been described previously and was explained by the warmer air, pool water, and surrounding peat temperatures
over the summer, which stimulate both CO2 and CH4 production (McEnroe et al., 2009; Pelletier et al., 2014).
Storms could have played a role in abruptly releasing large quantities of CO2 and CH4, as observed in large lakes
(e.g., Vachon & del Giorgio, 2014). There was only one event (i.e., 13 July 2020) during our 64‐day time series
that might be linked to a storm release, but the emission magnitude remained within the same range as on the other
days (Figure 5). Other than this, no dramatic changes from one day to the other linked with a rainfall event were
reported. The fact that the pools are shallow, the peatland topography is flat, and surface runoff is limited as
compared to porewater seepage (because of the high peat hydraulic conductivity) may indeed limit the effect of
storms on C‐GHG release from the peatland pools. At the diel scale, the majority of the CO2 diffused in the
morning with a peak of concentration and emission at ∼7:00 a.m. (Figure 4a and Figure S1 in Supporting In-
formation S1). These results contrast with the commonly reported nocturnal‐versus‐diurnal flux pattern explained
primarily by the absence of CO2 fixation by photosynthesis during nighttime (Attermeyer et al., 2021; Gómez‐
Gener et al., 2021). It is not clear to us why our results show a lag in maximum CO2 emissions as compared to
what has been reported, and it would require future investigations to determine if this observation is common for
peatland pools and other aquatic ecosystems.

Figure 6. Crossplot of stable carbon isotope values in peat porewater (brown) and open‐water pools (other colors). Dotted lines depict α‐values. Note that the size of the
dots is proportional to the CH4 concentration. The oxidation line is from Knorr et al. (2009). The hydrogenotrophic and acetoclastic areas are from Negandhi
et al. (2019). M11–M15 refer to surface water samples from the pools, and PW refers to peat porewater and well samples.
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4.1.3. Pool Size and Altimetry Seem to Influence the Spatial Variability in C‐GHG Dynamics

The dimensions of the pools (Figure 2) together with seasonality (Figure 3) seem to have had the greatest impact
on CO2 and CH4 concentrations and associated fluxes at our study site. If the largest pool M11 is taken out of the
analysis, our dataset shows the greatest concentrations and fluxes from the smallest pools (Figure 2). For instance,
pool M15 (surface of 77.2 m2) had median CO2 and CH4 concentrations twice as large as M14 (1,298 m2).
Previous studies have established a relationship between pool dimensions (size and depth) with CO2 and CH4

concentrations and emissions at the site scale (Cliche Trudeau et al., 2013; McEnroe et al., 2009; Pelletier
et al., 2014). The rationale is that, in general, smaller and shallower pools warm up faster, including the bottom
sediment, which is thought to produce and release CO2 and CH4 (Pelletier et al., 2014). Although our dataset
supports most of this argumentation, we noticed that the largest yet not deepest pool, M11 (5,085 m2), did not fit
into this relationship. M11 contained high CO2 and CH4 concentrations and generated strong fluxes closer to what
was measured in the smallest pool M15 (Figure 2). One possible explanation is that because pool M11 is located at
lower elevation than the other pools (Table S2 in Supporting Information S1), its drainage catchment might be
larger, which would lead to greater quantities of carbon input.

The positive relationships between pool size and C‐GHG concentrations and fluxes were also statistically sig-
nificant at the global scale, according to our literature review (Figure 8). The CO2 and CH4 concentrations and the
CH4 diffusion and ebullition in our study were greatest in small pools and decreased with increasing pool size
(Figures 8a, 8b, 8e, and 8f), which is similar to what was reported by Holgerson and Raymond (2016) for all types
of lentic systems. However, unlike Holgerson and Raymond (2016), we found no significant positive linear
relationships of CO2:CH4 ratio or CO2 diffusion with water body size for peatland pools (Figures 8c and 8d). This
may be because, regardless of their size, peatland pools are consistently surrounded by water‐saturated and
carbon‐dense peat soils. This contrasts with the global dataset, which uses water body size as a proxy to lateral
organic matter input, with greater perimeter‐to‐volume ratios and frequent mixing in smaller ponds (Holgerson &
Raymond, 2016). Regarding the absence of a relationship between CO2 diffusion and pool size (Figure 8d), larger
pools may have a greater k600 because they are more exposed to wind and therefore gas diffusion, which com-
pensates for the proportionally lower dissolved CO2 concentration in smaller pools. However, we were unable to

Figure 7. Miller‐Tans plots showing δ13C‐CO2 * CO2 vs. CO2 concentration in (a) open‐water pools M11–M15, and (b) peat porewater and wells (PW). The dashed
color lines represent the linear regression models for each site.
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establish a relationship between k600 and pool size, both at the study site and on a global scale. This is explained by
the high spatiotemporal variability of k600 within and between sites, and the limited data available. For instance,
only one study (i.e., Jansen et al., 2020) within our global dataset provided k600 values—which were nonetheless
in good agreement with our average estimate of 0.95 m d− 1 and 1.30 m d− 1 for k600‐CO2 and k600‐CH4,
respectively.

4.2. Biogeochemical Characteristics of Open‐Water Peatland Pools Compared to Other Lentic Systems

Because of their small water surfaces and depths and their specific catchment properties, it is worth considering
peatland pools as a distinct lentic freshwater system category (Richardson et al., 2022). However, our field study
and literature review suggest that CO2 or CH4 emissions from open‐water peatland pools are within the same
range as those from other ponds, lakes, or reservoirs (Figure 9), despite their specific ecological properties.

Our literature review on open‐water peatland pools (including results from this study) along with the dataset from
Holgerson and Raymond (2016) from small ponds and thermokarst water bodies (both limited to <0.1 km2 in this
analysis for comparability) allowed us to compare dissolved CO2, CH4 concentration between these three
different lentic systems (Figures 9a and 9b). Peatland pools had median CO2 and CH4 concentrations within the
same range as small pools (less than 15% difference) at around 0.42 mg C L− 1 and 15.40 μg C L− 1, respectively,
while concentrations for both dissolved CO2 and CH4 in thermokarst were much more variable (Figures 9a and
9b). These results suggest that peatland pools and small ponds behave similarly as a consequence of their high
perimeter‐to‐surface ratio and the proportionally important organic matter input compared to large lentic systems
such as lakes and reservoirs. It is therefore probable that there are more ecological and biogeochemical similarities

Figure 8. Linear relationships between peatland pool surface area and (a) CO2 concentration, (b) CH4 concentration, (c) CO2:CH4 concentration ratio, (d) CO2 diffusion,
(e) CH4 diffusion, and (f) CH4 ebullition. All axes are log‐transformed on a natural log scale. The black triangles represent data from this study. The other data points are
from previously published studies as compiled in our systematic literature review (Supporting Information S2).
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between small non‐peat ponds (<0.1 km2) and peatland pools than between small ponds and lakes in general. The
substantially different median values and distributions of dissolved CO2 and CH4 concentrations in thermokarst
(Figure 9a) can be explained by the vast group of systems they include (Kokelj & Jorgenson, 2013). Hence,
thermokarst waterbodies would deserve a better categorization based on their size, depth, age and surrounding
land cover (e.g., mineral, organic‐rich permafrost, yedoma) to better understand their functioning and constrain
their biogeochemical role (Arsenault et al., 2022; Dean et al., 2020; Kokelj & Jorgenson, 2013). This task is
critical since thermokarst water bodies represent a substantial area of the Arctic region that is expected to increase
as the climate gets warmer (Olefeldt et al., 2021).

Peatland pools at our study site released on average 278.7 (median: 220.0) mg C m− 2 d− 1 and 36.3 (median: 17.7)
mg C m− 2 d− 1, which is less than the average flux compiled from our global synthesis: 1,039.8 (median: 346.7)

Figure 9. Comparison of (a) CO2 concentrations, (b) CH4 concentrations, and (c) CH4 diffusion between peatland pools and other aquatic systems. Data for “Peatland
pools*” in all three panels (a)–(c) are from this study. Data for “Small Ponds” and “Thermokarst Ponds” in panels (a) and (b) are from Holgerson and Raymond (2016),
where only non‐peat ponds <0.1 km2 were kept. Data for the methane flux in panel (c), except for those from the “Peatland pools*”, are from Rosentreter et al. (2021).
All violin plots include box plots showing median, lower (Q1) and upper (Q3) quartiles, and 1.5 times the length of the interquartile range. The y axes of all panels (a)–
(c) are log‐transformed on a natural log (ln).
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mg C m− 2 d− 1 and 52.8 (median: 19.83) mg C m− 2 d− 1. Similar to what we reported for dissolved C‐GHG
concentrations, peatland pools—including our study site—do not seem to generate higher CO2 or CH4 emis-
sions when compared to water bodies of similar size. Global average emissions from small ponds (<0.1 km2),
which include some peatland pools, are 303 mg CO2‐C m− 2 d− 1 (range: 255–422 mg CO2‐C m− 2 d− 1 depending
on the pond size categories) and 11.6 mg CH4‐C m− 2 d− 1 (3.36–27.48 mg CH4‐C m− 2 d− 1; Holgerson & Ray-
mond, 2016). We suggest that the large resources of degradable organic matter available in our peatland pools
enhance dissolved C‐GHG concentrations and emissions, but that this situation is not exclusive to peatland pools
but rather common for small water bodies (<0.1 km2) in general. Consequently, CH4 emissions from peatland
pools fall within the same range as other freshwater ecosystems (Figure 9c and Rosentreter et al., 2021) but do not
represent a unique category based on the magnitude of their CH4 or CO2 release.

4.3. The Importance of Open‐Water Peatland Pool C‐GHG Emissions at the Ecosystem Scale

We acknowledge that our CO2 and CH4 budget estimates are likely to be underestimated since no emissions were
accounted for during winter and spring snowmelt—seasons that have been described to have the potential to
generate between 11% and 55% of the CO2 and CH4 in boreal and arctic lakes, including peatland pools (Karlsson
et al., 2013; Lundin et al., 2013; Pelletier et al., 2014; Phelps et al., 1998; Riera et al., 1999). Two previous
syntheses stressed the importance of aquatic carbon fluxes in net ecosystem carbon budgets and proposed an
average offset between 20% and 40% for peat‐dominated catchments, despite large variability between study sites
and years (Taillardat et al., 2020; Webb et al., 2019). For instance, Leach et al. (2016) reported that in the
peatland‐dominated catchment during a dry year, stream carbon export alone offsets between 63% and 90% of the
net ecosystem exchange (NEE = ER − GPP). According to Dean et al. (2023), most of the carbon released from
peatland pools is from recent carbon primary production (<300 years old) rather than old carbon for deep peat
layers (except perhaps for CH4 ebullition), which confirms the need to integrate pool C‐GHG exchange in annual
peatland ecosystem carbon budgets.

At our study site, about 119,180 m2 or 4.9% of the studied catchment area is composed of aquatic systems.
Open‐water pools dominate, accounting for 108,112 m2 or 91% of the total aquatic area, whereas the stream
accounts for 11,068 m2 or the remaining 9% of the total aquatic area (Table S4 in Supporting Information S1).
The mean concentrations in the pools were 7.9 and 1.4 times smaller than what was measured in the stream
surface water for CO2 and CH4, respectively (Taillardat et al., 2022). Similarly, the CO2 and CH4 diffusion
from the water to the atmosphere was about 35 (CO2) and 2 (CH4) times smaller for the pools than for the
stream. The elevated C‐GHG fluxes from the stream, in comparison to the pools, can be attributed to both the
higher gas concentrations and the greater gas transfer velocities from the peat‐draining turbulent stream,
particularly for CO2 (Crawford et al., 2014; Lundin et al., 2013). However, when their respective contribution is
normalized to the catchment scale, CO2 diffusion from the stream was only 3.6 times greater than that released
by the pools, and CH4 diffusion from pools was 4.6 times greater than that from the stream (Figure 10). This is
because of the disproportional surface that pools occupy as compared to the stream (Table S4 in Supporting
Information S1).

Similar observations were reported from two boreal catchments in Sweden (Jonsson et al., 2007; Lundin
et al., 2013). While no NEE value is presently available for our study site, a literature review integrating the NEE
from 13 northern ombrotrophic peatlands suggests an average carbon dioxide of − 53.66 g C m− 2 y− 1 (Table S5 in
Supporting Information S1), which is not substantially different from the long‐term rate of carbon accumulation
(LORCA) of 35.5 g C m− 2 yr− 1 for our study site (Primeau & Garneau, 2021). When using this literature‐derived
NEE value as the theoretical NEE at our study site (and normalized to the catchment surface), aquatic systems
offset 22% of the carbon uptake, and open‐water pools alone account for 4% of the offset (Figure 10). Our estimate
is higher than that of Jonsson et al. (2007) who estimated that aquatic carbon losses offset 6% of the catchment
NEE. However, Jonsson et al. (2007) mentioned that intensive forestry happening in the catchments might have
artificially boosted the catchment's NEE. On the contrary, other studies reported a greater offset from pool C‐
GHG emissions between 39% and 45% in a restored ombrotrophic peatland in British Columbia (D'Acunha
et al., 2019) or in northern permafrost wetlands (Kuhn et al., 2018). We conclude that the carbon outgassed and
exported downstream from aquatic systems (i.e., pools and streams) in peat‐dominated catchments represents a
substantial, yet variable, loss from the peat‐dominated catchment that needs to be accounted for to avoid over-
estimating the carbon capture and storage of peatlands (Casas‐Ruiz et al., 2023).
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5. Conclusion
This study highlights the biogeochemical importance of water bodies, including open‐water pools, in the C‐GHG
balance of northern peatlands. The combination of spatial (five studied pools) and temporal (continuous 64‐day
time series in one pool) concentrations and fluxes of CO2 and CH4 allowed us to identify the origins and processes
associated with carbon dynamics and emissions in open‐water peatland pools, as well as estimate their carbon
budget. The use of stable carbon isotopes helped identify methanogenesis‐driven peat porewater input as the main
source of dissolved CO2 and CH4 in peatland pools and that, to a smaller extent, heterotrophic bacterial in situ
degradation also contributed to the release of CO2 while autotrophic activity may have fixed a small fraction of
the available CO2. The automatic continuous time series of dissolved CO2 and CH4 concentrations allowed us to
understand changes on an hourly basis such as the effect of autotrophic and heterotrophic activity; and on a
monthly basis such as the effect of decreasing water table level and warming peat temperature on CO2 and CH4

concentration increase in pools, respectively. In addition, the spatial analysis from our study site along with the
global dataset from our literature review showed that the pool size was a key variable to explain differences in
dissolved CO2 and CH4 concentrations between pools. When compared to other aquatic systems, the gas con-
centrations and fluxes of open‐water peatland pools at our site were within the expected range, which led us to
conclude that even though open‐water peatland pools are an ecologically distinct lentic system, their biogeo-
chemical functioning and C‐GHG exchange rates are close to what has previously been reported for small ponds
(<0.1 km2). However, it is very important to account for C‐GHG emissions from water bodies within a peatland
catchment to determine the net carbon balance since aquatic systems represent net carbon sources while the
surrounding peat vegetation is typically characterized as a net carbon sink. Acknowledging the ecological and
biogeochemical heterogeneity of peatlands is essential to truly assess their carbon removal potential at both the
ecosystem and global scale.
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Figure 10. Conceptual model summarizing the studied net peatland‐dominated catchment carbon balance. Data from open‐water pools are from this study. Headwater
stream CO2 and CH4 exchange and downstream export values are from Taillardat et al. (2022), headwater stream DOC downstream export values are from Prijac
et al. (2023), and net ecosystem exchange (NEE) is from a synthesis of 13 previously published references that used eddy covariance measurements (see Table S5 in
Supporting Information S1). Values in the conceptual model are normalized to the catchment surface by considering the respective surface of each land cover (i.e.,
terrestrial vegetation, open‐water pools, and headwater stream). Annual emissions from the aquatic systems were calculated over 180 days, which was assumed to be the
duration of the snow‐free period in the region (Teodoru et al., 2009). Negative values indicate carbon uptake and values in brackets give the range.
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