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ARTICLE INFO ABSTRACT

Handling Editor: Dr Daniel Said-Pullicino Extensive areas of boreal peatland forests in the Nordic countries are approaching maturity and face harvesting,
yet effects on soil nitrous oxide (N20) fluxes remain unclear. This study examined short-term changes in soil N3O
fluxes following two harvesting methods, clear-cutting (CC) and continuous-cover forestry via selection har-
vesting (CCF), compared to a non-harvested control (C) in a nutrient-rich, forestry-drained boreal peatland in
southern Finland. Fluxes were measured using manual and automated chambers during pre-harvest (2020) and
post-harvest (2021-2022) periods, alongside soil physical, chemical, and environmental properties to identify
key controls of flux variability.

N0 fluxes showed high temporal variation (—39 to 459 pg NoO m™2 h™!), primarily driven by temperature,
precipitation, moisture, and water table dynamics, and pronounced spatial variation linked to soil nutrient
concentrations (potassium, copper, phosphorus, and nitrogen), bulk density, and temperature. While emissions
remained near neutral at the C site, harvesting increased emissions, although not significantly. In the first post-
harvest year, annual emissions increased with harvesting intensity, yet no significant differences emerged be-
tween CCF and CC. Median [interquartile range] emissions were 0 [25], 163 [533], and 185 [194] mg N,O m 2
y ! at the C, CCF and CC sites, respectively, with inherent spatial variability strongly influencing their spatial
distribution. Limited water table rise at the CCF site and high spatial heterogeneity at the CC site likely con-
strained clearer treatment differences. Overall, our findings suggest that CCF may better mitigate emissions than
CC in nutrient-rich, forestry-drained boreal peatlands, warranting further replicated and long-term research.
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1. Introduction

The atmospheric concentration of nitrous oxide (N2O) has increased
by ~24.4 %, from 270 parts per billion (ppb) in pre-industrial times
(1750) to 333 ppb in 2020, with an average annual increase of 0.96 ppb
during 2010-2019 (Tian et al., 2024). As a long-lived and potent
greenhouse gas (GHG), N2O accounts for ~10 % of global radiative
forcing (Forster et al., 2021) and is the primary stratospheric ozone-
layer depleting substance (Ravishankara et al., 2009), prompting
global interest in constraining its sources.

Bottom-up estimates of global N,O emissions reached 18.2 Tg Ny}
(range: 10.6-25.9) over 2010-2019, with ~35 % from soils (Tian et al.,
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2024). Soil NoO emissions primarily arise from two microbial processes:
i) nitrification, the aerobic oxidation of ammonium (NHZ) to nitrate
(NO3), producing N,O as a side product, and ii) denitrification, the
anaerobic reduction of NO3 to N2O or dinitrogen (N2) (Regina et al.,
1996). Soils may also act as temporary N,O sinks (Chapuis-Lardy et al.,
2007). Forest soils contribute significantly, releasing 3.0-4.5 Tg N y !
(Cen et al., 2024), following a latitudinal gradient influenced by
hydroclimate (Liao et al., 2024), with the highest fluxes in tropical
forests (1.24 + 0.24 Tg N y!, mean + standard error), followed by
temperate (0.78 +£ 0.16 Tg N y_l) and boreal forests (0.71 + 0.14 Tg N
y’l; Cen et al. (2024)).

Boreal forests, covering ~27 % of global forest area (Pan et al.,
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2011), comprise uplands, peatlands, and inland waters (~80 %, 15 %,
and 5 %, respectively; Helbig et al., 2020). Despite their smaller area,
peatlands play a major role in nitrogen (N) cycling and N,O emissions
due to high organic matter and waterlogged conditions. In their natural
state, boreal peatlands are negligible N5O sources or weak sinks (-5 to
207 mg N0 m~2 y; Minkkinen et al. (2020)), primarily due to limited
oxygen (O2) and nutrient availability under shallow water table level
(WTL) conditions, which restrict microbial activity (Minkkinen et al.,
2020; Regina et al., 1996). Drainage for forestry significantly alters these
dynamics. Lowering the WTL increases O availability, promoting
nitrification, and often turning boreal peatlands into N,O sources
(Minkkinen et al., 2020; Parn et al., 2018). Emissions from drained sites
range from 37 to 1142 mg NoO m ™2y (Minkkinen et al., 2020). While
N availability has minimal influence in natural boreal peatlands, N-rich
drained sites emit more N;O (203 + 40 mg N,O m~2 y’l, mean =+
standard error) than N-poor ones (80 + 30 mg N,O m—2 y’l; Minkkinen
et al. (2020)). Consequently, climate change mitigation efforts increas-
ingly target forestry-drained boreal peatlands for rewetting, restoration,
or improved forest management (Laine et al., 2024), highlighting the
need for research to support low-emission strategies.

From the 1950 to early 1980s, ~9.5 million hectares of peatland
were drained for forestry in the Nordic countries and Russia, with
Finland accounting for 49 % (UNEP, 2022). While this increased timber
production (Sikstrom and Hokka, 2015), many drained peatland forests
are now mature and approaching harvest (Lehtonen et al., 2023), which
can significantly alter soil conditions regulating soil N3O fluxes
(Makipaa et al., 2023; Zhang et al., 2022b). Yet, debate persists over
which harvesting methods best minimize emissions from these managed
peatlands (Lehtonen et al., 2023; Nieminen et al., 2018). Closing this
knowledge gap is essential for developing climate-smart forest man-
agement in boreal regions.

Currently, clear-cutting-based rotation forestry (CC) is predominant
in boreal drained peatlands (Harkonen et al., 2023). It involves har-
vesting most trees at once, creating even-aged stands typically domi-
nated by a single tree species (Kuuluvainen et al., 2012). This method is
increasingly scrutinized for adverse impacts on several ecosystem ser-
vices (Nieminen et al., 2018). Continuous-cover-based forestry (CCF)
has recently emerged as a potential alternative, maintaining uneven-
aged stands through selection harvesting at 15-20-year intervals with
natural regeneration (Rautio et al., 2025). Besides avoiding costs for site
preparation, artificial regeneration, and ditch maintenance (Nieminen
et al., 2018), CCF may reduce nutrient leaching and soil carbon dioxide
(COy) emissions (Lehtonen et al., 2023).

Clear-cutting generally causes more intense and widespread soil
disturbance than continuous-cover forestry. This includes: i) greater
increases in soil water content and WTL due to reduced transpiration
and canopy interception (Korkiakoski et al., 2019; Leppa et al., 2020;
Sarkkola et al., 2010), ii) elevated soil temperature from increased solar
exposure (Korkiakoski et al., 2019), iii) increased snow accumulation
due to reduced canopy (Schelker et al., 2013), iv) higher soil bulk
density from compaction across a larger disturbed areas (Lepilin et al.,
2019), and v) greater carbon (C) and N inputs from more abundant
logging residues (Makiranta et al., 2012). These impacts can persist for
years or even decades (Lepilin, 2023). In contrast, selection harvesting
in CCF, despite shorter treatment intervals, tends to produce less intense
soil disturbance (Laudon and Maher Hasselquist, 2023). Thus, pro-
longed and intense changes after clear-cutting may lead to higher N,O
emissions than those resulting from the less disruptive selection har-
vesting. Although previous research suggests that CCF may result in
lower short-term soil NyO emissions than CC in forestry-drained boreal
peatlands (Korkiakoski et al., 2020, Korkiakoski et al., 2019), compre-
hensive post-harvest assessments remain scarce, limiting our knowledge
of soil NoO dynamics in these forest ecosystems.

Understanding soil N»O fluxes in boreal drained peatland forests is
further complicated by their high spatio-temporal variability
(Minkkinen et al., 2020; Rautakoski et al., 2024). Temporally, fluxes are
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episodic and strongly influenced by seasonal fluctuations in WTL, water
content, temperature, and N availability (Butterbach-Bahl et al., 2013;
Parn et al., 2018; Rautakoski et al., 2024). Short-lived peak events, or
‘hot moments’, often occur during freeze-thaw transitions or following
precipitation, contributing disproportionately to annual N,O budgets
(Rautakoski et al., 2024; Wagner-Riddle et al., 2020). The potential ef-
fects of increased harvesting intensity on these emission dynamics
warrant further investigation. To date, most studies have relied on
infrequent manual sampling during snow-free periods (e.g., Makiranta
et al., 2012; Maljanen et al., 2003; Peltoniemi et al., 2023; Regina et al.,
1998; Tong et al., 2022), while only a few have used automated, year-
round measurements (Korkiakoski et al., 2020; Rautakoski et al.,
2024). Consequently, this methodological gap has hindered our ability
to constrain temporal patterns, controlling factors, and annual budgets
of soil N,O fluxes in boreal drained peatland forests.

Spatially, soil N2O fluxes are influenced by small-scale heterogeneity
in soil properties regulating N cycling (Butterbach-Bahl et al., 2013).
Higher emissions in peat soils are commonly associated with deep WTL,
low pH, and increased N and phosphorus content and bulk density
(Butterbach-Bahl et al., 2013; Liimatainen et al., 2018; Minkkinen et al.,
2020; Regina et al., 1996). However, complex interactions among these
factors make it difficult to predict soil emissions in forestry-drained
boreal peatlands. N2O production, consumption, and transport also
vary with depth (Peltoniemi et al., 2023). These vertical processes are
highly complex (Wen et al., 2016) and sensitive to soil properties
described above. Given the spatial variability in N availability and
fluctuating WTL conditions after harvesting (Korkiakoski et al., 2020,
Korkiakoski et al., 2019), further research is needed to clarify controls
on net soil surface NyO emissions across soil depths. Moreover, spatial
heterogeneity in soil properties can create localized high-emission zones
or ‘hot spots’ (Wagner-Riddle et al., 2020), potentially biasing
ecosystem-scale estimates if not adequately captured. Importantly,
inherent spatial variability can be pronounced prior to harvesting and
may outweigh immediate harvest effects, as hot spots can develop
independently of management actions (Oktarita et al., 2017). Despite its
relevance, this remains poorly understood, highlighting a critical
knowledge gap for improving N»O flux assessments in harvested boreal
drained peatland forests.

To address current uncertainties, this study evaluates the short-term
effects of traditional CC and alternative CCF on soil N2O fluxes in a
nutrient-rich, forestry-drained boreal peatland in southern Finland. Both
harvesting sites were implemented in March 2021 and compared against
a non-harvested control (C) site. Fluxes were measured using manual
chambers during the 2020 (pre-harvest) and 2022 (first post-harvest)
growing seasons, and continuously monitored with automated cham-
bers from mid-2020 to late 2022. Complementary measurements of peat
physical, chemical, and environmental variables were conducted to
support interpretation of flux patterns. Our specific objectives were: 1)
to evaluate the short-term effects of CC and CCF on fluxes to identify
management implications for climate-smart forestry, and 2) to charac-
terize the temporal and spatial variability of these fluxes and their
controlling factors. We hypothesized that: i) fluxes would increase
following harvesting, with CC resulting in higher emissions than CCF
due to more intense soil disturbance and altered environmental condi-
tions, ii) fluxes would exhibit strong temporal variability, with CC
leading to more frequent and intense episodic ‘hot moments’ than CCF,
and iii) spatial heterogeneity would be pronounced, with increased
emissions associated with soil properties and environmental conditions.
Moreover, inherent spatial variability may exceed harvesting impacts in
influencing emission patterns.

2. Materials and methods
2.1. Experimental site

The study was conducted at the Ranskalankorpi experimental site, a
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boreal peatland forest located in the municipality of Asikkala, southern
Finland (61°11'N, 25°16'F, 144 m a.s.l; Fig. 1). Established in 2019, the
site functions as a long-term monitoring site for evaluating the effects of
contrasting forest harvesting methods on GHG emissions and stand
development in forestry-drained boreal peatlands. The local climate is
classified as subarctic (Dfc) according to the Koppen-Geiger system.
Based on 10 km x 10 km gridded data from the Finnish Meteorological
Institute (FMI), the 30-year (1981-2022) mean annual temperature is
4.2 °C, with February being the coldest month (-6.9 °C) and July the
warmest (16.5 °C). Mean annual precipitation is 611 mm, and snow
cover typically persists 133 days, from early November to late April.

In 2020, the basal area weighted mean stand age at Ranskalankorpi
was 89 =+ 6 years (here and hereafter, ‘+’ denotes one standard devia-
tion), indicating that most trees established in the 1930s, concurrent
with the initial ditch excavation and gradual drainage of the pristine
mire. A secondary ditching phase occurred in the 1960s (exact year
unknown), creating open ditches ~1 m deep and spaced ~50 m apart.
Since then, no ditch maintenance has been performed, allowing vege-
tation to partially overgrow most ditches. Additionally, erosion has
deepened some ditches over time, including the main channel that flows
through the site. Further details on stand age estimation are provided in
Supplementary Methods, Section 1.

According to Laine et al. (2012), Ranskalankorpi is predominantly
represented by Herb-rich (Rhtkg II) and Vaccinium myrtillus (Mtkg II)
drained peatland site types. The peat soil is primarily composed of
decomposed sedges (Carex spp.) and woody plant material, with an
average depth of 1.3 + 0.7 m (range: 0.4-2.9 m). Mean values (0-50 cm
depth) for soil C, N, CN ratio, and bulk density were 52.3 + 2.3 %, 1.61
+ 0.28 %, 33.7 + 7.4, and 0.143 + 0.026 g cm >, respectively
(Supplementary Table S1), indicating a minerotrophic, N-rich peat.
Between March and October 2020, the WTL, measured manually
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relative to the peat surface, ranged from —13 to —103 cm, with a me-
dian of —56 [26] cm (here and hereafter, ‘[]’ denotes the interquartile
range (IQR)).

Prior to harvesting, the dominant tree species was Norway spruce
(Picea abies (L.) Karst.), with Scots pine (Pinus sylvestris L.) and Downy
birch (Betula pubescens Ehrh.) present sporadically, either as single trees
or in small groups. The tree canopy cover was notably dense, resulting in
patchy and variable forest-floor vegetation due to non-uniform light
attenuation patterns. Forest-floor vegetation was dominated by erica-
ceous dwarf shrubs (Vaccinium myrtillus L. and Vaccinium vitis-idaea L.),
herbaceous plants (Trientalis europaea L., Oxalis acetosella L.,
Deschampsia flexuosa L. Trin., and Dryopteris carthusiana (Vill.) H.P.
Fuchs), sedges (Carex globularis L. and Eriophorum vaginatum L.), and a
ground layer of mosses (Hylocomium splendens (Hedw.) Br. Eur., Pleu-
rozium schreberi (Brid.) Mitt., and Dicranum polysetum Sw.).

In March 2021, Ranskalankorpi was divided into three distinct
treatment sites (Fig. 1): a non-harvested control site (C, 7.6 ha), a
continuous-cover forestry site (CCF, 8.8 ha), and a clear-cutting site (CC,
6.3 ha). Harvesting at the CCF and CC sites was conducted using a
harvester and forwarder between 18™ March and 1° April 2021, when
the peat soil was still frozen. To avoid damaging measurement infra-
structure, trees near monitoring equipment at the CCF site were har-
vested manually (Fig. 1). Additional harvesting in the north-western
section of the CC site was completed in June 2021.

Prior to harvesting, stand density (Td) was lower at the CCF and CC
sites (1311 and 1008 trees ha™?, respectively) than at the C site (1753
trees ha™!; Fig. 2). However, all sites had comparable stand basal area
(BA) values (i.e., 28, 34 and 31 m? ha! for the C, CCF, and CC sites,
respectively). At the CC site, nearly all trees were felled. In contrast, the
CCF site underwent selection harvesting, resulting in average reductions
of 42 % in Td and 57 % in BA. After harvesting, Norway spruce

Legend
AC locations
MC locations
EC towers
Inventory plots

Ditches

- e Veters

Fig. 1. Overview of the Ranskaldnkorpi experimental site. The map of Finland shows the geographical location of the Rénskélankorpi site. The detailed map il-
lustrates the subdivision of the site into three treatment sites based on harvesting methods: continuous-cover forestry by selection harvesting (CCF), non-harvested
control (C), and clear-cutting (CC). Sampling locations for automated chambers (AC, n = 3 per site, installed in groups within a 10 m radius), manual chambers (MC,
n =29, 7, and 13 at the C, CC, and CCF sites, respectively), eddy-covariance towers (EC, n = 1 shared between the C and CCF sites, and n = 1 for the CC site),
permanent forest inventory plots (n = 26, 13, and 6 at the C, CC, and CCF sites, respectively), and drainage ditches are also indicated. MC sampling points in 2020
(pre-harvest) are categorized as either ‘measured’ (‘2020/m’, n = 11) or ‘estimated’ (‘2020/¢’, n = 9). The magenta outline within the CCF site indicates the manually

harvested area implemented in 2021.
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Fig. 2. Pre- and post-harvest forest stand characteristics. Panels show a) stand density (Td), b) percentage of stand density removed, c) stand basal area (BA), and d)
percentage of stand basal area removed at C, CC, and CCF sites. Values are shown for individual tree species, including Scots pine (‘Pine’), Norway spruce (‘Spruce’),
Downy birch (‘Birch’), and other tree species (‘Other’), as well as for the total of all tree species (‘All’).

accounted for 61 % and 89 % of total Td, and 75 % and 89 % of total BA,
at the C and CCF sites, respectively. Some large, dead trees were retained
at the CC site, and logging residues (comprising foliage, branches, and
stumps) were left on the ground at both the CCF and CC sites. The impact
of the harvesting operations on forest-floor vegetation was more pro-
nounced in the CC site than in the CCF site. All original permanent
ditches remained intact and were not cleaned, except for small sections
crossed by machinery. In summer 2022, the CC site was regenerated
using site preparation via ditch mounding, which involved excavating
short (< 125 m), shallow ditches (20-30 cm deep) to drain surface water
away from the regeneration area. Norway spruce seedlings were then
planted at a density of approximately 1800-2000 seedlings ha™!.

2.2. Automated chamber-based N2O flux measurements

2.2.1. Experimental design

Soil-atmosphere N2O fluxes were measured hourly at each site using
a group of three custom-made automated chambers (Fig. 1). At the C and
CC sites, the chambers were connected to a shared, climate-controlled
instrument cabin, while the CCF site had its own dedicated cabin. At
each site, chambers were placed adjacently within a 10 m radius to
capture the spatial variability in dominant forest-floor vegetation
composition. The timing of automated chamber (AC) based N2O mea-
surements differed by site (Supplementary Fig. S1). Measurements
started at the C site in June 2020 and at the CCF site in October 2020,
approximately six months before harvesting. At the CC site, measure-
ments were delayed until September 2021, after the harvesting had
already been completed. This study reports AC-based N,O fluxes up to
December 2022.

2.2.2. Technical specifications
The AC system, including chamber structures, tubing, gas analysers,
and an instrument cabin, has been previously described and applied in

boreal peatland studies (Korkiakoski et al., 2020, 2017; Koskinen et al.,
2014; Rautakoski et al., 2024). A full technical description is provided in
Koskinen et al. (2014).

In summary, each chamber structure consisted of two rectangular
stainless-steel frames, a collar, and a moving chamber. The collar was
inserted 2 cm into the peat. During winter, the chamber was elevated
above the snowpack using a 16 cm high extension collar. The chamber
was a transparent polycarbonate box (57 x 57 x 40 cm; length x width
x height) mounted on the upper frame and operated by a linear actuator
(model LA35, Linak, Nordborg, Denmark). A 24 V, 8 x 8 cm fan (Maglev
KDE2408PTV1, Sunon Ltd., Kaohsiung, Taiwan) was installed on the
upper rear side of the chamber, approximately 30 cm above the peat
surface, to facilitate air mixing within the chamber headspace. Between
measurement periods, the chamber remained upright in close-to-vertical
position for ventilation. During snow-covered periods, snow and ice
accumulation on chambers and frames were manually cleared every 1-3
weeks, and snow depth within the collars was monitored to adjust
chamber volume.

At the C and CC sites, N3O concentrations were measured using a
continuous-wave quantum cascade laser absorption spectrometer
(model N20,/CO-23d, Los Gatos Research Inc., Mountain View, CA, USA;
precision: 0.1 ppb at 1 s). At the CCF site, a cavity ring-down spec-
troscopy gas analyser (model G2308, Picarro Inc., Santa Clara, CA, USA;
precision: 25 ppb at 1 s) was used. Each chamber was connected to its
analyser, situated inside an instrument cabin, in a closed-loop system.
The sample air circulated through fluoropolymer inlet (4 mm i.d.) and
polyamide outlet (4 mm i.d.) tubing at a flow rate of 1 I min™! using an
external pump (either MD 1, Vacuubrand GmbH & Co. KG, Wertheim,
Germany, or NMP 830 KNDC, KNF Micro AG, Reiden, Switzerland).
Each chamber was closed for 6 min once per hour throughout the year.
Between chamber closures, ambient air was measured for 1 min, with
additional measurements taken every 30 min to allow gas concentra-
tions in the tubing to equilibrate with ambient levels.
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2.2.3. N0 flux calculation, quality control, and gap-filling

Hourly N»O fluxes (ug N2O m~2h™1) were estimated using a linear fit
to the change in N,O concentration during the chamber closure,
following the method outlined by Korkiakoski et al. (2017) and detailed
in Supplementary Methods, Section 2. Quality control procedures
(Supplementary Methods, Section 3) involved removing low-quality
data related to system or chamber malfunctions, using a combination
of normalised root mean square error (NRMSE) and iterative standard
deviation filtering as fit diagnostics.

The AC system occasionally introduced an artificial diurnal NyO
cycle, linked to non-steady-state conditions during periods of low at-
mospheric turbulence throughout the year. This effect has been previ-
ously reported in other peatland forest studies using similar systems
(Koskinen et al., 2014; Rautakoski et al., 2024). Thus, daily mean N,O
fluxes were considered the most accurate representation of temporal
variation. Subsequently, a quality control procedure was applied to the
mean daily fluxes; details are provided in Supplementary Methods,
Section 3. To ensure that the hourly data adequately represented sub-
daily variations, days with less than 5 hourly measurements were
excluded from the calculation of mean daily fluxes for each chamber.
Additionally, a Median Absolute Deviation (MAD) test was used to
identify and remove potential outliers in the mean daily fluxes, which
were primarily caused by sporadic hourly flux peaks.

Following the procedures outlined by Rautakoski et al. (2024), a
machine learning approach using a random forest model with condi-
tional inference trees was used to fill data gaps and generate continuous
mean daily flux time series for each chamber. Further details can be
found in Supplementary Methods, Section 4. Cumulative daily fluxes per
chamber were calculated by multiplying daily means by 24 h. Annual
cumulative sums for 2021 and 2022 were then obtained by summing the
respective daily fluxes.

2.2.4. Ancillary environmental measurements

Below-canopy air temperature (Ta, °C) was measured at 30 cm above
the peat surface at each chamber using a radiation-shielded temperature
sensor (model PT4T, Nokeval Oy, Nokia, Finland). Peat soil temperature
at 5 cm depth (Ts, °C) was simultaneously recorded within each
chamber collar using an identical sensor model. Below-canopy photo-
synthetically active radiation (PAR, umol m~2 s~!) was measured at
each chamber with a quantum sensor (model PQS1 PAR Quantum
Sensor, Kipp & Zonen, Delft, The Netherlands). Soil moisture at 5 cm
depth (Sm, m® m~3) was measured at a single location within each group
of ACs at each site using a soil moisture sensor (model ML3, Delta-T
Devices Ltd., Cambridge, UK).

In the immediate vicinity of the automated chambers at the C and CC
sites, WTL was monitored using a hand-held water level meter (Pokela
Engineering Services, Helsinki, Finland) from a dip-well (perforated
polypropylene tube; 120 cm long, 2 cm diameter) drilled into the peat
close to the chamber groups. At the CCF site, WTL was monitored from
two separate dip-wells. Manual WTL measurements were conducted on
several occasions during 2021 and 2022. Hourly WTL data for each
chamber group were subsequently estimated by correlating manual
measurements with continuous records from automated loggers
installed at multiple locations across the C, CC and CCF sites (see sub-
section 2.4.).

2.3. Manual chamber-based N0 flux measurements

2.3.1. Experimental design and N»O flux calculation

Pre-harvest manual chamber (MC) based NoO measurements were
conducted at the centers of permanent forest inventory plots (8 m
radius), defined as ‘sampling locations’, with 4, 4, and 3 plots at the C,
CC, and CCF sites, respectively (Fig. 1). Flux measurements at each
sampling location were carried out over 5 campaigns between 10 June
and 10 August 2020 (pre-harvest year; see Supplementary Fig. S1). To
better characterize soil N2O fluxes during the first post-harvest year
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(2022), the number of sampling locations and campaigns were
extended. In 2022, MC-based measurements were conducted at the
centers of 9, 7, and 13 sampling locations located at the C, CC, and CCF
sites, respectively, across 12 campaigns between 3 May and 20 October
(Fig. 1 and Supplementary Fig. S1). The number of sampling locations
was roughly proportional to site area (7.6, 6.3, and 8.8 ha), ensuring
balanced spatial coverage. Plot selection accounted for key gradients
influencing N»O fluxes, including distance from drainage ditches, can-
opy variability, and stand structure, while avoiding edge effects and
spatial clustering. Each sampling location included a single measure-
ment point, selected to represent vegetation cover and species compo-
sition at that location.

Fluxes were determined using a custom-made closed opaque cylin-
drical chamber (30.5 cm height, 32 cm diameter) equipped with a small
mixing fan and connected via Teflon tubing in a closed loop to a portable
infrared gas analyser (2020: model DX4015, Gasmet Technologies Oy,
Vantaa, Finland; precision: 7 ppb at 60 s; 2022: model LI-7820, LI-COR
Inc., Lincoln, NE, USA; precision: 0.4 ppb at 1 s). At each measurement
point, the chamber was manually placed on the ground, aligned with a
pre-cut 2 cm deep ridge along its circumference to ensure an airtight
seal. All sampling locations were measured between 10:00 h and 16:00 h
during each campaign in 2020 and 2022. Sampling locations were
measured in random order during each campaign to prevent diurnal
effects.

N5O concentration was recorded at 1-second intervals over a 3-min-
ute chamber closure period. MC-based N3O fluxes (ug N2O m2hh
were calculated using a linear fit to the change in NoO concentration
during the chamber closure, analogous to the method applied for ACs
(see Supplementary Methods, Section 2). To optimize slope estimation,
the first 30 s and last 15 s of each measurement were excluded. Hourly
fluxes were assumed representative of mean daily N2O fluxes.

During each flux measurement, Ts was measured using a hand-held
digital thermometer (model ETI Therma 1, Electronic Temperature In-
struments Ltd., Worthing, UK). WTL was recorded using the same hand-
held water level meter described previously, from a dip-well drilled into
the peat.

Because the number of sampling locations was lower in 2020 than in
2022, MC-based N,O fluxes for 2020 were estimated for 2, 1, and 6
additional sampling locations at the C, CC, and CCF sites, respectively.
This approach was based on linear regression analyses conducted among
the sampling locations measured within each site in 2022 (see Supple-
mentary Methods, Section 5). Consequently, fluxes in 2020 were
measured or estimated at 6, 5 and 9 sampling locations at the C, CC, and
CCF sites, respectively. For direct comparison of pre- and post-harvest
fluxes, MC measurement campaigns from June-August 2022 (n = 6)
were selected across these 20 sampling locations.

2.3.2. Annual cumulative sum

The occurrence of N,O fluxes is often episodic, and the underlying
regulatory processes are inherently complex (Rautakoski et al., 2024).
Consequently, deriving accurate estimates of annual cumulative NoO
values from low-frequency MC-based N3O fluxes and their relationship
with environmental variables (e.g., Ts and Sm) presents a significant
challenge. To address this, we examined the correlation between the 12
MC-based measurements at each sampling location conducted between
May-October 2022 and concurrent AC-based measurements from each
automated chamber within each site. This relationship was used to
model cumulative NoO emissions at each MC sampling point separately
for the growing season (May-October) and non-growing season
(November-April), defining the growing season as the period between
the MC campaigns. The annual cumulative sum for 2022 was then
calculated for each sampling point by aggregating values across both
seasons. Further methodological details are provided in Supplementary
Methods, Section 6.
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2.4. Other ancillary environmental measurements

Precipitation (P, mm) was monitored at 30-minute intervals at the C
site using a weighing rain gauge (model Pluvio?, OTT HydroMet GmbH,
Kempten, Germany) equipped with a wind protection shield. Daily snow
depth (Sq, cm) was estimated by the FMI at a nearby weather station
(Hameenlinna Lammi Pappila station, located 18 km southwest of the
Rénskalankorpi experimental site, 61°03'N, 25°02'E, 136 m a.s.l.). These
data were used to define the snow-free and snow-covered periods during
the study. Subsequently, site-specific daily Sq values were calculated
based on punctual Sq measurements taken near the ACs on multiple
occasions during the winters from 2021 to 2024. Hourly WTL was
monitored using automated pressure transducers (model Odyssey,
Dataflow Systems Ltd., Christchurch, New Zealand) installed in perfo-
rated plastic tubes at the C (n = 2), CC (n = 2), and CCF (n = 1) sites.

2.5. Soil peat sampling

2.5.1. Topsoil peat sampling

Peat topsoil sampling was conducted in November 2020, with two
samples collected from each of the 27 permanent forest inventory plots
where MC measurements were performed. Supplementary samples were
collected in May 2023 from two additional MC sampling locations at the
CC site and from the three AC locations. In both campaigns, sampling
points were selected to represent the typical vegetation cover and spe-
cies composition of each plot and AC group. A volumetric peat profile
was collected using a stainless-steel box sampler (100 x 6.3 x 3.9 cm;
length x width x height). The sampled layers were 0-10 cm and 10-20
cm below the peat surface. The top 20 cm of peat represents the main
production zone for fine roots in boreal peatland forests (He et al.,
2023).

All peat samples were dried to constant mass at 105 °C for 48 h. Soil
bulk density (BD, g cm™>) was then determined by dividing the oven-
dried soil mass by the original sample volume (245.7 cm™>). Total soil
C and N concentrations (%) were quantified using a CN analyser (model
TruMac CN, LECO Corporation, Saint-Joseph, MI, USA). Concentrations
(mg kg_l) of aluminium (Al), boron (B), calcium (Ca), cadmium (Cd),
chromium (Cr), copper (Cu), iron (Fe), potassium (K), magnesium (Mg),
manganese (Mn), nickel (Ni), phosphorus (P), lead (Pb), sulphur (S), and
zinc (Zn) were determined for the 27 sampling locations using a spec-
trometer (model iCAP 6500 Duo ICP-OES, Thermo Fisher Scientific Ltd.,
Cambridge, UK) after HNO3-HCl digestion in a microwave (model Mars
6, CEM Corporation, Matthews, NC, USA). Peat depth (P4, cm) was also
measured in June 2022 at each of the 32 sampling locations by manually
inserting a metal rod into the peat until the mineral base was reached.

2.5.2. Deep soil peat sampling

In September 2022, volumetric peat profiles were extracted from a
depth of 1 m at 4 permanent forest inventory plots within the C, CC, and
CCF sites. The locations of the groups of ACs at the C and CC sites were
also sampled. Topsoil peat was collected using the box-type sampler
described above, while deeper peat layers were sampled with a Russian-
type peat corer consisting of a side-filling chambered sampler (50 cm
length, 5 cm inner diameter), an extension metallic rod (1.2 m length),
and a T-handle. Peat samples were subdivided into 10-cm subsamples
for further analysis. Analyses included pH measurements (in distilled
water [1:10, w:v]) and determination of total soil C and N concentra-
tions (%).

2.6. Statistics

Each set of N,O flux data from the manual and automated chambers
was tested for normality using the Shapiro-Wilk test. As neither dataset
followed a normal distribution, non-parametric Kruskal-Wallis rank
sum tests were applied, followed by Dunn-Bonferroni post hoc tests (p <
0.05) to assess differences in soil N2O fluxes. For repeated chamber
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measurements, linear mixed-effects models (LMMs) were fitted to asinh-
transformed N2O flux data using restricted maximum likelihood
(REML), with day included as a random effect. Pairwise comparisons of
estimated marginal means (EMMs) with Bonferroni adjustment (p <
0.05) were used to assess differences among chambers. The specific
statistical tests applied are indicated in the figure captions. In all figures,
boxplots represent the IQR (25th-75th percentiles), with the horizontal
line indicating the median and a black cross denoting the mean. Whis-
kers extend to 1.5 times the IQR, and data points beyond this range are
shown as individual outliers.

Non-parametric descriptive statistics, including the median and IQR,
were reported for soil NoO fluxes. Environmental variables (Ta, Ts, PAR,
Sm, and WTL) also showed non-normal distributions and were analysed
using the same non-parametric approach. For variables with normally
distributed data, including stand age, peat depth, peat soil concentra-
tions of C and N, CN ratio, bulk density, and the contribution of the
snow-covered period to the annual N,O balances, the mean and one
standard deviation were reported as descriptive statistics.

To identify hot moments of soil N,O emissions, we applied the 1.5 x
IQR method, following the approach recommended by Stuchiner et al.
(2025). A single threshold was derived from the complete dataset
comprising mean daily N3O fluxes from all nine ACs across the three
sites. Mean daily values exceeding the third quartile (Q3) by more than
1.5 x IQR were classified as hot moments.

To compare MC and AC sampling locations in 2022, hourly N5O
fluxes were extracted from each individual AC for each of the 12 cam-
paigns during which MC measurements were conducted. Fluxes were
then averaged for each AC location and campaign. Median campaign
values from the 38 MC and 3 AC sampling locations were used to identify
N20 hot spots. Sampling locations with median values exceeding Q3 by
more than 1.5 x IQR were classified as hot spots.

A procedure similar to that described by Rautakoski et al. (2024) was
used to calculate variable importance (VI) metrics from a random forest
model with conditional inference trees. These metrics were used to
identify the controlling factors of the temporal variation of soil N2O
fluxes based on AC measurements. To facilitate comparisons across ACs
and sites, the VI values of each chamber were normalized (i.e., 0 = least
important variable, 1 = most important variable). Non-gap-filled mean
daily N,O data were used in this analysis to avoid the additional un-
certainty associated with the gap-filling procedure.

Generalized Additive Models (GAMs) were applied to examine the
non-linear relationships between AC-based N5O fluxes and temporal
controlling factors (i.e., Ta, Ts, Sm, WTL, and P) across all sites. The
controlling factors of the spatial variation in mean daily N5O fluxes were
identified based on the rank order of individual linear regressions, ac-
cording to their coefficient of determination (R?).

To accommodate logistical and technical constraints across different
sites and measurement campaigns, we used different gas analysers for
MC- and AC-based N»O measurements. Although no formal cross-
comparison was conducted, all instruments were regularly calibrated
and verified with certified gas standards. Instrument precision differed
substantially, and we therefore acknowledge that instrument-specific
variability could contribute to minor differences in measured NO
concentrations, particularly at the C site where fluxes are near zero.
Nonetheless, we consider these differences unlikely to substantially
affect overall flux estimates or comparisons across sites, ensuring con-
sistency and reliability across datasets.

AC-based N0 fluxes were calculated using the Python programming
language (version 3.9, Van Rossum and Drake, 2009). Data preparation,
analysis, and visualization were conducted in R (version 4.3.3, R Core
Team) and RStudio (version 2022.07.2, Posit PBC), using the following
packages: Cforest, corrplot, cowplot, dplyr, emmeans, FSA, ggplot2, ggpmisc,
ggpubr, mgcv, multcompView, nlme, party, PerformanceAnalytics, rcom-
panion, reshape2, and tidyverse.
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3. Results

3.1. Effects of harvesting methods on forest-floor environmental
conditions

At the C site, median annual Ta and Ts remained consistent between
2021 (harvest year) and 2022 (first post-harvest year), averaging 3.6 °C
and 2.8 °C, respectively (Fig. 3a-b). At the CCF site, harvesting led to an
increase in both Ta and Ts in 2021, followed by a slight decrease in
2022. In contrast, the CC site exhibited a notable rise in Ta, but espe-
cially in Ts, in 2022.

Median annual PAR at the C site remained stable across 2021-2022,
at approximately 11 pmol m™2 s™! (Fig. 3c). After harvesting, PAR
increased markedly, by ~2.5-fold at the CCF site (averaging 25 p mol
s 1 and nearly ninefold at the CC site (96 pmol m2s .

In 2021, median annual Sm at the C site was slightly higher than in
2022 (0.28 vs. 0.19 m® m~3; Fig. 3d). After harvesting, Sm increased by
0.06 m® m~3 at the CC site and showed a more pronounced increase at
the CCF site, averaging 0.12 m® m~>.

Median annual WTL, measured relative to the peat surface, was
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shallower at the C site in 2021 (-37 cm) than in 2022 (-47 cm; Fig. 3e).
At the CC site, WTL was —29 cm in 2021 and -26 cm in 2022, while at the
CCF site, values remained relatively stable (-49 and -50 cm, respec-
tively). These results indicate that harvesting generally led to a rise in
WTL in both years, with a more pronounced effect at the CC site than at
the CCF site. Notably, growing season WTL measurements, which cap-
ture larger spatial variability, support this harvesting-induced raise
(Supplementary Fig. S2). Specifically, the median growing season WTL
increased by 13 cm at the CC site from the pre-harvest year 2020 to the
first post-harvest year 2022, whereas the increase at the CCF site was
more modest, at 6 cm over the same period.

3.2. Dynamics and controlling factors of the temporal variability of soil
N0 fluxes

Manual chamber-based measurements conducted during June-
August in 2020 and 2022 (Fig. 4) revealed increased median soil N,O
fluxes in the first year after harvesting at both the CC and CCF sites
compared to the pre-harvest year. Specifically, fluxes rose from 11 [47]
to 30 [26] pg NoO m~2 h~! at the CC site, and from 6 [111] to 54 [94] pg
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Fig. 3. Effects of harvesting methods on forest-floor environmental conditions. Panels a)-e) show the annual median values (with interquartile ranges in brackets) of
below-canopy air temperature (Ta), soil temperature at 5 cm depth (Ts), below-canopy photosynthetic active radiation (PAR), soil moisture at 5 cm depth (Sm), and
water table level (WTL) at the C site during the harvest year (2021) and the first post-harvest year (2022). Note that early 2021 represents pre-harvest conditions,
with harvesting beginning in March. For consistency, 2021 is considered a post-harvest year since most of the year reflects post-harvest conditions and associated
effects. Panels f)—j) show the absolute changes (AX) in these variables at the CC and CCF sites, calculated as AX¢c = Xcc — Xc and AXcer = Xccr — Xc. Positive and
negative AX values represent increases and decreases relative to the C site, respectively. Note that ATa, ATs, APAR, ASm values for the CC site are presented only for
2022. p-values in panels a)-e) indicate differences between years at the C site, based on non-parametric Kruskal-Wallis rank sum tests; p-values in panels f)-j)
indicate differences between sites within each year, also based on Kruskal-Wallis tests. Ta, Ts, PAR, and Sm data were obtained from measurements inside or near
automated chambers, while WTL data also included measurements from other site locations.
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Fig. 4. Pre- and post-harvest soil N,O fluxes. Mean daily N,O fluxes are shown
for the C, CC, and CCF sites during the pre-harvest year (2020) and the first
post-harvest year (2022). Data include MC ‘measured’ and ‘estimated’ fluxes
collected from June-August 2020, and MC ‘measured’ from June-August 2022.
For each year and site, p-values from non-parametric Kruskal-Wallis rank sum
tests are shown. Different superscript letters denote significant differences be-
tween sites (within boxes) or between years (below boxes), based on Dunn-
Bonferroni post hoc tests (p < 0.05). Values in parentheses indicate the total
number of ‘measured’ and ‘estimated’ sampling locations per site and year.

N2O m2 h™! at the CCF site, although these increases were not statis-
tically significant. In contrast, the C site exhibited minimal change, with
median flux values shifting from 4 [12] to -1 [15] pg N2O m2h.

Automated chamber-based measurements revealed that daily mean
N2O fluxes at the C site remained near neutral throughout the study
period (June 2020 to December 2022), ranging from -18 to 26 pg NoO
m2h~! (min-max values, Fig. 5a,d), and no hot moments were detected
(Fig. 5a). In contrast, the CC site exhibited substantial temporal vari-
ability between September 2021 and December 2022, with daily mean
fluxes ranging from —12 to 278 pg NoO m™2 h™! (Fig. 5b,e), and hot
moments occurring on 14.9 + 5.7 % of measured days (Fig. 5b). At the
CCF site, daily mean N5O fluxes ranged from —24 to 109 pg NoO m 2 h™!
between October 2020 and December 2022 (Fig. 5c,f), with hot mo-
ments accounting for 11.7 + 5.9 % of measured days (Fig. 5c). The
contribution of hot moments to the annual cumulative N,O balance at
the CCF site was substantially lower in the harvest year 2021 than in the
first post-harvest year 2022, increasing from 25 + 4 % to 61 + 16 %
(Fig. 5i). In 2022, hot moments contributed more to the annual balance
at the CC site (71 & 20 %) than at the CCF site (61 + 16 %; Figs. 5h,i).

The key factors controlling the temporal variability of AC-based N,O
fluxes differed markedly between non-harvested and harvested sites
(Fig. 6a). Specifically, at the C site, Ta and P were dominant, with mean
VI values of 0.70 and 0.64, respectively (0O = no importance, 1 = high
importance). In contrast, WTL was a key driver at the CC and CCF sites
(VI = 0.46 and 0.53, respectively), while Sm was the most influential
factor at the CCF site (VI = 0.59). Lagged and cumulative effects of
different controlling factors were also associated with the temporal
variability of fluxes, particularly at the harvested sites (Fig. 6b). At the
CCF site, lagged WTL, Sm, and Ts had substantial influence, with VI
values of 0.46, 0.45, and 0.41, respectively, corresponding to peak
predicted fluxes at lags of 3, 1 and 4 days, respectively (Supplementary
Fig. §3). Similarly, at the CC site, lagged WTL and Sm (VI = 0.46 and
0.44, respectively) were most influential at lags of 7 and 1 days,
respectively. Cumulative precipitation was also associated with peak
fluxes at 4 and 7 days at the CC and CCF sites, respectively.
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Generalized additive model (GAM) effect splines were used to
explore the relationship between AC-based N»O fluxes and temporal
controlling factors (Supplementary Fig. S4). At the C site, the consis-
tently low flux magnitudes limited the ability to identify significant
relationships. At the CC site, peak fluxes corresponded to optimal Ta and
Ts values of about 19 and 16 °C, respectively. At the CCF site, re-
lationships with Ta and Ts were more complex, exhibiting two distinct
peaks: one at low temperatures (Ta ~—4 °C, Ts ~-1 °C), and another at
higher temperatures (Ta ~16 °C, Ts ~15 °C). Sm also played an
important role, with increased fluxes observed when Sm ranged between
0.25 and 0.27 at the CC site and 0.24-0.28 m® m~3 at the CCF site.
Additionally, fluxes at the CC site peaked when WTL was around —-33 cm.
At the CCF site, the NyO-WTL relationship was more variable, exhibiting
three distinct flux peaks at WTL depths of -12, —42, and -56 cm.

3.3. Dynamics and controlling factors of the spatial variability of soil N2O
fluxes

Manual chamber-based measurements carried out during June-
August in 2020 and 2022 revealed varying degrees of spatial vari-
ability in soil N3O fluxes across the three study sites (Fig. 4). Specifically,
spatial heterogeneity increased in the order: C —» CC — CCF. This spatial
pattern remained consistent across both pre- and post-harvest years at
each study site.

This pronounced spatial variability was further investigated using
combined data from 38 sampling locations (9 ACs and 29 MCs) collected
in 2022 (Fig. 7). The range of N0 fluxes (min-max) was —-38 to 54, -5 to
261, and -39 to 459 pg NoO m™2 h™! at the C, CC, and CCF sites,
respectively. The C site exhibited the highest spatial homogeneity and
the most frequent occurrence of low-flux locations. Median fluxes across
the C site locations ranged from -5 [4] to 14 [16] ug N2O m2h . In
contrast, the CC site showed greater spatial heterogeneity, including
several locations with high fluxes and two identified as hot spots, with
median values ranging from 2 [8] to 88 [72] pg N2O m2h~L. The CCF
site exhibited the greatest spatial variability, with median fluxes ranging
from 0 [5] to 149 [208] pg N,O m2h! and the highest number of hot
spots (n = 3), two of which showed the highest fluxes observed across all
study sites.

Correlation analysis identified several factors controlling the spatial
variability of N3O fluxes (Fig. 8). Positive correlations were observed
with K (R* = 0.32, r = 0.57), Cu (R* = 0.17, r = 0.41), P (R* = 0.15, 1 =
0.39), and BD R%2=0.1 1, r = 0.33). Marginal positive correlations were
also found with Ts (R* = 0.10, r = 0.32) and N (R? = 0.09, r = 0.30),
while a marginal negative correlation was observed with the CN ratio
(R2 = 0.08, r = -0.29). GAMs indicated linear relationships between
N,O fluxes and most variables, except for K and Cu, which exhibited
non-linear trends (Supplementary Fig. S5). Furthermore, the results
indicated that correlations between N,O fluxes and soil variables (K, Cu,
P, BD, N, and CN ratio), were stronger in the deeper peat layer (10-20
cm) than in the topsoil layer (0-10 cm). Significant correlations were
primarily observed in the deeper layer, while those in the topsoil were
generally weaker or non-significant. Apart from Ts, no significant dif-
ferences were observed among the C, CC, and CCF sites regarding the
temporal controlling factors of N5O fluxes (Supplementary Fig. S6).

Deep peat soil sampling at 10 cm depth intervals enabled assessment
of C, N, CN ratio and pH as potential controlling factors (Fig. 9). No clear
trends were observed between C or pH and N;O fluxes across the soil
peat profile. In contrast, correlations between N and CN ratio with NyO
fluxes (positive and negative, respectively) were notably stronger in soil
peat layers located above the WTL at all the study sites. During the 2022
growing season, WTL depths were -58 [41] cm, —29 [12] c¢m, and -56
[13] cm at the C, CC, and CCF sites, respectively (Supplementary
Fig. S7). Notably, peak values of these correlations were consistently
observed just above the WTL.
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Fig. 5. Temporal variation in soil N,O fluxes. Panels a), b), and c¢) show time series of mean daily N,O fluxes measured by each AC at the C, CC, and CCF sites,
respectively. The purple dashed vertical lines in panels b) and c) indicate the timing of the harvesting treatment initiation. The truncated lines at the top of each panel
indicate periods identified as hot moments for each AC. The red horizontal line in each panel represents the threshold for defining hot moments (25.6 pg N,O m™
h™1). Values indicate the proportion of hot moments for each AC and the mean value for each site. Panels d), e), and f) display box-plots of mean daily fluxes
measured by each AC at the C, CC, and CCF sites, respectively. For each site, the p-value corresponds to the fixed effect of chamber from a linear mixed-effects model
(REML) with day as a random effect to account for repeated measures. The model was fitted on asinh-transformed N,O flux data. Different superscript letters denote
significant differences among chambers (EMM pairwise comparisons, Bonferroni-adjusted p < 0.05). Panels g), h), and i) present the contribution of hot moments to
the annual cumulative N5O flux for each AC and the mean value for each site in 2021 (harvest year) and 2022 (first post-harvest year).

3.4. Annual cumulative soil N3O fluxes

Automated chamber-based measurements indicated that the annual
N2O balance at the C site was close to neutral in both the harvest year
2021 and the first post-harvest year 2022, with median values of 11 [6]
and -5 [5] mg N,O m 2 y’l, respectively (Fig. 10a-b). The annual bal-
ance was higher at the CCF site than at the C site in both years, reaching
72 [7] mg NoO m~2 y! in 2021 and 145 [43] mg N,O m ™2y} in 2022.
The CC site showed the highest annual balance among the sites in 2022
(157 [150] mg NoO m~ 2y 1),

The snow-covered period contributed similarly to the annual bal-
ances at the C and CCF sites in 2021 (32 &+ 10 % and 39 + 11 %,
respectively; Supplementary Fig. S8). In 2022, the longer snow cover
duration and greater snowpack depth enhanced the contribution of the
snow-covered period to annual N,O fluxes, reaching values close to
44-48 %. Although the CC site exhibited a substantially deeper snow-
pack in 2022 than the C and CCF sites, its relative contribution from the
snow-covered period was lower, at 29 + 26 %.

In addition to AC-based measurements, the annual site-level balances
in 2022 were Supplemented with estimates derived from MC-based
measurements (Fig. 10c). Considerable spatial variability was
observed, with individual location values (min-max) ranging from -11

to 39 mg N,O m~2 y ! at the C site, 44 to 704 mg N;O m 2y at the CC
site, and 10 to 1513 mg NoO m~2 y ! at the CCF site. Overall, the annual
balance increased with harvest intensity in the order C — CCF — CC,
with median values of 0 [25], 163 [533], and 185 [194] mg N,O m~2
y L, respectively. However, the difference between the CCF and CC sites
was not statistically significant. Notably, the large IQR values observed
for annual emissions, particularly at the CCF site, exceeding the median,
reflect substantial spatial variability primarily driven by localized hot
spots with disproportionately high N2O fluxes.

4. Discussion
4.1. Temporal variability of soil N2O fluxes

4.1.1. Forestry-drained boreal peatland as a consistent source of N2O

Soil N3O fluxes at the Ranskalankorpi experimental site exhibited
notable temporal variability, with daily mean values ranging from — 39
to 459 pg N2O m2h! (Figs. 5 and 6), consistent with previously re-
ported ranges (—7 to 450 pg NoO m 2 h™1) for forestry-drained boreal
peatlands across Finland with soil CN ratios of 16.0-45.0 (Ojanen et al.,
2010). These findings indicate that the studied peatland predominantly
acts as a net N»O source.
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Fig. 6. Controlling factors of the temporal variation in soil NyO fluxes. Panels
show the variable importance (VI) values from random forest models with
conditional inference trees, showing the drivers of temporal variation in mean
daily N,O fluxes at the C, CC, and CCF sites. Panel a) presents the direct effects
of mean daily below-canopy air temperature (Ta, °C), mean daily soil tem-
perature at 5 cm depth (Ts, °C), mean daily soil moisture at 5 cm depth (Sm, m®
m’3), mean daily water table level (WTL, cm), and cumulative daily precipi-
tation (P, mm). Panel b) presents the mean lagged effect (1-7 days) of these
variables (Ta_lag, Ts_lag, Sm_lag, WTL_lag, and P_lag, respectively), as well as
the cumulative effect of cumulative daily P during the previous 1-7 days
(P_cum). Values represent the mean VI of the 3 ACs per site. Higher VI values
indicate stronger temporal control on fluxes. Note that flux data were derived
from non-gapfilled AC measurements. The time periods covered are as follows:
C site — entirely under non-harvested conditions; CC site — entirely post-harvest;
CCF site — includes both pre-harvest (October 2020-March 2021; 17 + 3 % of
total dataset) and post-harvest (April 2021-December 2022; 83 + 3 %) periods.

Interestingly, some areas within the C site exhibited small N2O sink,
even on an annual scale. AC-based soil N5O fluxes fluctuated between
weak emissions (max: 26 pg NoO m™2 h™!) and limited uptake (min: 18
pg N2O m™2 h™1), similar to fluxes reported for natural and drained
boreal peatlands with varying nutrient status (Pihlatie et al., 2010;
Regina et al., 1996). Low emissions at the C site likely reflect limited soil
N availability, particularly NO3 (Supplementary Fig. S9). Nitrification,
which produces both NO3 and N0, was probably suppressed by NHZ
competition with trees and forest-floor vegetation. However, mecha-
nisms driving N2O uptake, which represented ~16 £ 7 % of daily ob-
servations and occurring evenly between May-September, remain
uncertain. The high-sensitivity analyser at this site (minimum detectable
flux: 0.1 pg N2O m™2 h™!) enabled detection of small fluxes while
minimizing instrumental noise issues (Cowan et al., 2014). Reduced N2O
production in the oxic layer may have shifted fluxes from emission to
uptake, possibly via dissimilatory NO reduction in deeper anoxic peat
layers (Chapuis-Lardy et al., 2007). Alternatively, N3O consumption in

10

Geoderma 465 (2026) 117648

the oxic layer could have occurred through N5O fixation (i.e., assimi-
lation), potentially triggered by N limitation (Si et al., 2023). Beyond
these processes, other microbial pathways may also contribute.
Dissimilatory nitrate reduction to ammonium (DNRA) can reduce N3O
production by diverting nitrate away from denitrification, particularly
under low NO3 availability and high C:NOj ratios, as observed at the C
site (Pandey et al., 2020). Co-denitrification, which involves the hybrid
production of N3 from both NO3 and organic N compounds, may also
result in direct N, formation without intermediate N-,O release (Wilson
et al., 2021). Yet, both DNRA and co-denitrification have been also
shown to produce N»O but their relative contributions to N2O emissions
are unclear (Giles et al., 2012). These uncertainties highlight the need
for targeted microbial and isotopic investigations, along with studies on
soil redox potentials and vertical NoO dynamics within the peat profile,
to better understand the processes facilitating N»,O uptake.

4.1.2. Clear-cutting increases frequency and intensity of soil N2O emissions

Automated chamber-based fluxes exhibited pronounced seasonal
variability, peaking in summer and lowest during the snow-covered
period (Fig. 5). The substantial contribution of the snow-covered
period to the annual N;O balance, and its implications for future
research, are detailed in Supplementary Discussion, Section 1. During
summer, hot moments were more frequent and intense at the CC site
than at the CCF site, likely due to clear-cutting effects. First, more
decomposing logging residues and reduced N uptake from lower plant
biomass at the CC site (Fig. 2) may have increased available N in the soil
surface (Makiranta et al., 2012). Second, higher Ts at the CC site
(Fig. 3g), driven by greater solar exposure after canopy removal
(Fig. 3h), likely accelerated peat decomposition, potentially reducing Oy
availability while increasing N mineralization (Maljanen et al., 2003).
Third, a greater WTL rise at the CC site (Fig. 3j), resulting from lower
transpiration due to reduced plant biomass, may have promoted anoxic
conditions favouring N2O production via denitrification (Regina et al.,
1996).

Overall, post-harvest median emissions showed a non-significant
increase at both CC and CCF sites relative to pre-harvest conditions
(Fig. 4). These emissions may stabilize or decline as the forest ecosystem
recovers through gradual changes in nutrient uptake, soil environmental
conditions, and/or residue decomposition dynamics (Zhang et al.,
2022a). Nonetheless, clear-cutting impacts may persist longer than
those of selection harvesting. Further long-term monitoring is needed to
draw conclusive insights and evaluate the sustained effects of different
harvesting practices on soil N2O dynamics in forestry-drained boreal
peatlands.

4.1.3. Controlling factors of temporal variability of soil N2O fluxes

Our results highlight complex interplay of factors regulating the
temporal variability of soil N3O fluxes. Notably, primary temporal
controlling factors were partly different between the C site and the
harvested sites (Fig. 6a). At the C site, fluxes correlated more with Ta
than Ts, suggesting that active NO-producing microbes may reside
predominantly in the upper peat layer, consistent with previous studies
(Pihlatie et al., 2010; Regina et al., 1998). Pronounced temporal flux
responses to soil rewetting after precipitation further supports this
interpretation, though caution is warranted given low flux magnitudes.
Greater temporal variation in Ta than Ts may have caused our modelling
approach to emphasize the Ta-N2O relationship, partially accounting
for its higher apparent importance. In contrast, at the CC and CCF sites,
WTL and Sm were key factors, regulating O, availability for microbial
processes (Butterbach-Bahl et al., 2013), as documented in peat soils (e.
g., Peltoniemi et al., 2023; Rautakoski et al., 2024). GAM analysis
further indicated that fluctuations around intermediate Ts and Sm, as
well as deep WTL, increase N2O emissions (Supplementary Fig. S4). A
detailed discussion of these relationships at the CC and CCF sites is
provided in Supplementary Discussion, Section 2. Although 17 + 2 % of
the non-gapfilled AC dataset at the CCF site represents pre-harvest
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Fig. 7. Spatial variation in soil NO fluxes. Panels show the box-plots of mean daily N,O fluxes at MC and AC sampling locations during the 2022 growing season at
a) C, b) CC, and c) CCF sites. For each site, the p-value corresponds to the fixed effect of chamber from a linear mixed-effects model (REML) with day as a random
effect to account for repeated measures. The model was fitted on asinh-transformed N,O flux data. Different superscript letters placed vertically above each boxplot
denote significant differences among chambers (EMM pairwise comparisons, Bonferroni-adjusted p < 0.05). The dashed vertical line in each panel separates MC and
AC sampling locations. Asterisks below the boxes identify hot spots. Sample size: n = 12 flux measurements in each sampling location from 3 May to 20

October 2022.

conditions, results mainly reflect post-harvest. At the CC site, late AC
initiation missed early 2021 post-harvest emissions, so temporal pat-
terns may not capture the full post-harvest trajectory. Despite these
limitations, our findings emphasize the critical role of hydrological and
thermal conditions in controlling temporal N2O flux dynamics, under-
scoring their sensitivity to harvesting and even moderate environmental
fluctuations.

4.1.4. Temporal variability of soil NO fluxes driven by lagged
environmental responses

The influence of environmental controls on the temporal modulation
of soil N»O fluxes may not be immediate. Instead, time-lagged responses
to Ts, Sm, WTL, and/or precipitation may also play a crucial role in
determining emission timing and magnitude in boreal peat soils
(Rautakoski et al., 2024). In this study, soil NoO emissions typically
peaked one day after the peak in Sm measured at 5 cm depth across all
sites (Supplementary Fig. S3). This short lag likely reflects the high
permeability of the topsoil peat, facilitating rapid water infiltration and
O, diffusion (Kononen et al., 2015), which promotes anoxic conditions
and stimulates microbial processes. In contrast, peak emissions occurred
with a longer lag of ~3-4 days following the peak in WTL at the CC and
CCF sites (Supplementary Fig. S3). This delay may result from the slower
rise of the WTL from deeper peat layers after precipitation, with mois-
ture changes becoming fully effective only after microbial communities
have adjusted, causing a postponed emission peak. We also observed a
lag of around 4-5 days between Ts and N,O emissions at the C and CCF
sites (Supplementary Fig. S3), suggesting a more indirect role of tem-
perature in regulating NyO fluxes, compared to the more immediate
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effects of water availability (Parn et al., 2018).

Precipitation often triggers N2O pulses (Rautakoski et al., 2024), but
magnitude and pathway (nitrification vs. denitrification) depend on
event size and duration (Gao et al., 2024). In our study, emissions were
not clearly linked to individual precipitation events at the CC and CCF
sites (Fig. 6a) but responded to cumulative precipitation over 4 and 7
days, respectively (Supplementary Fig. S3). The shorter response period
at the CC site may result from canopy removal, which likely amplifies
fluctuations in Sm and O availability, leading to more rapid microbial
responses that are further accelerated by elevated N availability and
more pronounced drying-rewetting cycles (Peltoniemi et al., 2023;
Sarkkola et al., 2010). These dynamics could have important implica-
tions for climate change and the global N cycle, particularly in the
Nordic region, where precipitation is projected to become more frequent
and intense, especially in summer months (Dyrrdal et al., 2023). Given
the higher frequency and intensity of hot moments at the CC site
compared to the CCF site, our results suggest that selection harvesting,
by maintaining greater canopy cover, may help stabilize Sm and reduce
NO sensitivity to precipitation, thereby supporting climate mitigation
efforts.

4.2. Spatial variability of soil N2O fluxes

4.2.1. Hot spots as key determinants of large spatial variability in soil N2O
fluxes

Considerable spatial variability in soil N2O fluxes was observed
across sites (Fig. 4). Intra-site spatial variability, measured by the IQR,
was on average 3 and 8 times greater at the CC and CCF sites,
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Fig. 8. Controlling factors of the spatial variation in soil N,O fluxes. Correla-
tion analysis ranking the 15 most influential variables explaining the spatial
variation of mean daily N»O fluxes during the 2022 growing season, combining
MC and AC data. Variables include soil concentrations (mg kg’l or %) of K, Cu,
P, N, Mn, Ni, Al, Cd, C, and Fe, as well as the CN ratio, soil bulk density (BD, g
em~3), and soil temperature at 5 cm depth (Ts, °C), specified by sampling depth
(0-10 cm and 10-20 cm). Variables are ranked by coefficient of determination
(R?) from individual correlations with N,O fluxes. Italicized values indicate
Pearson’s correlation coefficients; two asterisks for significance (p < 0.05), one
for marginal (p < 0.1), none for non-significant. Coloured bars and red dashed
lines indicate correlation groups. Sample sizes are shown in parentheses (n = 27
MC sampling locations, n = 38 combined MC + AC sampling locations).

respectively, than at the C site. Combined MC and AC measurements
from 2022 indicate that this variation is largely driven by N»O hot spots
(Fig. 7). Although representing only ~20 % of sampling locations at
both sites, these hot spots contributed disproportionately to total emis-
sions. At the CC site, two hot spots had median emissions of 44 and 88 pug
N0 m~2 h™?! versus a site median of 13 pg N3O m™2 h™. At the CCF site,
three hot spots reached medians of 54, 111, and 149 pg NoO m2h ™!, far
above the site median of 9 pg NoO m 2 h™L. Similar contributions of N5O
hot spots have been reported in other boreal peat soils (Rautakoski et al.,
2024). Hot spots in these soils often arise from complex interactions
among Ts, Sm, inorganic N, microbial-plant N competition, and physical
constraints on NoO diffusion (Parn et al., 2018; Voigt et al., 2020). In this
study, only the two highest-emission hot spots at the CCF site exhibited
slightly elevated soil fertility (Supplementary Fig. S5). Our unbalanced
sampling design limited accurate identification of hot spots, which may
introduce uncertainty to site-level flux estimates. Therefore, results
should be interpreted cautiously but emphasize the need to better ac-
count for unpredictable spatial heterogeneity and the substantial role of
hot spots in shaping site-level NoO emissions. Future field campaigns in
boreal drained peatland forests should explicitly incorporate spatial
heterogeneity in their sampling strategies to improve the accuracy and
representativeness of NoO flux assessments.

4.2.2. Dominance of soil heterogeneity over harvesting in shaping spatial
N0 flux patterns

High spatial variability likely reflects complex interactions of long-
term, fine-scale spatial controls. Interestingly, significant positive cor-
relations were found between soil N,O fluxes and diverse peat nutrient
contents (Fig. 8), including K, Cu, and P. Potassium showed the strongest
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association, as elevated K availability can stimulate microbial activity
and influence nitrification and denitrification pathways (Li et al., 2020;
Zhang et al., 2022b). Although Cu inhibits microbial activity at high
concentrations (Chen et al., 2022; Elrys et al., 2024), our findings align
with studies reporting enhanced nitrification at low Cu levels in peat
soils (Liimatainen et al., 2018; Matse et al., 2023). Cu concentrations at
our site (2.7 and 9.3 mg kg™!) fall within this range, likely supporting
microbial activity as a cofactor in key nitrification enzymes such as
ammonia monooxygenase (Hooper et al., 1997). In N-rich peatlands,
increased P can promote denitrifier activity and microbial O, con-
sumption, enhancing denitrification (Liimatainen et al., 2018; Mori
et al., 2010; Regina et al., 1996). These findings suggest site-specific
nutrient conditions strongly influence spatial N;O emissions and
should be considered when assessing emission potential of peat soils
under different harvesting strategies.

Lower CN ratios were also linked to higher fluxes, as they support net
N mineralization and increase NH} and NO3 availability (Butterbach-
Bahl et al., 2013). However, predictive value declines below ~30
(Supplementary Fig. S5), where variability in N,O emissions increases
(Klemedtsson et al., 2005; Minkkinen et al., 2020). Increased BD and Ts
were also associated with higher fluxes, highlighting key mechanisms
through which harvesting can influence emissions in boreal drained
peatland forests. High BD reduces soil porosity and promotes anoxic
conditions, favouring denitrification (Maljanen et al., 2024). Harvest-
ing, especially with heavy machinery, can further increase BD via
compaction and peat fibre shrinkage, especially under conditions of
increased evaporation and reduced canopy cover (Hooijer et al., 2012).
This aligns with previous observations of elevated post-harvest N2O
emissions in logging trails (Korkiakoski et al., 2020). Higher Ts after
canopy removal can stimulate microbial activity and N mineralization
while accelerating microbial respiration, depleting soil O, and
enhancing denitrification (Shi et al., 2012; Smith, 1997). Together, these
changes suggest that intensive harvesting practices can substantially
increase the risk of NO emissions by altering key soil physical and
thermal properties. Less disruptive harvesting strategies, such as CCF,
may help preserve soil structure and microclimate, thereby mitigating
post-harvest NoO emissions.

While spatial soil data mainly represent pre-harvest conditions and
fluxes were collected post-harvest, this temporal mismatch limits causal
interpretation but confirms that inherent spatial variability remains
relevant. Instead, baseline soil heterogeneity may predispose microsites
to higher emissions after harvesting, particularly under intensive man-
agement. Overall, results highlight the importance of accounting for
fine-scale spatial variability when interpreting harvesting effects and
scaling emissions from boreal forestry-drained peatlands. Building on
this, these forest ecosystems generally exhibit considerable spatial het-
erogeneity in soil NoO fluxes (Rautakoski et al., 2024). Our findings
align with this observation, yet harvesting increased overall emissions
without notably affecting pre-existing spatial variability. Specifically,
MC-based measurements showed that the IQR of soil N,O fluxes
remained largely unchanged between pre- and post-harvest conditions
in 2020 and 2022, respectively (Fig. 4). This suggests that short-term
harvesting-induced changes, such as those in environmental condi-
tions, C inputs, vegetation cover, microbial activity, and nutrient
availability, may not be sufficient to immediately override longer-term,
more stable controls on soil nitrification and denitrification processes.
Consequently, spatial factors, particularly soil fertility, exert a stronger
influence than harvesting interventions in controlling the spatial dis-
tribution of emissions. Therefore, further studies should clarify the
relative contribution of inherent spatial variability to improve pre-
dictions of N2O emissions from forestry-drained boreal peatlands under
different harvesting regimes.

4.2.3. Deeper soil profile properties modulate topsoil N2O fluxes
Our findings indicate that topsoil NoO fluxes may be more strongly
influenced by spatial controlling factors in subsurface soil layers than by
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those in the surface layer (Fig. 8), consistent with previous observations
in peat soils (Liimatainen et al., 2018). The upper peat layer is more
susceptible to short-term fluctuations in nutrient reservoirs and envi-
ronmental conditions such as Ts and Sm, leading to greater variability in
microbial communities and their associated activities, whereas deeper
layers may reflect more stable conditions.

Topsoil N,O emissions were correlated with peat fertility, reflected
in N availability and the CN ratio, in layers above the WTL, with the
strongest correlations occurring just above it (Fig. 9). This likely reflects
vertical segregation of nitrification and denitrification processes along
the soil profile, with nitrification dominating upper layers and denitri-
fication deeper, more anoxic zones (Peltoniemi et al., 2023). It also
suggests that seasonal drying-rewetting cycles near the prevailing WTL
strongly influence N transformations. Indeed, previous research shows
that WTL fluctuations around the saturated—unsaturated interface crit-
ically affect soil Og availability and redox potential (Rubol et al., 2012),
both key regulators of NoO emissions.

4.3. Short-term effects of contrasting harvesting methods on soil N2O
fluxes

4.3.1. Short-term increase in soil N2O fluxes after harvesting: Climate
benefits of selection harvesting over clear-cutting

Manual chamber-based measurements conducted during June-
August showed that both CC and CCF increased median soil N2O emis-
sions in the first post-harvest year compared to pre-harvest levels,
although these increases were not statistically significant (Fig. 4).
Considering annual balances, emissions showed a non-significant rise
with harvesting intensity, with CC resulting in greater emissions (185
[194] mg NoO m~2 y1), while CCF exhibited slightly lower emissions
(163 [533] mg N2O m2 y’l) (Fig. 10c). These results are consistent with
findings from the Lettosuo experimental site, a nearby forestry-drained
peatland located 92 km southwest, where CCF led to substantially lower
post-harvest soil NoO emissions than CC (930 vs. 3700 mg NoOm 2y,
respectively; Korkiakoski et al., 2020, Korkiakoski et al., 2019). Differ-
ences in emission magnitudes between studies may reflect lower fertility
at our site, indicated by a higher average soil CN ratio (30.4 versus 24.4),
as well as instrumental, methodological, and/or environmental factors.
To improve generalizability of findings across boreal drained peatland
forests, future research should cover a broader fertility gradient, from
nutrient-rich to nutrient-poor sites, as fertility strongly influences mi-
crobial processes and N3O responses to harvesting. Overall, these find-
ings suggest that transitioning from CC to CCF has the potential to
reduce short-term post-harvest soil N»O emissions, thereby contributing
to climate change mitigation in boreal drained peatland forests.

4.3.2. Toward improved N0 flux estimates: Current limitations and future
research directions

Information on CCF impacts on soil N2O emissions in boreal peatland
forests remains limited, with most data coming from only a few recent
studies (Korkiakoski et al., 2020; Peltoniemi et al., 2023), reflecting its
relatively recent ongoing experimental evaluation in these forest eco-
systems (Laudon and Maher Hasselquist, 2023; Nieminen et al., 2018).
In contrast, CC has been more extensively studied, mainly via chamber-
based measurements (Korkiakoski et al., 2019; Makiranta et al., 2012;
Tong et al., 2022). However, CC causes extensive soil disturbance and
creates a complex mosaic of surface types, complicating accurate
chamber-based flux quantification. This may partly explain notably
higher emissions reported by eddy covariance at the CC site in 2022
(1829 mg N0 m?2 y’l, Tikkasalo et al., 2025) compared to our
chamber-based results. Our sampling covered harvest residues, field-
layer vegetation and exposed peat (7.9 %, 11.8 %, and 29.0 % of the
CC site), but excluded other surface types such as retained living trees,
litter, and dead wood (4.2 %, 19.9 %, and 22.8 %), identified as sig-
nificant NoO sources (Tikkasalo et al., 2025). In addition to spatial un-
derrepresentation, discrepancies between methods may reflect the
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limited temporal resolution in MC measurements, which, even with AC-
derived annual estimates, may miss episodic hot moments. Future
research should therefore refine sampling strategies and integrate
remote sensing technologies, such as satellite or drone imagery, to better
classify and upscale chamber-based flux measurements, while
increasing sampling frequency across heterogeneous post-clearcut areas
in boreal peatland forests.

Regarding WTL management, maintaining continuous tree cover
under CCF may better balance timber production and GHG mitigation
than CC (Leppa et al., 2020; Nieminen et al., 2018). Optimal WTLs for
these climate benefits typically range from 30-40 cm below the peat
surface (Ojanen et al., 2013; Sarkkola et al., 2010). At the CCF site, post-
harvest WTL remained relatively deep (-58 cm), likely due to effective
drainage and only a minor rise (~6 cm; Fig. 3j, Supplementary Fig. S2).
This limited shift in WTL, at the lower end of the 4-18 cm range typically
reported after selection harvesting (Leppa et al., 2020), is consistent
with enhanced transpiration by undergrowth trees and forest-floor
vegetation, combined with increased soil evaporation (Leppa et al.,
2020). Thus, WTL rise was likely insufficient to markedly reduce NyO
emissions. Therefore, we recommend that future studies explore
combining selection harvesting with additional hydrological restora-
tion, such as partial ditch blocking, to raise WTL toward optimal levels
and enhance the potential to mitigate N»O emissions in boreal drained
peatland forests.

5. Conclusions

This study provides a comprehensive and timely understanding of
the challenges posed by limited research on sustainable harvesting
strategies to address the pressing demand to mitigate soil NO fluxes in
forestry-drained boreal peatlands. It also offers valuable insights into the
complex spatio-temporal heterogeneity and underlying factors regu-
lating soil N,O fluxes in these forest ecosystems.

Our combined manual and automated chamber-based approach,
conducted in a nutrient-rich, forestry-drained peatland in southern
Finland, revealed substantial temporal variability in soil N2O fluxes. Ta,
precipitation, Sm and WTL emerged as the primary temporal controls.
Extensive spatial heterogeneity in emissions was closely linked to soil
characteristics, including nutrient concentrations (K, Cu, P, and N),
physical properties (BD), and environmental conditions (Ts). At the C
site, fluxes remained near neutral throughout the study. Harvesting
caused non-significant increases in short-term emissions, but inherent
spatial variability played a larger role in shaping their spatial distribu-
tion. In the first post-harvest year, emissions showed a non-significant
upward trend with harvesting intensity, with clear-cutting resulting in
a more pronounced increase and selection harvesting under continuous-
cover forestry providing slightly greater mitigation potential. Notably,
spatial heterogeneity at the CC site was insufficiently captured by
chamber-based measurements compared eddy-covariance estimates,
whereas WTL changes were modest at the CCF site. Together, these
factors may have limited our ability to detect both higher and lower soil
N-O emissions at the respective sites, thereby constraining the identi-
fication of more pronounced differences between harvesting methods.

While further long-term and replicated studies are needed to fully
assess post-harvest effects on soil N2O fluxes, our findings suggest that
selection harvesting may more effectively mitigate emissions than clear-
cutting in nutrient-rich, forestry-drained boreal peatlands.
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