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Aldis Butlers * , Andis Lazdin, š , Santa Kalēja, Dana Purvin, a , Gints Spalva, Guntis Saule and Arta Bārdule

Latvian State Forest Research Institute ‘Silava’ (LSFRI Silava), Rigas Str. 111, LV-2169 Salaspils, Latvia;
andis.lazdins@silava.lv (A.L.); arta.bardule@silava.lv (A.B.)
* Correspondence: aldis.butlers@silava.lv

Abstract: The ability to accurately assess the impact of organic soil drainage on greenhouse gas
emissions (GHG) is still limited. Methane (CH4) emissions are characterized by significant variations,
and GHG emissions from nutrient-rich organic soil in the region have not been extensively studied.
The aim of this study was to assess CH4 and nitrous oxide (N2O) emissions from nutrient-rich organic
soil in hemiboreal forests to provide insights into their role in regional GHG balance. Over the course
of one year, CH4 and N2O emissions, as well as their affecting factors, were monitored in 31 forest
compartments in Latvia in both drained and undrained nutrient-rich organic soils. The sites were
selected to include forests of different ages, dominated by silver birch (Betula pendula Roth), Norway
spruce (Picea abies (L.) Karsten), and black alder (Alnus glutinosai (L.) Gärtner), as well as clearcuts. Soil
GHG emissions were estimated by collecting gas samples using the closed manual chamber method
and analyzing these samples with a gas chromatograph. In addition, soil temperature and groundwa-
ter level (GW) measurements were conducted during gas sample collection. The mean annual CH4

emissions from drained and undrained soil were −4.6 ± 1.3 and 134.1 ± 134.7 kg CH4 ha−1 year−1,
respectively. N2O emissions from undrained soil (4.1 ± 1.4 kg N2O ha−1 year−1) were significantly
higher compared to those from drained soil (1.7 ± 0.6 kg N2O ha−1 year−1). In most of the study
sites, undrained soil acted as a CH4 sink, with the soil estimated as a mean source of CH4, which was
determined by one site where an emission hotspot was evident. The undrained soil acted as a CH4

sink due to the characteristics of GW level fluctuations, during which the vegetation season GW level
was below 20 cm.

Keywords: organic soil; drained; undrained; methane; nitrous oxide

1. Introduction

In northern regions, including the hemiboreal forest, organic soil, especially peatlands
with a high C content, makes understanding the soil greenhouse gas (GHG) emissions
particularly important [1]. Peats are formed by partially decomposed biomass litter that
is stored in anoxic conditions due to a high groundwater level. The continuous supply of
labile organic matter by the natural mortality of biomass and seasonality of groundwater
level fluctuations can determine the proportion of soil layers with aerobic and anaerobic
conditions and regulate conditions that are suitable for microbial activities, either by
producing GHG or removing them from the atmosphere.

According to a common understanding, the drainage of organic soils reduces CH4
emissions and increases N2O emissions. In general, N2O emissions from rewetted organic
soils are considered negligible [2], while there is evidence that N2O can have an important
role in GHG emissions from hemiboreal drained peatlands due to its high global warming
potential [3] of 265 [4]. It has been estimated that the establishment of a natural GW level
in northern peatlands increases CH4 emissions (global warming potential of 28 [4]) on
average by 46% [5]. To further signify the role of CH4 emissions from wet soils, the Intergov-
ernmental Panel on Climate Change (IPCC) has reported that, globally, natural wetlands
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contribute 25%–40% to the emissions of CH4 [6], while drained peatlands contribute up
to 5% of GHG emissions [7]. However, estimations of the annual emissions of both CH4
and N2O are still highly uncertain [8] as studies conducted so far cannot provide empirical
data of sufficient temporal and spatial coverage to enable highly and accurately drained
organic soil GHG emission estimates. An understanding of naturally wet (undrained)
organic soil is even more scarce, which likely originates from no obligations to report
GHG emissions from undrained soil according to IPCC Guidelines. However, to evaluate
the actual anthropogenic impact of drainage on climate change, the GHG balance can be
estimated as the difference between emissions from undrained and drained land.

The synthesis and analysis of exercises by IPCC and reported in the 2006 IPCC Guide-
lines for Wetlands Supplement [2] provided default emission factors for GHG inventories
and showed that there was no significant difference between CH4 emissions from undrained
and rewetted organic soil, and a variance in the emission factors for both soils range within
−0.1 to 420 kg CH4 ha−1 year−1. Furthermore, CH4 emissions from nutrient-rich organic
soils were estimated to be half an order of magnitude higher than those from nutrient-
poor organic soils. Similarly, a 95% confidence interval of emission factors for the drained
nutrient-rich organic soil ranged more than 100% around the mean from negative to positive
values. However, the above-mentioned use of default emission factors could not provide
sufficiently accurate emission estimates at the national level for a confident understanding
of CH4 emissions from drained and undrained/rewetted organic soils.

Our research aimed to assess CH4 and N2O emissions from both drained and undrained
nutrient-rich organic forest soil in hemiboreal Latvia. In addition to conducting emission
measurements, we evaluated emission-affecting factors to explore possibilities for finding
solutions to improve the accuracy of emission estimates by upscaling based on local conditions.

2. Materials and Methods
2.1. Study Site Description

This study was conducted in hemiboreal forest sites in central Latvia (Figure 1)
with undrained (Dryopterioso-caricosa and Filipendulosa) and drained (Oxalidosa turf. Mel.)
nutrient-rich organic soil according to the national forest site type classification [9]. In total,
31 study sites, including 5 clearcuts and 26 forest stands with dominant tree species of
silver birch (Betula pendula Roth), black alder (Alnus glutinosai (L.) Gärtner), and Norway
spruce (Picea abies (L.) Karsten) (hereafter birch, alder, and spruce, respectively) at various
developmental stages were included in this study (Table 1). Respectively, subsequent
references to tree species in relation to the measurements indicate the dominant tree species
in the study sites and, accordingly, also in the respective sample plots, as these were es-
tablished in an area representative of the study sites. Each study site was represented by
one circular sample plot (500 m2), which was established at least 50 m from the border of
the forest site and at least 300 m and 100 m from the nearest drainage ditch in undrained
and drained sites, respectively. The selected drained sites were representative of typical
national drainage practices, and the drainage systems were functional. The sample plots
represent the same forest sites (Table 1) used for the estimation of the soil carbon I budget
by a previous study [10].

Table 1. Characteristics of the study sites [10].

Parameter
Undrained Forest Sites Drained Forest Sites

Spruce Birch Alder Clearcut Spruce Birch Alder Clearcut

Number of study sites 1 3 5 1 12 3 2 4
Age, years 67 21–77 10–80 14–86 18–60 26–53

Diameter, cm 31 12–29 4–23 2–27 9–27 17–24
Height, m 28 12–28 4–29 2–24 9–22 17–26

Basal area, m2 ha−1 61 17–71 8–57 8–72 19–60 32–56
Growing stock, m3 ha−1 335 78–365 35–325 7–521 38–210 123–254

Thickness of peat layer, cm 68 31–52 30–99 47 37–99 25–75 60–70 63–99
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manual static closed opaque chamber method [14] with an interval of four weeks and were 
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For the collection of gas samples, five chamber collars were installed evenly spread 
across the sample plot to measure instantaneous soil emissions in five replicates during 
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pling was performed at an interval of four weeks, starting at least one month after the 
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To confirm the comparability of the selected drained and undrained sites, soil sampling
and analysis were performed. For the characterization of soil properties, 100 cm3 of
undisturbed samples of the soil layer depths from 0 to 10 cm and from 10 to 20 cm were
collected by the core method [11] in two replicates of each sample plot and were analyzed
by an ISO 17025-certified laboratory [12] using ISO standard methods. The differences
between the average values of soil bulk density and the chemical properties of the soil
characteristics were recalculated from a 0 to 20 cm depth in the study sites where drained
and undrained soil were not statistically significant (Table S1). The data acquired for the
characterization of the study sites were further used to evaluate their impact on estimated
soil GHG (CH4 and N2O) emissions.

2.2. GHG Emission Sampling and Analysis

Soil GHG emissions were monitored for 12 consecutive months in each of the sample
plots between October 2019 and June 2021. During the monitoring period, annualized
mean air temperature (+9.2 ± 0.8 ◦C) was slightly higher, but precipitation (668 ± 136 mm)
corresponded to the Latvian climate standard norm of +6.8 ◦C and 685.6 mm, respec-
tively [13]. To estimate instantaneous soil GHG emissions, gas samples were collected by
the manual static closed opaque chamber method [14] with an interval of four weeks and
were analyzed with a gas chromatograph [15] in the ISO 17025-certified laboratory.

For the collection of gas samples, five chamber collars were installed evenly spread
across the sample plot to measure instantaneous soil emissions in five replicates during
each of the study site surveys. Collars were installed at a soil depth of five centimeters
to avoid root damage and leave the ground vegetation and litter layer undisturbed. Gas
sampling was performed at an interval of four weeks, starting at least one month after the
installation of the collars. Sampling during the same time of day in the plots was avoided
by randomizing the sample plot visiting sequence. In each collar position, gas samples were
collected immediately after positioning the chamber on the collar and in three additional
replicates with an interval of 10 min. The samples were collected in underpressurized
(0.2 mbar) glass bottles (100 mL) and transported to the laboratory. Concentrations of CH4
and N2O in the samples were determined using a gas chromatograph Shimadzu Nexis
GC-230 equipped with FID and ECD detectors and operated by the software LabSolutions.
During gas sampling, soil (in five centimeters depth) and air temperature, as well as
the groundwater level using a PVC pipe installed vertically at the soil depth of 140 cm,
were measured.
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2.3. GHG Emission Estimation

For the calculation of soil GHG emissions, a linear regression analysis was performed
using data on GHG concentrations in the chambers. Data points that did not follow the
trends in concentration changes were excluded from the analysis. The slope coefficients
of equations with R2 < 0.7 were excluded from the estimation of soil GHG emissions,
except for occasions when the uncertainty of the gas chromatography method exceeded the
difference between the maximum and minimum gas concentration values. The obtained
slope coefficients of linear equations, which described changes in the GHG concentration
in the chamber during gas sampling, were used to calculate soil GHG emissions.

emissions =
M P V slope

R T A
(1)

where emissions represent the instantaneous soil GHG emissions, µg CH4 or N2O m−2 h−1;
M is the molar mass of CH4 or N2O (16.04 g mol−1 or 44.01 g mol−1, respectively); R is the
universal gas constant, 8.314 m3 Pa K−1·mol−1; P is the assumption of air pressure inside
the chamber, 101,300 Pa; T is the air temperature, K; V is the chamber volume, 0.063 m3;
the slope is the GHG concentration’s changes over time (the slope coefficient), ppm h−1;
and A is the collar area, 0.1995 m2.

To estimate soil emissions during the study site survey, the mean of five instantaneous
emission measurement replicates was calculated. It was assumed that monthly emission
measurements represented the cumulative soil emissions of the corresponding month of
gas sampling. Consequently, annual soil GHG emissions were estimated as the sum of
cumulative monthly emission values.

2.4. Data Evaluation

To evaluate spatial, temporal, and cumulative variations, the soil emission coefficient
of variation (CV) was calculated. The CV of monthly measurements within a single study
site was used to express temporal variation, while for spatial variation, CV was calculated
using the mean measured emissions in drained or undrained study sites. To express spatial
and temporal cumulative variation, CV was calculated using all monthly measurement
results within the drained or undrained sites. The uncertainty of the results was expressed
as a 95% confidence interval if not stated otherwise. The relationship strength between
GHG emissions and the affecting factors was expressed by the Pearson (r) or Spearman
(ρ) correlation coefficient. The Mann–Whitney U test was used to compare the differences
between these two data groups. Statistical analyses were carried out, and figures (packages
corrplot and ggplot2) were prepared using software R. In the boxplots, the median was
shown by a bold line; the mean was shown by a cross; the box corresponded to the lower
and upper quartiles; and whiskers showed minimal and maximal values (within 150% of
the interquartile range from the median).

3. Results
3.1. Instantaneous CH4 Emissions

The measured within-site mean instantaneous CH4 emissions ranged from −109 ± 44
to 44 ± 214 µg CH4 m−2 h−1 in sites with drained soil (mean −53 ± 14 µg CH4 m−2 h−1)
and from −69 ± 36 to 7.6 × 103 ± 23.7 × 103 µg CH4 m−2 h−1 in undrained sites (mean
1.5 × 103 ± 1.6 × 103 µg CH4 m−2 h−1), as shown in Figure 2. Such high values of emis-
sion measurement results in the undrained sites were introduced by one sample plot (here-
after, an outlier study site). If data from this site were excluded, instantaneous emissions
measured in the undrained sites ranged from −72 ± 24 to 65 ± 104 µg CH4 m−2 h−1, thus
not exceeding the range of emissions in the drained sites considerably. Furthermore, only
two out of ten study sites with undrained soil—alder stand and clearcut—were measured as
a mean source of CH4 emissions at 15.5 × 103 ± 13.4 × 103 and 106 ± 94 µg CH4 m−2 h−1,
respectively. In the rest of the study sites, undrained soil tended to remove CH4 from the at-
mosphere: the mean instantaneous emissions were measured at −32 ± 38 µg CH4 m−2 h−1.
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In the case of drained sites, the soil in two out of twenty-one sample plots acted as a source
of CH4 emissions. Specifically, the average value of emission measurements in a birch
sample plot and a black alder sample plot was 5 ± 52 and 236 ± 193 µg CH4 m−2 h−1,
respectively. Thus, the obtained results indicated that among the stands with different
dominant tree species, soil CH4 emissions tended to be higher in the alder stands. The
empirical data suggest that, in national conditions, undrained soil is typically not a source
of CH4 emissions, although the occurrence of emission hotspots could make the soil a net
emitter overall. The results emphasize the importance of being aware of the increased
spatial variability and probability of CH4 emission hotspots in undrained areas when
upscaling emission estimations.
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3.2. Uncertainty of the Instantaneous CH4 Emissions

The statistical outliers of instantaneous CH4 emission measurement results (values
below −187 and above 85 µg CH4 m−2 h−1) were identified during 3% and 12% of the
field surveys in three study sites with drained and four sites with undrained soil, respec-
tively. The mean of the drained and undrained soil emission outlier values was 419 ± 357
and 13.4 × 103 ± 21.7 × 103 µg CH4 m−2 h−1 in the drained and undrained sites, re-
spectively. Excessive outlier emissions (mean 20.6 × 103 ± 25.6 × 103 µg CH4 m−2 h−1)
were measured during 9 out of 12 sample plot surveys in the outlier study site. If data
from the outlier study site were excluded, the mean outlier emissions from undrained soil
(263 ± 142 µg CH4 m−2 h−1) was lower than the mean of outlier CH4 emissions from the
drained soil.

The uncertainty of the measured instantaneous CH4 emissions was not uniform across
the depth range of the GW level. By evaluating the soil CH4 emissions in gradation classes
of the GW level, it could be clearly seen that the uncertainty of emissions was significantly
greater when the GW level was below 20 cm. Most (90%) of the emission outlier values
exceeding 85 µg CH4 m−2 h−1 were measured when the collar was flooded, and the GW
distance from the soil surface was less than 20 cm. The CV of CH4 emissions in the drained
sites ranged from 7 to 30% when the GW level was below 20 cm, but when GW depth
ranged from 0 to 20 cm and when the soil was flooded, CV was 92% and 57%, respectively.
In undrained sites, the variation was higher, ranging from 20 to 39%, when the GW level
was below 20 cm. When the GW level was higher than 20 cm, CV was 112%; however, the
flooded soil was 203%.

The spatial variation in CH4 emissions in the drained and undrained sites was 130%
and 320%, respectively, while the mean temporal variation in the emissions of the study
sites was 90 ± 180% in the drained sites and 330 ± 540% in the undrained sites. Cumulative
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spatial and temporal variation in the undrained sites (560%) was more than two times
higher compared to the drained sites (210%).

3.3. CH4 Emission-Affecting Factors

A significant correlation (p < 0.05) was found between CH4 emissions, soil Ca (ρ = 0.5)
and Mg (ρ = 0.6) concentrations, soil temperature (ρ = 0.3), pH (ρ = 0.5), and the C/N ratio
(ρ = −0.5); however, the correlations were weak to moderate (Figure 3). The empirical data
indicate a direct linear relationship between the soil temperature and soil CH4 removals
and how, irrespective of the soil’s temperature, removals of the undrained soil tended to
be higher by 26 µg CH4 m2 h−1 compared to the undrained soil. However, due to a weak
correlation for both drained and undrained soils, the inclusion of soil temperature as a
variable in CH4 emission prediction models could not significantly improve the prediction
power. The main predictor of soil CH4 emissions is the GW level, which is indicated
by a strong correlation (ρ = −0.9) between individual measurements of GW depth and
instantaneous CH4 emissions.
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During the study period, the GW level depth in the drained and undrained sites
was, on average, 55 ± 2 cm and 35 ± 3 cm, respectively. The variation in the GW level
depth’s monthly measurements was slightly higher in the undrained sites (CV = 82 ± 34%)
compared to the drained sites (CV = 64 ± 23). The monthly mean GW level in sites with
drained soil was, on average, 19 ± 4 cm lower compared to the GW level in the undrained
sites, and the difference in the average was rather consistent throughout the year (Figure 4).
The highest monthly mean difference in the GW level depth (29 ± 9 cm) was found in
drained and undrained clearcuts. In drained and undrained sites, the GW level was above
20 cm at 24% and 42% of the filed surveys, when a highly increased variation in CH4
emissions could be expected. By contrast, during the vegetation season (mean measured
air temperature above 5 C◦), the GW level in both the drained and undrained sites was
above 20 cm during around 15% of the field surveys.
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The soil’s CH4 removals decreased as the GW level rose to around 20 cm in depth;
further increasing the GW level could gradually cause the soil to become a net source of
CH4 emissions. However, the magnitude of net emissions was greatly affected by the
temporal and spatial emission uncertainty. If outliers of the CH4 emission measurement
results were excluded, the relationship between GW depth and CH4 emissions could be
explained by the polynomial equation:

y = 0.0049x2 − 1.435x − 1.964 (2)

where y represents instantaneous CH4 emissions, µg CH4 m2 h−1; and x is the GW level
below the surface, cm. The equation determined that CH4 removals increased from −2 to
−96 µg CH4 m2 h−1 when the groundwater level decreased from 0 to 100 cm below the soil
surface level. If the uncertainty of the model was considered (RMSE = 35 µg CH4 m2 h−1),
the soil could become a CH4 source when the GW level was near the 20 cm level.

If outliers of the CH4 emission measurement results were not excluded, the mean
instantaneous CH4 emissions measured were 1331 ± 1481 µg CH4 m2 h−1 when the GW
level ranged from the soil surface to a depth of 20 cm; however, when the GW level was
deeper, the mean measured emission value was −67 ± 3 µg CH4 m2 h−1. When the data
were stratified by their drainage status, considerable differences in the mean instantaneous
net CH4 emissions were identified when the GW level was shallower than 20 cm. However,
it must be noted that this difference was introduced by the outlier study site. When the
soil was flooded, or the GW level was in the ranges of 0 to 9 cm or 10 to 19 cm below
the surface, the mean measured soil CH4 emissions in the drained sites were 24 ± 14,
80 ± 51, and 7 ± 51 µg CH4 m2 h−1 (total mean 37 ± 39 µg CH4 m2 h−1), respectively, but
in undrained sites, the emissions amounted to 6.8 × 103 ± 13.8 × 103, 5.6 × 103 ± 6.6 × 103,
and 315 ± 350 µg CH4 m2 h−1 (total mean 4.2 × 103 ± 6.9 × 103 µg CH4 m2 h−1). When
the GW level was deeper than 20 cm below the surface, the mean measured soil CH4
removals stratified by the GW level depth levels indicated in Figure 4 ranged from 46 to
105 µg CH4 m2 h−1 in the drained sites and from 35 to 80 µg CH4 m2 h−1 in the undrained
sites (Figure 5).

The results of the measured instantaneous soil CH4 emissions and GW level stratified
by the drainage status and dominant tree species or clearcut showed that the undrained
sites tended to have a narrower range in the GW level variation while also showing a
similar variation in CH4 emissions (Figure 6). This could be observed because, while in
the drained sites GW reached deeper levels below the surface, such sites tended to have a
high or even higher GW level upper threshold than in the undrained sites. If the outlier
study site was excluded, on average, the drained alder stands and undrained clearcut were
a mean source of CH4 emissions amounting to 105 ± 104 and 106 ± 94 µg CH4 m2 h−1,
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respectively. By contrast, the soil in the rest of the study site groups ensured CH4 removals
from the atmosphere. In drained birch, the clearcut and spruce sites, which measured the
mean soil CH4 removal, were 27 ± 26, 73 ± 17, and 85 ± 20 µg CH4 m2 h−1, respectively.
In undrained alder, the spruce and birch stands that measured the mean CH4 removals
were 13 ± 17, 37 ± 18, and 57 ± 9 µg CH4 m2 h−1, respectively. Thus, the results indicate
that an increase in the measured mean GW level from 27 to 70 cm could increase the mean
instantaneous soil CH4 removals from 13 to 85 µg CH4 m2 h−1, while sites with a measured
mean GW level of 21 and 26 cm were a source of the mean 106 µg CH4 m2 h−1.
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3.4. Annual Soil CH4 Emissions

The estimated annual CH4 emissions from soil in drained sites ranged from −10.9
to 20.4 kg CH4 ha−1 year−1 (mean −4.6 ± 1.3 kg CH4 ha−1 year−1) and from –8.7
to 1355 kg CH4 ha−1 year−1 (mean 142.1 ± 134.7 kg CH4 ha−1 year−1) in undrained
sites. The study results indicated the tendency of higher CH4 emissions from the soil
in alder stands, with mean annual emissions of 9.1 ± 22.1 kg CH4 ha−1 year−1 and
266.4 ± 524.3 kg CH4 ha−1 year−1 from drained and undrained soil, respectively. The
mean negative soil CH4 emissions of drained and undrained soil in the study stands of dom-
inant tree species of birch were not significantly different (mean−5.9 ± 1.6 kg CH4 ha−1 year−1).
In spruce stands, the estimated CH4 emissions were −7.3 ± 1.3 kg CH4 ha−1 year−1

from drained soil and −3.2 ± 1.6 kg CH4 ha−1 year−1 from undrained soil (Table 2).
The clear influence of the drainage status on soil emissions in clearcuts (all site means
−3.2 ± 6.1 kg CH4 ha−1 year−1) could not be recognized with high confidence, as the
undrained site was represented by one study site with estimated annual emissions of
6.9 ± 6.2 kg CH4 ha−1 year−1. However, it could be emphasized that soil in all the drained
clearcuts ensured CH4 removal from the atmosphere.

Table 2. Annual soil CH4 emissions, kg CH4 ha−1 year−1.

Dominant Tree Species Drained Undrained

Birch −2.3 ± 2.7 −4.9 ± 3.7
Spruce −7.3 ± 1.3 −3.2 ± 1.6

Black alder 9.1 ± 22.1 266.4 ± 524.3
Black alder excl. outlier study site - −1.2 ± 0.5

Black alder outlier study site - 1354.9 ± 1177.7
Clearcut −6.3 ± 1.3 9.2 ± 8.3

Mean −4.6 ± 1.3 134.1 ± 134.7

The mean value of GW level measurements in the study sites had a moderate (r = −0.64)
and a strong (r = −0.88) correlation to the estimated annual net soil CH4 emissions, con-
sidering and excluding the study site with an extreme annual cumulative emission value,
respectively. Accordingly, the mean GW level and annual emissions had a similar correla-
tion as the results of an individual GW level and instantaneous CH4 emission measurement
results. Therefore, annual soil CH4 emissions could be expressed as a function of the mean
GW level (Figure 7).
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Two depth ranges of the mean GW level could be distinguished—above and below
31 cm. For GW levels deeper than 31 cm, the linear regression lines overlapped regardless
of whether an extreme annual emission value was considered in the analysis. However,
when the GW level was shallower than 31 cm, the extreme value of annual CH4 emissions
significantly affected the slope coefficient of the linear regression equation.

3.5. Soil N2O Emissions

The measured mean instantaneous N2O emissions from the drained soil ranged from
0.6 ± 0.6 µg N2O m2 h−1 in alder stands to 26.9 ± 23.3 µg N2O m2 h−1 in clearcuts (Figure 8).
The emissions from undrained soils ranged from the mean 0.0 ± 1.8 µg N2O m2 h−1 in
clearcut to the mean 59.2 ± 71.8 µg N2O m2 h−1 in alder stands. In birch and alder
stands, as well as in clearcuts, the soil moisture regime had a significant effect on the mean
instantaneous soil N2O measurement results, while in spruce stands with drained and
undrained soil, the mean value of the emission measurements did not differ significantly.
The mean measured N2O emissions from drained soil in the birch, alder, and spruce stands
were 15.1 ± 5.9, 11.0 ± 9.7, and 19.6 ± 10.8 µg N2O m2 h−1, respectively, which was
not significantly different. In the study sites with undrained soil, the situation was the
opposite, where the measured mean emissions in birch (51.1 ± 26.2 µg N2O m2 h−1),
spruce (11.5 ± 5.9 µg N2O m2 h−1), and alder (59.4 ± 27.3 µg N2O m2 h−1) stands were
significantly different from each other (Figure 8). The mean soil N2O emissions from
drained (19.7 ± 7.2 µg N2O m2 h−1) and undrained (46.6 ± 16.1 µg N2O m2 h−1) soil were
significantly different.
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When the outlier values of soil N2O instantaneous emission measurements were
excluded, changes in the soil temperature explained 44% of the variation in emissions. The
soil temperature measurement results of the drained soil showed a moderate correlation
(r = 0.5) with the emission measurements, whereas the temperature measurements of
undrained soil showed a weak correlation. The linear regression analysis suggested that a
10 ◦C rise in the soil temperature could result in an average increase of 9 µg N2O m2 h−1

in soil N2O emissions. However, the regression equations developed without considering
extreme emission measurements could lead to an underestimation of soil emissions. The
inclusion of outliers indicated that both the soil temperature and GW level measurements
had a weak correlation (r = −0.3) with soil N2O instantaneous emissions.
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No clear influence on the soil drainage status of annual soil N2O emissions was
observed in forests with different dominant tree species (Table 3). The difference between
annual soil N2O emissions in the drained sites (mean 1.7 ± 0.6 kg N2O ha−1 year−1) and
undrained sites (mean 4.1 ± 1.4 kg N2O ha−1 year−1) was statistically significant (p < 0.01).

Table 3. Annual soil N2O emissions, kg N2O ha−1 year−1.

Dominant Tree Species Drained Undrained

Birch 1.4 ± 0.9 4.2 ± 4.9
Spruce 1.6 ± 1.4 0.9 ± 0.5

Black alder 0.9 ± 0.9 5.2 ± 6.3
Clearcut 2.4 ± 2.0 0.0 ± 0.2

Mean 1.7 ± 0.6 4.1 ± 1.4

A moderate correlation (ρ = −0.4) was observed between the average groundwater
level measurements and the estimated annual soil N2O emissions in individual plots. The
annual soil N2O emissions were significantly (p < 0.05) correlated with soil C (ρ = 0.5), N
(ρ = 0.65), and P (r = 0.5) concentrations.

4. Discussion
4.1. Instantaneous Soil CH4 Emissions and Affecting Factors

The measured negative mean instantaneous CH4 emissions from drained and undrained
soil in most of the study sites suggested that the categorization of land by the existence
of drainage systems alone might not be sufficient to accurately characterize the actual
emissions from such areas using fixed emission factors. This study confirmed the gen-
eral knowledge that the GW level was the main factor explaining soil CH4 emissions.
However, the results of soil instantaneous CH4 emissions stratified by soil drainage status
pointed out that drainage had a role in determining the patterns of soil emissions. In other
words, the emissions from the soil with the same GW level depth could have a different
behavior due to emission heterogeneity depending on whether the soil was drained or
not. Previous studies have suggested that the reasons for varied soil emission patterns of
drained and undrained soil could have been impacted by differences in the soil microbial
(structure of methanogens and methanotrophs) [16–18] and ground vegetation conditions
(presence of aerenchymatous species) [19–23], as well as the different characteristics of
soil-to-atmosphere CH4 transportation mechanisms (diffusion, ebullition) [24–26].

The GW level plays a key role in determining the thickness of soil layers with aero-
bic and anaerobic conditions, as well as the proportion of microorganisms that produce
or consume CH4 [21]. According to common general knowledge, the possibility of ox-
idizing all of the produced CH4 is limited by the aerobic soil layer width [27]. Several
studies have shown that the activity of methanotrophs can considerably reduce soil CH4
emissions [19,20,28] or even consume most of the soil CH4 emissions [18,29–31], which can
be indirectly supported by our observations. Our study underlined the significance of
the GW level depth threshold of around 20 cm, acting as a balance between net instanta-
neous CH4 removals and emissions. If outliers are considered, in most of our study sites,
irrespective of their drainage status, a soil layer of at least 20 cm with aerobic conditions
was evidently sufficient for methanotrophs to fully offset CH4 emission production. The
capabilities of the 20 cm layer of soil with aerobic conditions to oxidize most or all of
the CH4 before it was released into the atmosphere was demonstrated by peatlands in
Wales, United Kingdom [29]. However, in drained soil with a lower GW level than the
mentioned GW threshold, higher net CH4 removals could be expected, but with a similar
uncertainty for undrained soil. By contrast, if the GW level was higher than the threshold,
the emissions could be equally small from both drained and undrained soil; however, this
study suggested there was a probability of detecting considerable emission outlier values
in undrained soils. Such hotspots cannot be ignored as they could determine undrained
soil to be an overall mean source of CH4 emissions.



Forests 2023, 14, 1390 12 of 18

According to previous studies, a GW level shallower than 20 cm could be associated
with significant CH4 emissions from soil in peatlands and bogs in temperate and boreal
regions [21]. Studies have shown that when the GW level is either shallower or deeper than
20 cm from the soil surface, the estimated range of CH4 emissions from peatlands in the bo-
real zone was from −1.7 to 525 kg CH4 ha−1 year−1 (mean 56 kg CH4 ha−1 year−1) and from
−1.1 to 51 kg CH4 ha−1 year−1 (mean 86 kg CH4 ha−1 year−1), respectively [21]. However,
in our case, the results indicated that significant emissions when the GW level was shallower
than 20 cm could be related to the occurrence of emission hotspots, which are characteristic
of undrained soils specifically. As with a GW level between 0 and 19 cm, the mean mea-
sured instantaneous CH4 emissions from drained soil (3.5 ± 3.2 kg CH4 ha−1 year−1) was
considerably lower; however, undrained soil (248 ± 279 kg CH4 ha−1 year−1) emissions
were considerably higher compared to previous studies. This observed increase in CH4
emissions was likely set by the impact of CH4 transport on ebullition and through aerenchy-
matous vascular plants, determining the occurrence of outlier emissions. Excessive CH4
emissions observed in one of the undrained study sites (mean 20.6 ± 25.6 mg CH4 m2 h−1)
were not unprecedented. Similarly, 15.5 mg CH4 m−2 h−1 emissions after three episodes of
ebullition were observed in the northern peatlands [24]. However, in our case, the cause of
such emissions was not identified or recorded.

The reason for net CH4 removal patterns observed in most of the study sites could
be introduced by local conditions inhibiting the activity of methanogens or promoting
CH4 oxidation by methanotrophs. It was identified that an increase in CH4 removals with
increasing soil temperature was not typical. In general, it was assumed that an increase in
the soil temperature could contribute to an increase in soil net CH4 emissions; however, the
impact of temperature on the balance of methanogenesis and methanotrophy is variable
and uncertain [26,31–34] and could potentially vary according to different local conditions.
Although there is a reason to suspect that the tendencies identified could be faulty because
of a low correlation, such a phenomenon may have been introduced by the impact of
the soil’s physical and chemical parameters [17] or by sphagnum characteristics of the
study sites. It was observed that the removal of the sphagnum layer could increase CH4
emissions fivefold [35], which was related to CH4 oxidizing symbiotic bacteria in peat moss
ecosystems, which could potentially fully oxidize diffusive-transported CH4 [33]. It was
studied and found that such a methanotrophic process was activated in an environment of
high groundwater level [35] and increased soil temperature [33,35]. It may be the reason
behind the observed tendency of soil temperature and net CH4 removals.

4.2. Uncertainty of Soil CH4 Emissions

This study highlights the importance of quantifying spatial and temporal heterogeneity
and the extent of soil CH4 emission hotspots. Although this observation was based on
10 study sites, the results roughly indicated that emission hotspots with multiple orders
of magnitude higher than the overall mean CH4 soil emissions could be present in 10% of
forest sites with undrained soil, which may be uncommon. Although these conditions were
different, it is notable that in another study, it was estimated by chamber measurements
nested within the footprint of Eddy covariance that 10% of saturated peatland areas in the
Nordic region (wet polygonal tundra) accounted for up to 45% of total CH4 emissions [36].
Higher spatial coverage of emission measurements could give higher confidence for the
current observations of spatial heterogeneity. Additionally, temporal heterogeneity was
more attributed to undrained soils. There was a four times higher chance of measuring
outlier CH4 emissions in undrained sites than in drained sites.

The role of different dominant tree species on the probability of the occurrence of
excessive emissions was not assessed with certainty. It could not be excluded that the
observation of higher soil emissions in both drained and undrained black alder stands
was impacted by high spatial variability and, in general, not specifically by the dominant
tree species. The results of various studies indicated that the variability of CH4 emissions
was determined by microtopographic properties [21,37] and the impact of microrelief on
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soil hydrology [38–40]. However, such topographic properties of the study sites were
not evaluated.

4.3. Annual Soil CH4 Emissions and Issues of Interpretation and Upscaling

The estimated annual mean CH4 emissions from drained organic soil
(−4.6 ± 1.3 kg CH4 ha−1 year−1) were below the threshold of a 95% confidence interval
(−1.6 to 5.5 kg CH4 ha−1 year−1) of the IPCC default emission factors for the boreal
zone (mean 2.0 kg CH4 ha−1 year−1) [2]. However, estimated removals were close to
the range of measured CH4 emissions from drained organic soil in Finland: from −3.7
to 15.6 kg CH4 ha−1 year−1 in forest site types classified with nutrient-poor and nutrient-
rich soil, respectively [41]. The estimated mean annual CH4 emissions from undrained
organic soil (142.1 ± 134.7 kg CH4 ha−1 year−1) corresponded to the IPCC default EF
for the boreal zone (182.7 kg CH4 ha−1 year−1) with a confidence interval from 0 to
657.3 kg CH4 ha−1 year−1 [2].

The differences in elaborated emission factors within these studies can likely be
explained by varying soil conditions, particularly the patterns of GW fluctuations and mean
GW levels, as well as the differences in vegetation and possibly microbial characteristics.
Therefore, the use of fixed emission factors calculated as the mean of results from various
studies could introduce a considerable error when used to upscale emissions from an area
of interest. As discussed above, in general, this uncertainty was introduced by outlier
emissions, which were measured when the GW level was higher than 20 cm. High spatial
heterogeneity and the ability of a relatively small area with excessive soil emissions to
have a significant impact on the total emissions observed in this and previous studies [42]
signifies the problem of upscaling the study results of soil CH4 emissions to areas with
similar conditions on a country or even a local scale, as well as the verification of upscaled
emissions. The current capabilities to acquire spatial data, enabling the possibility to predict
locations of emission hotspots, were limited. The review of the studies in the boreal zone
showed that CH4 emissions in peatlands with a GW level distance from the surface less
than 20 cm ranged from −1.7 to 164 kg CH4 ha−1 year−1 (mean 24 kg CH4 ha−1 year−1) in
areas with aerenchyma plants and from a mean of 12 to 123 kg CH4 ha−1 year−1 (range
from 3.1 to 525 kg CH4 ha−1 year−1) in areas with no such plants [21]. Another study in an
abandoned peat extraction site estimated that the leaf area density of aerenchyma plants
(Eriophorum vaginatum and Scheuchzeria palustris) could explain 91% of the spatial variation
in CH4 emissions [43]. Therefore, the considerably increased uncertainty of CH4 emission
estimations at high GW levels could be reduced by incorporating parameters that account
for the presence of plants with aerenchyma in the emission prediction models [21], as well
as by the elaboration of methods that could potentially provide spatial information on
the GW level depth or at least identify areas with saturated soil [44–46]. Information on
the spatial distribution of aerenchyma plants could be especially useful when predicting
CH4 emissions in conjunction with geographical data on areas with a GW level close to
the surface of the soil. The limitation of acquiring such data on a country scale could be
the remote sensing resolution restricting the identification of small areas with excessive
emissions; hence, the upscaling of such hotspots could become inaccurate if remote sensing
classification cannot resolve small-scale vegetation heterogeneity identification issues [36].

The results this study acquired could be upscaled by data on the average GW level in
areas of interest. The average GW level could be used to predict annual soil CH4 emissions,
as methanogenic and methanotrophic microorganisms are adapted to withstand adverse
conditions and remain abundant at a specific depth below the soil surface, regardless
of fluctuations in the groundwater level [22,47,48]. This was confirmed by a correlation
found between the mean GW and estimated annual CH4 emissions in our study. This, in
conjunction with the GW fluctuation observed in the study sites, indicates how crucial
it is to consider the actual groundwater level when estimating emissions, especially in
undrained areas and rewetted areas, where similar increased emission uncertainties and
hotspot probabilities are expected [49]. Our study clearly shows that in national conditions,
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although the mean GW level in undrained study sites was higher compared to the drained
sites, during the vegetation season, it was below 20 cm, which is an obvious threshold
of the groundwater level that determines if the soil is a source or sink of the measured
mean instantaneous net CH4 emissions. This was the main determiner that most sites,
irrespective of the drainage status, were not a source during the study period.

However, it must be considered that the GW level alone could not predict the oc-
currence of an emission hotspot. For this reason, future studies of CH4 emissions should
include an examination of microbiology and vegetation in the study sites. Emissions up-
scaled by mean GW level data should be validated to increase their confidence and reduce
uncertainties in the scaling procedures [36] by either the addition of point measurements
only or preferably in combination with landscape emission measurement methods. Ideally,
the choice of a validation-measurement-point geographical location should be chosen by
remote sensing solutions, which can be used to predict the groundwater level depth and
vegetation cover to optimize the use of resources for the elaboration of CH4 emission up-
scaling solutions. Although this study did not find a significant impact of soil temperature
on CH4 emissions, which is common, using temperature as a limiting factor in upscaling
annual soil emissions could reduce the risk of overestimating emissions in the winter. It
has been observed that soil CH4 emissions are significantly limited at temperatures below
−5 ◦C [21].

4.4. Soil N2O Emissions

Previous studies have revealed a wide range of mean instantaneous soil N2O emissions
from drained histosols, varying from 0.6 to 342 µg N2O m2 h−1 [50]. Thus, it indicates that
these soils can serve as both minor and major sources of emissions, introducing challenges
that can upscale the study results of N2O emissions at a regional or country level. The mean
instantaneous emissions in individual study sites with drained and undrained soil did not
exceed 67 and 131 µg N2O m2 h−1, respectively. However, estimated annual emissions
were found to be rather consistent in both the drained and undrained sites.

The annual mean soil N2O emissions from drained and undrained sites
(1.7 kg N2O ha−1 year−1) were found to be slightly below the 95% confidence interval
(from 3.0 to 7.1 kg N2O ha−1 year−1) of the default emission factors elaborated by the
IPCC for the nutrient-rich soil in the boreal zone [2]. However, this could be explained by
conditions characteristic of hemiboreal forests, as previous studies have shown that farther
to the south, drained organic soil could also ensure N2O removals from the atmosphere, i.e.,
a lower confidence interval range of the IPCC default emissions factor for a temperate zone
was estimated and showed that negative emissions of −0.9 kg N2O ha−1 year−1 could oc-
cur [2]. Furthermore, while IPCC Guidelines consider N2O emissions from rewetted organic
soil to be negligible, in our study, the estimated mean of N2O emissions from undrained
sites was twice as high as the estimated mean in drained sites. A possible explanation for
increased emissions from undrained soil could be introduced by denitrification [51].

No correlation between N2O emissions and soil moisture and temperature was recog-
nized in our study or by previous studies [3,50]. Accordingly, the use of estimated annual
emissions as an emission factor for country-scale emission estimates could be appropriate.
The evaluation of previous studies’ results has suggested that the soil C/N ratio could be
used to upscale N2O emissions [50,52] as the rates of mineralization and nitrification in
forest soils rise with a decreasing C/N ratio [53,54]. Furthermore, an exponential increase
in emissions could be expected if the C/N ratio tended to be lower than around 15 [50]. In
our case, the C/N ratio ranged from 13 to 31 (mean 19) in individual study sites, and the
correlation between the C/N ratio and annual N2O emissions was low. For instance, C/N
was below 15 in 30% of the study sites; however, no association with increased emissions
was observed. Comparably higher emissions measured in alder stands could be introduced
by species’ capabilities to fixate nitrogen, therefore, increasing nitrogen availability for N2O
emission production [55,56].
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5. Conclusions

Regardless of the soil drainage status, soil in the majority of research sites ensured CH4
removal from the atmosphere during the study period. Drained soil provided CH4 removal
consistently, while undrained soil showed considerably higher spatial and temporal emis-
sions variability and hotspot occurrence probabilities, which determined that undrained
areas could be a considerable source of CH4 emissions overall. The difference in the mean
groundwater levels between drained and undrained sites was consistent, but observations
indicated that groundwater level differences in clearcut sites could be considerably larger.
Drainage in clearcut sites resulted in a lowered groundwater level to facilitate CH4 uptake
by the soil. The soil in undrained clearcut sites was a source of CH4 emissions, suggesting
that drainage could prevent the soil from becoming a CH4 source in clearcuts.

The groundwater level is the main factor affecting CH4 emissions. Therefore, when
estimating soil CH4 emissions at a regional or national level, it is recommended that the
relationship between the estimated annual emissions and average groundwater level or
the relationship between emissions and groundwater level classes is used. It should be
noted that the average groundwater level could not predict the occurrence of CH4 emis-
sion hotspots. Therefore, future studies aiming for more accurate emissions of upscaling
solutions should also include a vegetation evaluation. By combining such knowledge with
remote sensing methods to determine the groundwater levels and vegetation cover, more
accurate CH4 emissions predictions could be expected.

This study did not identify relationships between N2O and the studied environmental
variables that would allow for emissions modeling. However, it was found that, although
emissions from nutrient-rich organic soils are minor, emissions are significantly higher in
undrained research sites compared to drained sites. Considering the comparably small
measurement variability observed in this study, the use of fixed emission factors for drained
and undrained sites in national or stand-wise emission estimations could be appropriate.
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