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Abstract: Ponds are abundant in the boreal peatland landscape, which are potential hotspots for
greenhouse gas (GHG) emissions. However, compared to large lakes, ponds are difficult to identify by
satellite, and they have not been adequately studied. Here, we observed methane (CH4), carbon dioxide
(CO2), and nitrous oxide (N2O) fluxes in the growing season at three sites along the water table gradient
from the pelagic zone, littoral zone and bog across a shallow pond in a boreal peatland landscape in
Northeastern China. The results showed that the littoral zone, dominated by herb Carex, was the hotspot
for CH4 emissions. CH4 fluxes in littoral zone averaged 78.98 ± 19.00 mg m−2 h−1. The adjacent bog
was a weak source of CH4 emissions, with an average flux of 0.07 ± 0.05 mg m−2 h−1. Within the pond,
CH4 was mainly emitted through ebullition, accounting for 88.56% of the total CH4 fluxes, and the
ebullition fluxes were negatively correlated with dissolved oxygen (DO). CO2 fluxes were highest in
the pelagic zone, with an average of 419.76 ± 47.25 mg m−2 h−1. Wind and strong sediment respiration
were key factors that led to the high fluxes. The observed three sites were all atmospheric N2O sinks
ranging from −0.92 to −10.90 µg m−2 h−1. This study highlights the spatial variation in greenhouse
gas fluxes from the pond and its adjacent bog, ignoring the ecotone area may underestimate CH4

fluxes. Although ponds are a hotspot for CH4 and CO2 emissions, they can also be a sink for N2O,
which provides a reference for the quantification of global pond GHG fluxes. Therefore, finer-scale
in situ observations are necessary to better understand the feedback of permafrost peatland ponds to
global warming.

Keywords: peatland pond; greenhouse gases; CH4 ebullition; northeast China

1. Introduction

Greenhouse gases (GHGs), including methane (CH4), carbon dioxide (CO2) and
nitrous oxide (N2O), are critical to global warming [1]. By 2019, the atmospheric concen-
trations of these three gases reached 1877 ± 2 ppb, 410.5 ± 0.2 ppm and 332.0 ± 0.1 ppb,
respectively, 260%, 148% and 123% of the preindustrial levels [2]. As an important source of
GHG emissions, lakes, despite covering only 3.7% of the Earth’s non-glaciated land area [3],
can release 55.8 Tg of CH4, 0.3 Pg of CO2 and 0.27 Tg of N2O per year [4–6], which play an
essential role in the global GHG budget [4,7]. However, it remains difficult to accurately
quantify the GHGs balance of lakes due to the high spatiotemporal variability of their GHG
emissions. In particular, for small lakes or ponds [3,8,9], which cannot be identified by
satellites, GHG emissions can account for up to 37% of global lake emissions and make a
significant contribution to regional GHG emissions [6]. Therefore, precise quantification of
GHG fluxes from these small lakes or ponds is needed [10].

In contrast to large lakes, small lakes or ponds are usually shallow, with a higher
perimeter to margin ratios and large inflows of lights and nutrients [11]; this enhances
anaerobic decomposition in the sediments and leads to more CH4 release from ponds to
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the atmosphere [12]. The carbon-rich sediments in the pond are directly contacted with the
upper mixed water column [13] and consume a large amount of oxygen to produce CO2
through respiration, making small ponds a source of CO2 emissions [8]. In general, small
ponds are also sources of N2O emissions. Two key biochemical processes, nitrification and
denitrification, control the production of N2O in aquatic ecosystems [14]. However, recent
studies have shown that relatively pristine inland water bodies also act as N2O sinks [15].

CH4, CO2 and N2O can be released from lakes through three pathways—first, through
diffusive transport. It is a process that depends on the concentration gradient and the velocity
of gas exchange. Diffusion is the main way of CO2 and N2O emissions in water [16–18].
Second, they can be released through ebullition, which is considered to be an important
pathway for CH4 emissions [19,20]. The CO2 and N2O fluxes from ebullition are often
less than 0.1% of the diffusion flux [21]; these emissions are usually negligible. When the
water surface is covered by vegetation, the transport of plants is the third pathway for GHG
emissions. The aerenchyma of plants promotes GHG emissions [22,23].

Accumulation of GHGs in lakes/ponds are often associated with their terrestrial
connectivity [24,25]. As the ecotone between terrestrial and aquatic ecosystems. It is worth
noting that the littoral zone, is often considered a ‘hotspot’ for GHG emissions [26,27]. The
high productivity and material input of plants in the littoral zone provides the conditions
for GHG production [12,23]. In the case of humic lakes, the metabolism of the whole lake is
closely linked to the littoral vegetation [28]. During the growing season, the littoral zone is
the main source of GHGs emissions, accounting for more than 50% of the total emissions
from the lake [23,29,30]. Therefore, the littoral zone should also be taken into account when
estimating lakes/ponds’ carbon fluxes.

To improve the understanding of fine-scale spatiotemporal variation in GHG dynamics,
we selected a pond in a boreal peatland landscape of northeast China, which is located at
the southern margin of the Eurasian permafrost, to observe GHG fluxes from the pond and
its peatland landscape. The thinner permafrost layer and higher soil temperatures make
ecosystems in this region more sensitive to climate warming [31]. The main aims of the
study are to (1) determine the spatial and temporal variations in CH4, CO2 and N2O fluxes
from the pond during the growing season; (2) determine which environmental factors
control the GHG (CH4, CO2, N2O) emissions and (3) assess the dominant CH4 emissions
pathway within the pond.

2. Materials and Methods
2.1. Site Description

The study area was located in the north of the Great Hing’an Mountains in China, the
southern margin of the Eurasian permafrost zone (Figure 1). Most of the boreal peatlands
in China are located in this region. Peatlands are widely distributed in flat valleys where
rivers meander through [32]. The climate of the region is a cold-temperate monsoon
climate with an average annual temperature of −3.8 ◦C and average annual precipitation
of 460.8 mm. Precipitation from June to August often accounts for more than 60% of the
annual precipitation. Our studied pond was a shallow humic pond (1200 m2 in the area with
maximal depth 1.6 m) in the lowland peatland area (53◦00′58′′ N, 123◦30′29′′ E; 574 m a.s.l.).
The pond catchment area came from a bog on more elevated ground, and there was an
outlet to the northeast of the pond, which flows into an adjacent stream. The active layer
reached a maximum in late August (Table 1).

There were no plants in the pelagic zone (Table 1). Species of trees in the bog included
Larix gmelinii, Betula fruticosa and occasional Betula platypyhlla. Shrubs in the bog were
Ledum palustre, Vaccinium uliginosum, Salix rosmarinifolia, Ribes procumbens, Rubus arcticus
and Potentilla fruticosa. The understory herbs in the bog were Calamagrostis angustifolia, Carex
lithophila, Habenaria linearifolia, Equisetum sylvaticum and Saussurea manshurica. Sphagnum
mainly includes Sphagnum nemoreum and Sphagnum squarrosum. Common plants in the
littoral zone were Carex orthostachys, Carex schmidtii and Carex callitrichos. Three observation
points were 10 m away from each other.
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Figure 1. Location of the study area in the Great Hing’an Mountains, Northeast China (a). Spatial
distribution of the pelagic zone, littoral zone and bog (b).

Table 1. Biological and environmental parameters of the pelagic zone, littoral zone and bog.

Site Water Table
(cm)

Plant Biomass
(g DWm−2)

Plant Height
(cm)

Maximum
Depth of Active

Layer (cm)

Pelagic zone 116.00 ± 2.56 ND ND 105.67 ± 0.65
Littoral zone 21.4 ± 25.1 110.43 ± 21.58 33.50 ± 6.50 96.16 ± 0.84

Bog −12.25 ± 0.68 287.76 ± 5.12 135 ± 14.98 80.00 ± 2.42
ND: No data. Values are the mean ± SE (n = 3).

2.2. Gas Flux Measurement

In the growing season (12 June–26 September 2021), GHGs were measured on a weekly
schedule. PVC static chambers size 50 cm × 50 cm × 50 cm were used for bog and littoral
zone. Three flux measurement plots were set up in the pelagic zone, littoral zone and
bog. In the bog, the measurement sites contained a representative sample of above-ground
communities (hummock and hollow). The base paired with the chamber was placed at the
bog measurement sites and was permanently placed 20 cm into the ground to achieve an
airtight seal. We entered the bog via a wooden boardwalk to prevent the measurement
point from being disturbed by the operator. Plastic floating chambers (were fitted with
Styrofoam) size 35 cm × 35 cm × 30 cm were used for the pelagic zone. Chambers were
covered with reflective thermal material to minimize internal heating from sunlight. We
entered the pond via a floating boat and waited until the surface disturbance disappeared
before sampling. When sampling, four gas samples were taken from the static chambers at
0, 10, 20 and 30 min after the chambers were closed, then injected into pre-emptied 50 ml
gas sampling packs (Delin Gas Packing Co., Ltd., Dalian, China).

The gases were analyzed within one week using a Thermo Fisher Trace-1300 gas
chromatography (Thermo Fisher, USA) for CH4, CO2 and N2O concentrations, analysis
of CH4 and CO2 concentrations with FID detectors and N2O concentrations with ECD
detectors. The gas fluxes were calculated using the following equation:

F =
dc
dt
× M

V0
× P

P0
× T0

T
× H (1)

where F is the gas flux (mg m−2 h−1); dc/dt is the slope of gas concentration changing
with time (µmol mol−1 h−1); M is the molar mass of the gas under test (g mol−1); P is the
atmospheric pressure at the sampling spot (Pa), H is the height of the static chamber; V0, P0,
and T0 are the molar volume (m3 mol−1), standard atmospheric pressure (Pa) and absolute
temperature (K) of the gas at the standard state respectively. In bog and littoral zone, data
was accepted when r2 ≥ 0.9 of the linear regression between gas. For r2 below 0.90, the
emissions were considered as a mix of ebullition and diffusive when one or more abrupt
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increases in GHG (mainly CH4) concentration were observed. There were 5% of the flux
measurements that were filtered out by the r2 filter.

2.3. Methane Ebullition

In the pelagic zone, bubble-free water 10 cm below the water surface was collected
in 150 mL serum bottles with butyl rubber stoppers and stored at 4 ◦C in the dark. Three
parallel samples were collected from each sampling point, and the CH4 concentration in
the water samples was determined according to the headspace method. Then, 50 mL of
high purity N2 was injected into the headspace bottle through a short needle, and the water
was drained through a long needle. Then the bottles were shaken at a speed of 250 r/min
for 10 min by a shaker to accelerate the exchange between the gas and liquid phases. The
sample was removed and placed in a dark place for 30 min to allow the gas and liquid
phases to reach equilibrium, then the gas phase was determined with gas chromatography
(FID detector). The ideal gas equation and Henry’s law were used to calculate the CH4
concentration in the water sample [33].

CH4 diffusion fluxes are calculated from the gas concentration gradient between water
and atmosphere and the gas transport rate:

Flux = Kx

(
Cwater − Cequilibrium

)
(2)

where F is the CH4 diffusion flux (µmol m−2 h−1); Cwater is the concentration of the gas
in water (µmol L−1); Cequilibrium is the saturation of CH4 in water at field temperature and
pressure; Kx is the gas change coefficient (cm h−1), which is generally related to the Schmidt
constant and the standard gas change coefficient for a gas at a given temperature [34]:

Kx = K600 (600/Sc)
0.66 (3)

where Sc is the Schmidt constant for CH4, Sc was based on the following equation [35]:

ScCH4= 2039.2− 120.31t + 3.4209t2 − 0.040437t3 (4)

where t is the temperature (K).
K600 is the Kx corresponding to a Schmidt number of 600. In this study, K600 was

calculated based on the constants and formulas from [16]:

K600 = 2.07 + 0.215 × U1.7 (5)

where U is wind speed (m s−1).
As there was no vegetation cover in the pelagic zone, CH4 ebullition was calculated

by subtracting the diffusive flux from the total flux in the float chamber [36,37].

2.4. Environmental Parameters and Plant Biomass

A portable anemometer (UT363S, China) was used to record the wind speed and
air temperature for each field sample. Soil temperature and chamber temperature were
measured with a thermometer with a probe (JM624, China). Water temperature and
dissolved oxygen (DO), electrical conductance (EC) and pH were measured using a portable
water quality meter (YSI 556 MS, USA).

To measure plant biomass, we randomly placed three sub-sample plots of 1 × 1 m in
each plot. All the aboveground plants were harvested and weighed immediately. Then, we
sent the plants to the laboratory for drying at 80 ◦C to constant mass. The dry biomass was
calculated by multiplying the fresh weight of the plants by the dry/wet ratio of the sample.

2.5. Collection and Analysis of Water and Sediment/Soil Samples

Within the pond, three parallel water samples were collected in 550 mL brown plastic
bottles and stored at 4 ◦C for later laboratory analysis within 36 h. Total nitrogen (TN)
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was determined by spectrophotometry (UV spectrophotometer, T6-1650E, China). Total
phosphorus (TP) in water determined with a multi-parameter water quality meter (Lianhua
YongXing Science and Technology Development Co., Ltd., Beijing, China). Dissolved
organic carbon (DOC) was passed through a 0.45 µm filter membrane and then measured
with a Multi N/C 2100 TOC meter (Analytik Jena, Germany).

When gas was collected on 15 August, 0–20 cm of surface sediments or soil was taken
and kept at 4 ◦C to take back to the laboratory for analysis. Total organic carbon (TOC) in
sediments and soil was determined using a Multi N/C 2100 TOC analyzer (Analytik Jena,
Germany). The total nitrogen (TN) was extracted by adding concentrated sulphuric acid
and mixed catalyst to the soil sample, heating at 150 ◦C for 60 min, 250 ◦C for 60 min, and
400 ◦C for 120 min and then filtered. The filtrate of TN was analyzed with an automatic
continuous segmented flow analyzer (AA3, Seal Analytical, Germany).

2.6. Statistical Analysis

The Kruskal-Wallis was used to analyze the differences in CH4 and N2O fluxes from the
three zones because the data were not normally distributed. Spearman correlation analysis
examines the effect of environmental factor variables on greenhouse gas fluxes. All statistical
analyses were performed using SPSS software version 19.0 (SPSS, Inc., Chicago, IL, USA). The
statistical results were plotted using Origin 2019 (Origin Lab Corporation, Northampton, MA,
USA), and the results were considered significant at the level of p < 0.05.

3. Results
3.1. Chemical Properties of Sediment/Soil

The order of magnitude of TOC content at these three zones was bog > littoral zone > pelagic
zone (Table 2). The pelagic zone had the highest TN content, significantly higher than the littoral
zone (p < 0.05). The bog was not significantly different from the other sites in terms of TN content
(p > 0.05, Table 2).

Table 2. Physicochemical properties in the surface sediments/soil (0–20 cm depth) in pelagic zone,
littoral zone and bog during the growing season.

Site TOC (g kg−1) TN (g kg−1) pH C/N

Pelagic zone 297.00 ± 41.41 c 36.63 ± 0.73 a 4.15 ± 0.03 c 8.11
Littoral zone 350.67 ± 12.67 b 27.62 ± 0.02 b 4.38 ± 0.39 b 12.7

Bog 527.33 ± 10.23 a 32.85 ± 1.58 ab 4.57 ± 0.04 a 16.05
TOC: total organic carbon. TN: total nitrogen. Pelagic zone was sediments that permanently submerged by water.
Different lowercase letters indicate significant differences (p < 0.05) across different sites. (mean ± SE, n = 3).

3.2. CH4 Fluxes

On the temporal scale, CH4 fluxes were highest in August at all three sites, but the
lowest fluxes occurred at different periods. In the pelagic zone, the lowest flux value
occurred in September with a value of 1.35 mg m−2 h−1. In the littoral zone and bog,
the lowest flux occurred in July with values of 7.02 mg m−2 h−1 and −0.19 mg m−2 h−1,
respectively (Figure 2a). On the scale of spatial scale, CH4 fluxes were highest in the littoral
zone, with fluxes two–three orders of magnitude greater than those from the adjacent bog
(Figure 2b). The average flux in the littoral zone was 78.98 ± 19.00 mg m−2 h−1. The
mean fluxes at the other two sites were 8.48 ± 1.77 mg m−2 h−1 in the pelagic zone and
0.07 ± 0.05 mg m−2 h−1 in the bog, respectively. CH4 fluxes were significantly different
in these three sample sites (p < 0.01, Figure 2b). CH4 fluxes in the pond were positively
correlated with sediment temperature (p < 0.05, Figure 3) and water temperature (p < 0.05,
Figure 3) and negatively correlated with dissolved oxygen (p < 0.01, Figure 3).



Water 2023, 15, 307 6 of 14

Figure 2. Temporal (a) and spatial (b) variation in CH4 fluxes during the growing season. Bars
represent mean ± SE. The empty squares, lines within each box, lower and upper edges and bars
represent the means, median values, 25th and 75th, 10th, and 90th percentiles, respectively. * and **
indicate significant level at 0.05 and 0.01 level.

Figure 3. Correlation of total CH4 fluxes in the pelagic zone with sediment temperature, water
temperature, and dissolved oxygen (DO). Shaded areas indicate 95% confidence intervals.

Within the pond, the highest CH4 ebullition fluxes occurred in August while the
highest diffusive fluxes both occurred in late September. On average, ebullition accounted
for 88.56% of the total CH4 fluxes in the pelagic zone (Figure 4a). Ebullition dominated the
CH4 fluxes and was negatively correlated with DO (p < 0.01) (Figure 4b).

Figure 4. Contribution of CH4 ebullition fluxes, diffusive fluxes in pelagic zone. The bars indicate the
CH4 fluxes and the line indicates the contribution of ebullition (a). Correlation of CH4 ebullition fluxes
in the pelagic zone with dissolved oxygen (DO). Shaded areas indicate 95% confidence intervals (b).

3.3. CO2 Fluxes

On the temporal scale, CO2 fluxes showed a general trend of increasing and then
decreasing over time in the pelagic zone, with higher fluxes in July/August. In the lit-
toral zone, the maximum CO2 fluxes occur in July (Figure 5a). In the bog, peak CO2
fluxes occurred early in the growing season. The mean values for the three sites were
419.76 mg m−2 h−1, 168.41 mg m−2 h−1 and 150.72 mg m−2 h−1, respectively. CO2 fluxes in
the pelagic zone were positively correlated with sediment temperature (p < 0.05, Figure 6),
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wind speed (p < 0.05, Figure 6) and dissolved organic carbon (p < 0.05, Figure 6) and
negatively correlated with dissolved oxygen (p < 0.05, Figure 6).

Figure 5. Temporal (a) and spatial (b) variation in CO2 fluxes during the growing season. Bars
represent mean ± SE. The empty squares, lines within each box, lower and upper edges and bars
represent the means, median values, 25th and 75th, 10th, and 90th percentiles, respectively.

Figure 6. Correlation of CO2 fluxes in the palafic zone with sediment temperature, wind speed, DO
and dissolved organic carbon (DOC).

3.4. N2O Fluxes

N2O fluxes ranged from −39.22–25.12 µg m−2 h−1, −34.31–12.56 µg m−2 h−1 and
−38.73–30.50 µg m−2 h−1 in the pelagic zone, littoral zone and bog, respectively (Figure 7a);
their minimum values occur in July. The mean fluxes of N2O at the three sites as sinks were
−10.90 µg m−2 h−1, −5.80 µg m−2 h−1 and −0.90 µg m−2 h−1, respectively. There were no
significant differences among these three sites fluxes (p = 0.425, Figure 7b). In all sites, N2O
fluxes did not correlate with any observed environmental factors (p > 0.05).
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Figure 7. Temporal (a) and spatial (b) variation in N2O fluxes during the growing season. Bars
represent mean ± SE. The empty squares, lines within each box, lower and upper edges and bars
represent the means, median values, 25th and 75th, 10th, and 90th percentiles, respectively.

4. Discussion
4.1. CH4 Fluxes
4.1.1. CH4 Fluxes within the Pond

The studied peatland pond was a net source of CH4 throughout the growing season,
with ebullition being the main way of emissions. Compared to other boreal peatland ponds,
the pond in our study had higher fluxes than ponds in Canada [38]. This may be because
of the fact that the area we studied was in a permafrost zone, where melting permafrost
increases carbon emissions. In contrast, the CH4 fluxes from thermokarst lakes in the
Qinghai-Tibet Plateau, which is also located in the permafrost zone, is two times higher
than in our study [39]. Carbon release rates may be higher in thermokarst lakes formed
due to permafrost thawing. Nutrient cycling rates within small ponds are rapid [40], and
CH4 emission rates are usually higher than those in larger lakes. The CH4 flux rate in our
pond was higher than that reported in large lakes in Finland [41].

Within the pond, ebullition accounted for over 80% of the total CH4 fluxes. The
high fluxes of ebullition occurred in August, with the lowest values occurring in June
and September, which was consistent with previous studies [37,42]. Seasonal patterns of
CH4 emissions are temperature dependent. CH4 production and emissions increase with
temperature [43]. This is also indicated by the positive correlation between CH4 fluxes and
water or sediment temperatures (Figure 4). Increased temperature stimulated the activity
of methanogenic bacteria and accelerated CH4 production rates [44]. Thus, in the month
with high temperatures, CH4 fluxes increased. Small, shallow ponds tended to have high
ebullition fluxes [45–47]. The shallower water column compared to large lakes limits the
time that CH4 bubbles can remain in the oxygenated water column, reducing the oxidation
of CH4 in the bubbles [13,48]. Ebullition fluxes were negatively correlated with DO in our
study (Figure 5), which is consistent with previous studies [8]. Furthermore, we analyzed
the relationship between ebullition flux and air pressure but did not find a correlation
between them. Although air pressure can be proved to facilitate the release of bubbles from
sediments [49,50].

4.1.2. The Littoral Zone Was a Hotspot for CH4 Fluxes Compared to Pond and Adjacent Bog

Our results showed a large spatial variation in CH4 emissions, with the littoral zone
making a significant contribution to pond CH4 emissions. Also in boreal regions, higher
CH4 emissions from the littoral than from the pelagic zones of shallow lakes have been
reported [46,51]. In our study, the littoral zone was an ecotone between the pond and
adjacent bog, with CH4 emissions three magnitudes higher than the adjacent bog and one
magnitude higher than the pelagic zone (Figure 2b). The extremely high CH4 emissions
in the littoral zone were driven by both biological and abiotic factors. The rich organic
matter in the littoral zone provides more substrate for methanogens and promotes CH4
production [52,53]. Previous studies on boreal lakes have shown that vegetation-mediated
CH4 emissions from the littoral zone can account for 60–80% of CH4 emissions from
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the lake [28]. The CH4 transport rates depend on the plant species; commonly, Carex-
dominated vegetation types have greater CH4 flux rates than other plants [54]. There was a
significant spread of Carex species in the littoral zone, which can transport CH4 through
the aerenchyma and bypass the oxygen layer [55–57]. The CH4 fluxes in the bog were
much lower than those in the littoral zone. This is because the bog was dominated by
shrubs and trees, which do not have well-developed aerenchyma to facilitate CH4 transport.
Sphagnum was widely distributed in the bog, and the microbes on and within it could
oxidize CH4 and further reduce its emissions [58,59]. In addition, the bog had the lowest
water level of all the studied sites, which was one of the reasons that the bog was a very
small source of CH4 emissions. Temperature is an important factor influencing soil CH4
fluxes. CH4 flux peaks were also tending to occur during the period when soil temperatures
were high in August (Figure 2a). High temperatures can promote both methanogenesis
from methanogens and CH4 oxidation from methanotrophs; CH4 fluxes depend on the
balance of these two processes [60]. The negative CH4 fluxes that occurred in the bog
during periods of high temperature (Figure 2a) indicated that CH4 oxidation was dominant
at this time.

4.2. CO2 Fluxes

Temporal and spatial variation in the pond was related to a variety of environmental
factors such as temperature, DOC or rainfall events. Sediment organic carbon mineraliza-
tion was strongly dependent on temperature. As sediment temperature increases, organic
carbon burial efficiency decreases, leading to enhanced CO2 emissions from the lake [61,62].
Thus, when sediment temperature was the highest in August, CO2 fluxes in the pelagic
zone also reach a maximum during this period. CO2 fluxes in pelagic zone were lower
in June and September. This is due to the low water temperature during this time, which
reduces the production of CO2 by microorganisms through respiration [63]. The factor
driving the temporal variability of CO2 fluxes in the ponds was DOC, as indicated by the
positive correlation between CO2 fluxes and DOC in the pelagic zone (p < 0.05). DOC is
an important source of carbon for aquatic ecosystems [64] and has a significant impact on
CO2 emissions [65–67]. Peatland ponds can be a source of CO2 through several pathways:
sediment respiration, oxidation of CH4 [30] sunlight-induced photochemical mineralization
of colored dissolved organic matter (CDOM) [68] and inflowing streams and littoral areas
providing dissolved gases [69]. The peatland pond we studied was strongly controlled by
hydrological events. Hydrological inputs to the pond were from the bog and large amounts
of precipitation during the growing season. Precipitation not only dilutes chemical parame-
ters in the pond, but also controls DOC flow and diffusion, possibly providing the pond
with dissolved gases and contributing to the high CO2 fluxes in the pond. Precipitation
brought DOC from the bog into the littoral zone and increased DOC supply leads to higher
CO2 fluxes at this time.

Previous studies have reported on spatial patterns of CO2 fluxes in shallow lakes [70].
This spatial heterogeneity is associated with differences between pelagic and littoral
zone [71]. CO2 in the pond mainly came from sediment respiration [64]. Sediment respira-
tion consumes oxygen to produce CO2, and high sediment temperature also facilitates CO2
emissions. The pelagic zone showed a negative correlation with DO (p < 0.05) and a positive
correlation with sediment temperature (p < 0.05), indicating that sediment respiration was
strongest in this zone, which may lead to higher CO2 fluxes. Wind speed can influence
CO2 fluxes by controlling the rate of gas transport at the water-air interface [72]. The open
water of the pelagic zone was susceptible to wind, thus enhancing pond turbulence in the
pelagic zone and stimulating the escape of CO2 from the pelagic zone into the atmosphere.
The positive correlation between CO2 fluxes and wind speed in the pelagic zone (p < 0.01)
showed the effect of wind on CO2 fluxes and indicated that diffusion was the pathway for
CO2 emissions in our study.

Small shallow peatland ponds are a powerful source of atmospheric CO2. The sed-
iment decomposition of these ponds is greater than in large deep lakes [38]. Sediment



Water 2023, 15, 307 10 of 14

with high carbon content is the characteristic of peatland ponds, which is an important
source of carbon emissions from northern ponds or lakes [66]. The pond we studied had
three times more CO2 fluxes than Canadian peatland ponds [46]. High CO2 emission
fluxes may be common feedback from permafrost peatlands to climate change. Typically,
small ponds tend to have higher average CO2 emission rates than larger and deeper lakes.
Compared to the large lakes in Finland [41], the CO2 emissions in this study are more than
20 times higher than in their study. Lake types and the hydrological conditions help us to
understand the differences in lakes/ponds’ CO2 emissions.

4.3. N2O Fluxes

There was no significant spatial variation in N2O fluxes (p > 0.05). On the time scale, all
sites alternated between sources and sinks but mainly showed as a sink. This may depend
on the relative rates of N2O production and consumption at any particular time [73]. N2O
flux peaks from water bodies usually occur in winter, and the lowest values of N2O fluxes
occur during the open water season when lakes are likely to behave as a sink [74]. On the
spatial scale, both pelagic zone, littoral zone and adjacent bog exhibited sinks for N2O fluxes.
Small water bodies can be sinks for N2O, which has also been demonstrated in previous
studies [15,75]. This is related to the availability of organic carbon and oxygen in the
water column and the stratification of the water column. N2O is produced mainly through
nitrification and denitrification by microorganisms; denitrification is usually predominant
in aquatic ecosystems [76]. N2O can be produced at the boundary of the hypoxic layer
of the water column due to the denitrification process, which demands an appropriate
anoxic environment for N2O production. However, N2O is rapidly exhausted under
extreme anoxic conditions, which explains the unsaturation of N2O in the completely
anoxic layer [77]. The sediment contained an extremely low level of oxygen and provided a
completely anoxic environment. Therefore, N2O was consumed at the bottom of the pond.
The concentration gradient resulting from the unsaturation of N2O in the completely anoxic
layer may be one of the reasons for the uptake of N2O by the water body. Another reason
for N2O uptake in the pond we studied was related to organic carbon availability. When
the C source is restricted, denitrification cannot proceed completely [78], resulting in the
production of the intermediate product N2O. The high DOC (>20 mg L−1) concentration
regulates the rate of denitrification and facilitates N2O consumption [15]. This explains
the pond we studied as a sink in the landscape because of the very high DOC level in
the water of the pond (average 39.88 mg L−1, Table S1). Similarly, organic carbon input
from the abundance of plants in the bog and littoral fringe provides energy for denitrifying
bacteria, with N2 being the main product after complete denitrification [78]. Our results
suggest that the peatland pond and adjacent bog in the boreal region are not a significant
source of atmospheric N2O. The average N2O fluxes in the pond in the study area were T
which was lower than the pond in Finland (−0.26 µg m−2 h−1) [79]. They both showed
as sinks for N2O. Anthropogenic inputs of nitrogen and phosphorus are the main reasons
for the high N2O fluxes from some lakes, which have much larger N2O fluxes than the
pond we studied [27,80,81]. However, due to the effects of global warming, there is a trend
toward N2O emissions from ponds and peatlands in boreal regions because of permafrost
thawing [35]. Therefore, longer timescale observations are needed for changes in ponds
N2O fluxes in the study area, as the permafrost in this region is thawing [31].

4.4. Implications for the Peatland Pond System from Peatland Landscapes

Peatland ecosystems are widely distributed in boreal landscapes [14]. They can pro-
vide critical information on the terrestrial carbon cycle [66]. Permafrost thawing may have
exacerbated the transport of carbon from the peatland to aquatic systems [25]. These aquatic
systems can act as conduits for the transport to the atmosphere of carbon immobilized in
terrestrial ecosystems [82]. Warming leads to an expansion in the number and size of boreal
lakes [83], this may convert a part of the peatland into a permanent aquatic system. Our
results suggest that the peatland pond and its littoral zones were a large source of carbon
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emissions. Uncertainties in lake CH4 flux estimation include the lack of data in the littoral
zone, and an accurate assessment of CH4 fluxes in the littoral zone requires our attention.
Future studies could quantify the GHG balance in peatland landscapes and aquatic systems
in this region, which would help to understand the importance of these aquatic systems in
regional GHG emissions.

5. Conclusions

The spatiotemporal variation of GHG emissions from a pond and adjacent bog was
studied. Within the pond, ebullition was the main pathway for CH4 emissions, accounting
for over 80% of the total fluxes, and the littoral zone was a hotspot for CH4 emissions. CO2
was emitted mainly through diffusion, and the hotspot was the pelagic zone. Therefore,
using only a diffusion-based model (as in Equation (2)) dependent on the gas concentration
deficit between the air and water will underestimate CH4 fluxes in ponds with high
ebullition rates. Environmental factors such as DO, DOC and wind speed significantly
predict pond carbon gas emissions. Overall, although the peatland pond was an important
source of CH4 and CO2 emissions, it can act as a sink for N2O.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/w15020307/s1, Table S1: Hydrochemical parameter data in the
water column in pelagic zone of the pond.
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