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Abstract. Clear-felling, a predominant method for forest regeneration in areas with wet soils, has profound
implications for greenhouse gas (GHG) emissions. This technique, by removing the forest cover, exposes the soil
to increased sunlight, which can raise soil temperatures and enhance decomposition rates. Consequently, this
process can significantly boost the emissions of carbon dioxide (CO2) and nitrous oxide (N20O). The absence of
canopy cover also impacts soil moisture due to the decrease in plant transpiration, potentially leading to conditions
that promote anaerobic processes in wet soils, thereby increasing methane (CH.) emissions. We monitored soil
GHG (CO,, CHs, N2O) emissions in clear-felling sites before and after the harvesting. The study findings reveal a
notable increase in CO; emissions following the harvest, with an average rise of 226 mg CO,-m2-h'1, representing
a 120% increase. The CO, emissions from mineral and organic soils did not significantly differ. While clear-felling
had minimal impact on CH. emissions from mineral soils, emissions from organic soils saw approximately a
sixfold increase. Meanwhile, NoO emissions remained largely unchanged in both soil types post-clear-felling.
When converted to CO, equivalents, the emission results reveal a significant elevation in GHG emissions post-
clear-felling, particularly from organic soils which witnessed a near threefold increase, whereas emissions from
mineral soils roughly doubled. The study results highlight the implications of even-aged forest management
strategies on wet soil GHG emissions.
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Introduction

Forests play a crucial role in the global carbon cycle, acting as significant carbon sinks that mitigate
the effects of greenhouse gases (GHGS) on climate change. However, not all forests contribute equally
to carbon sink and GHG emissions. Forests established on organic soils, are known to be a substantial
source of GHGs, primarily due to the high organic matter content that, under certain conditions, can
lead to increased emissions of carbon dioxide (CO2), methane (CHa) and nitrous oxide (N2O) emissions.
Research has primarily focused on drained organic soils [1]; however, it is known that naturally wet
organic soils, characterized by the peat depths exceeding 30 cm, can also be a significant source of GHG
emissions [2; 3]. Similarly, albeit to a less extent, wet mineral soils also contribute to GHG emissions
[4], yet emissions from these soils have been even less frequently studied. Recent data from Latvia
highlight the importance of understanding the GHG emission dynamics in these forest ecosystems to
develop effective mitigation strategies.

Clear-felling (CF), is a prevalent forestry practice for regenerating forests, particularly those on wet
soils. The removal of the forest canopy effects on the microclimate in soil and, subsequently, on GHG
emissions. The exposure of soil to direct sunlight after CF raises the soil temperature and may accelerate
organic matter decomposition, thereby enhancing CO; and N,O emission. Additionally, the reduction
in plant transpiration after CF alters the soil moisture content, creating waterlogged conditions that
favour anaerobic processes, emitting more CHa.. Despite the recognized impact of CF on GHG emissions
from forest soils [5], there is limited information for quantitative assessment and comparison of the
GHG patterns in mineral and organic soil, as well as GHG mitigation potential of measures aimed at
diminishing the negative effect of CF.

Addressing this knowledge gap, our study monitored GHG fluxes from naturally wet mineral and
organic forest soil in Latvia around a year before and after clear felling.

Materials and methods

The research was carried out at 5 study sites across Latvia, from January to October 2023. The sites
were in forest stands dominated by birch (Betula pendula Roth, Betula pubescens Ehrh.), Scots pine
(Pinus sylvestris L.) or Norway spruce (Picea abies (L.) H.Karst.). Forest stands were recognized for
their naturally wet soils, categorized under the national forest typology [6] into: nutrient-poor soils, both
mineral (Vaccinioso-sphagnosa, Myrtilloso—sphagnosa) and organic (Sphagnosa); and nutrient-rich
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soils, including mineral soil (Myrtilloso—polytrichosa, Dryopteriosa) and organic soil (Caricoso—
phragmitosa).

Visits to each site occurred every four weeks, where CO,, CH4, and N>O emission measurements
were conducted in three to five replicates. In scope of each measurement, four gas samples were
collected at intervals of 10 minutes utilizing the closed static opaque chamber technique [7] and
subsequently analysed via gas chromatography [8]. The analysis of gas concentration and sampling time
allowed for a linear regression analysis to determine the change in gas concentration over time,
expressed through the regression slope. This slope, combined with the chamber specific area
(0.1995 m?) and volume (0.0655 m?), facilitated the calculation of soil GHG emissions using the ideal
gas law. These measurements were taken without disturbing the soil or vegetation, therefore CO;
measurement results represent total soil respiration, including both heterotrophic and autotrophic
respiration from the soil and autotrophic respiration vegetation within the chamber airspace. During
GHG measurements, we measured the soil temperature at 10 cm depth using a ProCheck data logger
with RT-1 temperature sensor, air temperature using a non-branded temperature logger, which was left
in shade during the measurement campaign and the average temperature during gas sampling was used
in calculation, and the groundwater level depth, which was measured using perforated tubes positioned
vertically to a depth of 2 meters. Soil and air temperature sensors are factory calibrated.

Significance of emission differences was evaluated using the pairwise Wilcoxon rank sum test,
setting a p-value of 0.05 as the threshold for statistical significance. Differences between regression
models were examined through analysis of variance. CH4 and N,O emissions were converted to CO;
equivalents using the global warming potentials of 28 and 265, respectively, as stated in the IPCC Fifth
Assessment Report.

Results and discussion

Before CF, soil CO, emissions were 187 + 38 mg CO,-m2-h* and did not significantly differ
depending on the soil type or the dominant tree species (Fig. 1). After CF, CO; emissions significantly
increased by 120% to 413 + 127 mg CO.-m2-h’t. After CF, the largest increase in emissions was
observed in birch stands with mineral soil. However, after CF, the assessed emissions from mineral soils
(443 £ 268 mg CO,-m2-h) and organic soils (386 + 137 mg CO,-m2-ht) did not significantly differ
from each other. Typically, it is expected that after CF, due to the removal of the canopy, the soil is
exposed to direct sunlight and, accordingly, warms up more than in sites with forest cover [9]. Since
soil CO; emissions are primarily determined by soil temperature [10], higher soil emissions are also
expected. However, this study did not identify soil warming as the reason for the significant increase in
CO; emissions, as no significant difference was found between relationships of the atmospheric and soil
temperature at a depth of 5 cm in sites before and after CF. The likely reason of such observation is that
during the vegetation season, when temperature has the most impact on soil CO, emissions, soil
warming in clear-cut sites is delayed by abundant vegetation. As it is estimated that ground vegetation
biomass is significantly larger in clear-cuts than in forest stands [2].

The impact of CF on soil CH, emissions was ambiguous. Emissions from mineral soils before and
after CF did not differ and averaged 34 + 77 pg CHs-m2-h't (Table 1). In contrast, emissions from
organic soils increased due to CF, from 1.35 + 2.26 to 61.86 + 0.80 mg CHs-m2-h't. No reason was
found for this increase in emissions. CH4 emissions are primarily determined by the groundwater level,
which correlates with the soil moisture [3]; however, the study did not observe an increase in
groundwater levels after CF. The mean groundwater level in sites with mineral soil was 37 + 26 cm, and
with organic soil 14 + 15 cm. Typically, the critical threshold for significant emission increase is a
groundwater level of 30 cm [3; 4]. Interestingly, although the mean groundwater level depth in sites
with organic soil before CF was 26 + 24 cm, soil CH,4 emissions were insignificant.

It is generally assumed that soil N>O emissions in sites with elevated groundwater levels are
insignificant [11], and this was also the case in this study. The soil both emitted and ensured atmospheric
N2O removals. The mean measured emissions were characterized by high uncertainty, which did not
allow for the identification of either soil type or CF impact on emission changes. The mean soil N.O
emissions in the study sites were 16 + 12 pug N.O-m2-h,
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Fig. 1. Mean measured soil GHG emissions: a — CO, emissions; b — CH4 emissions, ¢ — N.O
emissions, d — GHG emissions in CO; equivalents; Dark grey bars — nutrient-rich soils;
light grey bars — nutrient-poor soils

Comparing the measured GHG emissions expressed in CO; equivalents, a larger role of non-CO,
emissions is evident in sites with organic soils. N,O and CH, emissions from total GHG emissions
constitute approximately 2%, while in the case of organic soils, the share is about 25%. As a result of
CF, emissions from organic soils increased nearly threefold, rising from 208 £68 to
569 + 131 mg CO; eq.-m2-ht, Meanwhile, the proportion of non-CO, emissions in the total GHG
emissions due to CF doubled, increasing from 17 to 32%. GHG emissions from nutrient-poor organic
soils were on average higher than those from nutrient-rich organic soils, but the differences were not
significant. In the case of mineral soils, soil nutrient-status has a more pronounced impact on its GHG
emissions, with nutrient-richer soils having emissions approximately 50 to 100% greater. Before CF,
mineral soil mean emissions were 212+80 mgCOzeq.-m2-ht, but after — mean

452 + 131 mg COz eq.-m2-h*t. Consequently, GHG emissions from mineral soils approximately
doubled after CF (Table 1).

Table 1
Summary of GHG measurement results
Soil type Nutrient Dominan_t CO., CH.,, N:O, CO:eq., | GWL,
status | tree specie | mg:m?h? | ug-m?h! |ug-m?h!|mgm?h?| cm
Before clear-felling
Mineral Poor Pine 171+ 26 2021 1+10 172 +67 | 215
Mineral Rich Birch 246 £ 28 -50 £ 32 33+£27 253+£84 |54+10
Organic Poor Pine 166 + 15 2492 + 1847 4+12 242+£82 | 10+3
Organic Rich Spruce 166 + 29 192 +120 9+5 173+37 | 15+£3
After clear-felling
Mineral Poor Pine 307 £ 29° 26 £ 29 6+ 37 309+91 [41+12
Mineral Rich Birch 580 £ 35 140 £ 128 43+£46 |595+163 | 315
Organic Poor Pine 456 + 22 5779 £ 3466 34+£31 | 636+153 | 6x4
Organic Rich Spruce 316 £17 | 6593 + 5492 32 501+167 | 15+3
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The clear-felling was carried out around the turn of the year, and upon resuming GHG emission
measurements at the beginning of the year after the clear-felling, it was observed that the increase in
emissions during this period was relatively the largest, compared to the same months before the clear-
felling (Fig. 2). This could be related to the initial impact of soil disturbances [12], which gradually
diminishes. Conversely, during the warm season, there was a larger increase in absolute emissions,
facilitated by more favorable temperature and moisture conditions for mineralization of soil organic
matter.
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Fig. 2. Soil GHG emission monthly dynamics before and after CF:
grey shading indicates 95% confidence intervals of the fitted lines

Conclusions

1. CO; emissions from mineral and organic soils did not significantly differ, but in both cases, after
the clear-felling emissions significantly increased by the same rate.

2. In areas with mineral soil CH, emissions before and after clear-felling did not significantly differ;
but in organic soils, there were a notable increase in emissions due to the clear-felling.

3. No impact of clear-felling on soil N,O emissions was observed, and emissions were insignificant
in mineral and organic soils.

4. After clear-felling, greenhouse gas emissions from mineral soils doubled, while those from organic
soils tripled. The role of CH4 and N2O in the total greenhouse gas emissions from mineral soils is
negligible, but in the case of organic soils, their proportion in the total emissions increased from 17
to 32% because of the clear-felling.

5. Groundwater level and soil temperature were not determining factors for the increase in soil
emissions after clear-felling, as no significant changes in the soil temperature dynamics and mean
groundwater level conditions were observed.
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