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ABSTRACT

Peatlands, harbouring substantial carbon (C) and nitrogen (N) reserves, are often
drained to enhance forest productivity. Drainage alters peat soil hydrology, a criti-
cal factor governing the balances of key greenhouse gases (GHGs) carbon dioxide
(COy), methane (CHs), and nitrous oxide (N2O). Lowering the water table can trans-
form these soils from CO; sinks to sources, reduce CH4 emissions, and increase
N>O release. In addition to soil, tree stems play a crucial role in the GHG budgets
of forestry-drained peatlands, though their dynamics are complex and under-
studied. Simultaneous year-long measurements of soil and tree stem GHG fluxes
in northern peatland forests are rare, with previous studies primarily focusing on
the growing season and neglecting seasonal variations like spring freeze-thaw
cycles. Accordingly, this doctoral thesis aimed to characterise the seasonal varia-
tions and key environmental drivers of stem and soil GHG fluxes in a drained peat-
land forest, explore the impact of soil chemistry and microbial communities on
fluxes, and provide insights into the origin of stem fluxes. Soil and stem CH4, N,O
and CO; fluxes were assessed in a hemiboreal drained peatland forest, focusing on
annual dynamics (Article I), wintertime fluxes (Article II), soil N>O fluxes during
a freeze-thaw experiment (Article III), and springtime fluxes (Article IV). Soil
GHG fluxes were determined with automated measurements using a Picarro gas
analyser or manual gas sample collection and analysis with gas chromatography.
Stem fluxes from downy birch (Betula pubescens) and Norway spruce (Picea
abies) were quantified through manual gas sampling or measurements with port-
able Li-Cor gas analysers. Environmental parameters were measured simul-
taneously with fluxes. Soil was sampled for chemical and microbial analysis.

Soil at the study site was a net annual sink of atmospheric CHs, and a source
of N,O and CO,. Soil CH4 fluxes remained near-zero during the dormant season
and switched to significant CHy4 uptake in the drier period. Soil hydrology had a
long-term impact on CH4 dynamics, while temperature played a more short-term
role. Temporal soil N>O flux dynamics were driven by hot moments of emissions,
induced by rapid changes in soil water content, such as freeze-thaw events. Soil
thawing increased N>O emissions, primarily due to incomplete denitrification
under prolonged anaerobic conditions. Tree stems were primarily emitters of all
gases, with birch stems playing a more significant role than spruce stems. Stem
CH4 and N,O fluxes exhibited isolated emission peaks, driven by prolonged
wetter periods for CH4 and rapid hydrological changes for N>O. Both soil and
stem COs release followed a seasonal pattern, with fluxes highly dependent on
temperature and linked to plant phenological and physiological activity. Stem-
emitted GHGs likely had a predominantly belowground origin. Stem CH4 emis-
sions offset nearly a third of the soil sink annually, rising to almost half during
wetter periods, highlighting the strong impact of soil hydrological conditions on
CH4 dynamics. Stem N»O fluxes responded to short-term hydrological changes,
and their contribution to total N>O emissions remained low. CO; efflux from the
stems accounted for most of the annual combined soil and stem flux. These
findings underscore that neglecting stem fluxes can lead to inaccurate estimations
of forest GHG budgets.



INTRODUCTION

Peatlands, characterised by predominantly waterlogged conditions, cover approxi-
mately 3% of the Earth’s land surface (Xu et al., 2018). These wetland eco-
systems harbour substantial reserves of carbon (C) and nitrogen (N) in their soils,
storing about one-third of global soil C and 12-21% of global soil organic N
(Frolking et al., 2011; Limpens et al., 2006). The stability of these C and N pools
is critical, as their destabilisation could significantly impact local biogeochemical
cycles and global climate. Peatlands play a pivotal role in regulating key green-
house gases (GHGs) such as carbon dioxide (CO.), methane (CH4), and nitrous
oxide (N20). Intact peatland soils typically exhibit atmospheric CO» uptake, mo-
derate CH4 release, and low N,O emissions (Frolking et al., 2011; Hugelius et al.,
2020).

However, drainage aimed at enhancing forest productivity is a common prac-
tice in peatlands in the northern hemisphere, resulting in the establishment of
drained peatland forests. Drainage alters soil hydrology, a critical factor go-
verning GHG balances in peatlands (Korkiakoski et al., 2019; Lohila et al., 2011;
Pihlatie et al., 2010). The transition from anaerobic to aerobic soil conditions fol-
lowing groundwater table lowering can transform peatland soils from a CO, sink
to a source, decrease CH4 emissions, and increase N>O release (Korkiakoski et al.,
2019; Lohila et al., 2011; Pihlatie et al., 2010). The continuous drying of peat-
lands is likely to have a net global warming effect due to increased CO; and N,O
emissions surpassing the impact of reduced CH4 emissions (Huang et al., 2021).

In addition to soil fluxes, tree stems play a crucial role in the GHG budgets of
forested ecosystems, such as forestry-drained peatlands, exchanging CO,, CHa,
and N»O with the atmosphere (Barba et al., 2019; Machacova et al., 2016; Wang
et al., 2019). Despite their importance, stem flux dynamics remain challenging due
to spatio-temporal variability and upscaling difficulties. Consequently, most GHG
models and assessments have overlooked stem contributions.

Long-term measurements of stem fluxes displaying annual dynamics are scarce
(Jeffrey et al., 2023b; Machacova et al., 2019; Mander et al., 2022). Previous
research has primarily focused on short measurement periods during the growing
season (Barba et al., 2021; Gauci et al., 2010; Wen et al., 2017). However, recent
findings showing detectable stem CH4 emissions (Pangala et al., 2015) and signi-
ficant N,O fluxes (Machacova et al., 2019) during winter, as well as the sub-
stantial contribution of autumn and spring fluxes to cumulative annual N>O emis-
sions (Mander et al., 2021) underscore the importance of investigating the seasonal
variability of stem fluxes and their environmental drivers. Furthermore, spring
freeze-thaw cycles have been shown to be crucial in regulating temporal GHG
dynamics in forested wetland and peatland ecosystems. Fluctuations in the water
table associated with freeze-thaw cycles can trigger hot moments of N,O emis-
sions from both soil and tree stems (Barrat et al., 2021; Mander et al., 2021). With
climate change likely increasing the frequency of freeze-thaw events in northern
latitudes (Henry, 2008), it is crucial to study springtime soil and stem GHG
dynamics to better understand their underlying processes during this critical period.



Various biophysical mechanisms govern soil and stem GHG production and
consumption. The net soil CHs flux is the combined result of methanogenesis and
methanotrophy co-occurring in the soil, depending on the hydrological conditions
(Ni & Groffman, 2018). CH4 is produced in the soil microbially under anaerobic
conditions by methanogenic archaea possessing the mcrA gene. Concurrently,
CHys is consumed under aerobic conditions by methanotrophs holding the pmoA
gene, as well as by ammonium-oxidising bacteria (Hanson & Hanson, 1996; Veld-
kamp et al., 2013). In addition, nitrite-dependent anaerobic methane oxidation
(n-damo) has been shown to convert CH4 to CO; in wetlands in the presence of
excess nitrate (Hu et al., 2014).

N>O is produced in the soil through microbial nitrification and denitrification
pathways (Butterbach-Bahl et al., 2013). Nitrification occurs aerobically, where
specific nitrifier microbes carrying the amoA gene oxidise ammonia to nitrite and
then nitrate, with N»>O as a byproduct. On the other hand, denitrification takes place
under anaerobic conditions, where, first, denitrifying microbes possessing the nirS
and nirK genes reduce nitrates to N gases, including N,O. The second and final
step of denitrification involves denitrifiers carrying the nosZ I and nosZ II genes,
two divergent clades of N>O reducers, which convert N,O to N, gas (Kuypers
et al., 2018). Hence, the net N,O flux from the soil is determined by the balance
of these production and consumption processes (Braker & Conrad, 2011).

Autotrophic and heterotrophic respiration processes are responsible for the
release of CO, from the soil. Autotrophic respiration from plant roots releases
CO; into the soil, accumulating in soil pores or dissolving in soil water before
diffusing into the atmosphere (Jiang et al., 2020; Schindlbacher et al., 2009). Auto-
trophic respiration also encompasses the metabolism of aboveground plants, such
as trees. Heterotrophic respiration, on the other hand, involves the decomposition
of soil organic matter by microorganisms such as bacteria, fungi, and archaea,
which oxidise C stored in organic matter and release CO- as a byproduct (Mink-
kinen et al., 2007; Schindlbacher et al., 2009).

The exchange of GHGs in the soil-tree-atmosphere continuum is regulated by
a combination of different environmental factors. Soil GHG balance is governed
by soil temperature, soil water content (SWC), water table depth (WTD), and
nutrient availability (Mander et al., 2022; Mander et al., 2021; Schindler et al.,
2020). The GHGs produced in the soil can then be dissolved in soil water and
absorbed by plant roots, depending on root system density and depth (Bachofen
et al., 2024; Puhe, 2003). Further gas transport within tree stems is governed by
xylem sap flow, which facilitates the movement of gases upward via the xylem
due to pressure differences.

Previous studies have shown evidence for both soil origin of stem fluxes and
stem-produced fluxes (Barba et al., 2024). Soil-derived fluxes of CH4, N,O and
CO; occur as water absorbed by tree roots from the soil ascends through the xylem,
driven by a negative pressure induced by transpiration from the leaves. Conse-
quently, gases dissolved in the soil water move up the stem and can diffuse into
the atmosphere through the bark (Jeffrey et al., 2023b; Pangala et al., 2015; Sjo-
gersten et al., 2020). However, microbial CHs production and consumption can
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occur within terrestrial plants, including tree stems (Gauci et al., 2010; Keppler
et al., 2006; Wang et al., 2016). The presence of both methanogenic and methano-
trophic microbial communities has been detected in tree tissues (Putkinen et al.,
2021; Yip et al., 2019), and CH4 and N»O production (Lenhart et al., 2015) and
N2O consumption (Machacova et al., 2017) has been demonstrated from crypto-
gamic covers on stem bark. Additionally, stem CO; efflux is influenced by the
respiration of tree stems (Gansert & Burgdorf, 2005; Salomon et al., 2021). The
dominant source of net stem flux varies depending on environmental and hydro-
logical factors specific to each ecosystem. In wetlands, stems have been shown
to act as conduits of soil-produced CH4 (Covey & Megonigal, 2019; Pangala et al.,
2013; Sjogersten et al., 2020), while in upland forests with drier soils, stem pro-
duction could be a more dominant pathway (Pitz & Megonigal, 2017; Yip et al.,
2019). However, further research is still needed to comprehensively understand
the interplay between these sources of stem fluxes across different ecosystems
and under varying environmental conditions.

The aims of the doctoral thesis are to:

1.  Quantify and characterise the temporal dynamics of tree stem and soil CHa,
N0 and CO:; fluxes in a drained peatland forest (Articles I, I and IV);

2. Determine the key environmental factors governing the GHG flux dynamics
from soil and stems during different seasons (Articles I-IV);

3. Understand the underlying soil chemistry and microbial communities at the
study site and their potential impact on GHG fluxes (Articles I, III and IV);

4.  Study the origin of stem fluxes in a drained peatland forest (Articles I, I and
I11).
Accordingly, the following hypotheses were proposed:

I. There are higher CH4 and N>O emissions from soil and tree stems during
winter and spring;

II. Soil hydrological parameters are the primary drivers of soil and stem fluxes;
III. Denitrifiers drive soil N>O emissions during the freeze-thaw period;

IV. Stem fluxes decrease with increasing stem height, indicating soil origin of
stem fluxes.
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1. MATERIALS AND METHODS

1.1. Description of study site and field study design

1.1.1. Description of the study site

The study was conducted in eastern Estonia at a drained peatland forest site
(58°17'N, 27°17'E; 38 m.a.s.l.; 1.72 ha) located in the Jéarvselja forest district
(Figure 1). The site belongs to the warm summer humid continental climate zone
according to the Koppen classification (Képpen, 1936) and the hemiboreal vege-
tation zone, serving as a transitional region between temperate and boreal climates
(Ahti et al., 1968). The region experiences an average annual precipitation of
650 mm, with temperatures averaging 17 °C in July and —6.7 °C in January and
a growing season lasting 175-180 days (Kupper et al., 2011).

Estonia

Birch, chambers on three heights ‘I 7
Birch, chambers on one height / I 50 |:|4
A Spruce, chambers on three heights / 6 O *

O Automatic soil chamber

0 5
o I\ 2
I w Q Heat treatment ~ 4
Control with  Control
now cover without snow 2 m }
\ >
— — — — — — — —

Figure 1. Location of the study area and schematic view of the study site, including
numbered monitoring points with soil chambers, birch, and spruce trees. The blue
rectangle represents the location and experimental scheme of the freeze-thaw experiment
(Article III), showing sampling spots with different treatment conditions.
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Originally a nutrient-rich fen, the site was drained in the late 1960s and early
1970s through an open-ditch network drainage system (Uri et al., 2017). The
well-decomposed peat soil at the study site is classified as Drainic Eutric Histosol
(IUSS Working Group WRB, 2015), with a peat layer depth of 100 cm, featuring
low dry bulk density, and high N and organic C content (Uri et al., 2017). Cur-
rently, the Oxalis-type (Lohmus, 1984) drained peatland forest is covered mainly
by a 37-year-old downy birch (Betula pubescens Ehrh.) stand, followed by Nor-
way spruce (Piceaabies(L.) H. Karst.) trees. The forest has been unmanaged since
drainage (Uri et al., 2017). Forest understory vegetation is dominated by phrag-
mites australis (Cav.) Trin. ex Steud., oxalis acetosella L., filipendula ulmaria
(L.) Maxim., followed by matteuccia struthiopteris (L.) Tod., urtica dioica L.,
rubus idaeus L., stellaria nemorum L., geum urbanum L. and glechoma he-
deracea L.

1.1.2. Study and experimental design

Sampling for Articles I (study period October 2020 — December 2021), II
(October 2020-May 2021) and IV (April-May 2023) was performed from twelve
monitoring points located in a 50 x 70 m study plot within the total study area,
detailed in Figure 1. All monitoring points consisted of an automatic dynamic soil
chamber and a birch tree with installed stem chambers (Figure 2A). Six points
additionally contained a spruce tree with chambers. Stem chambers were installed
at heights of 0.1, 0.8 and 1.7 m above the ground to capture the vertical stem flux
profile, except for six birch trees with chambers only at the lowest height.

A soil freeze-thaw experiment was conducted for Article III in March 2022.
15 soil collars with a 0.5 m diameter were installed — 12 in the soil and three on
the snow (Figure 1). Nine collars had heating cables on the ground surface to
induce thawing of the frozen topsoil layer (Figure 2D). The remaining six collars
served as controls — three without snow and three covered with snow (Figure 2C).
The freezing and thawing cycles were induced on three days, during which GHG
sampling was performed. Heating was turned off overnight to ensure topsoil
freezing.

13
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Figure 2. Photos illustrating the drained peatland forest study site. Measurement set-up
of (A) automated dynamic soil chamber systems and static stem chambers on three
heights used in Articles I, IT and IV, (B) stem chamber systems connected to Li-Cor gas
analysers and birch sap collection in Article IV, (C) soil chambers for manual soil gas
sampling on snow cover used in Article III, and (D) soil collars equipped with heating
cables used in Article III. Photo credit: Reti Ranniku
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1.2. Gas sampling
1.2.1. Soil gas sampling and analysis (Article 1-1V)

Automated soil gas measurements were performed simultaneously with stem gas
sampling for Article I, I and IV. Each monitoring point was equipped with an
automated dynamic opaque soil chamber made of polymethyl methacrylate,
adjacent to the studied trees (Figure 2A). Chambers were connected to a multi-
plexer located in a cabin on-site, facilitating automated continuous gas measure-
ments, whereby the chambers closed sequentially for nine minutes each, followed
by a one-minute flushing period with ambient air. Air from the closed chamber
was sampled and analysed with a gas analyser using cavity ring-down spectro-
scopy technology to continuously analyse CO,, CH4 and N>O concentrations. The
specific characteristics of each chamber system and measurement methodology
are presented in Table 1.

Table 1. Soil and stem gas sampling method, chamber dimensions, gas analysis equipment

Article I-I1 Article ITI Article IV
. Soil Automatic Manual Automatic
Sampling
Stem Manual - Manual
Chamber Soil 0.16 0.196 0.16
area m’ Stem 0.0108 - 0.0108
Chamber Soil 0.032 0.065 0.032
volume m’ Stem 0.00119 — 0.00119
Gas analyser, Gas chromato- Gas analyser,
Soil G2508, Picarro Inc., graphy, GC-2014, G2508, Picarro
Santa Clara, Shimadzu, Kyoto, Inc., Santa Clara,
. California, USA Japan California, USA
Analysis
and Gas chromato- — Gas analyser,
manufacturer graphy, GC-2014, LI-7810 (CO; and
Stem Shimadzu, Kyoto, CHy), LI-7820

Japan

(N20), Li-Cor
Biosciences,
Lincoln, NE, USA

Manual gas sampling from static soil chambers was utilised for the freeze-thaw
experiment (Article I1I). Gas samples were collected from static polyvinyl chloride
chambers placed on pre-installed collars (Figure 2C; 2D). Sampling sessions
were performed from the heating plots at three timepoints: before heating (S1),
after two hours of heating (S2), and after four hours of heating (S3). Control plots
were sampled once per day. During each sampling session, four gas samples were
drawn from the chambers with a syringe during one hour at 20-minute intervals
and injected into 50 ml pre-evacuated glass bottles.
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1.2.2. Stem gas sampling and analysis (Article I, 11, 111)

Manual gas sampling for stem flux quantification was conducted for Articles I
and II. Gas sample collection was performed weekly from static chamber systems
installed on tree stems (Figure 2A). Each chamber system comprised two cham-
bers per height profile, positioned randomly across 180°. Stem chambers, made
of transparent rectangular plastic containers (Lock & Lock, Seoul, South Korea),
were affixed to the stem surface. Sampling involved closing each chamber with a
removable airtight lid, using a syringe to collect a mixed 25 ml gas sample from
each chamber system via septum, and injecting the sample into a pre-evacuated
20 ml glass vial. Sampling was performed from each chamber system during three
hours at 60-minute intervals.

The stem gas sampling in Article IV was performed from the same stem cham-
ber systems as used for manual sample collection. Stem chambers were closed
with lids during the five-minute measurement time. Gas concentrations in the
chambers were detected using portable trace gas analysers (Table 1; Figure 2B),
connected to the chamber system with nylon tubing, circulating the air in a closed
loop between the chamber and the analyser.

Manually collected soil and stem gas samples were analysed in the laboratory
using gas chromatography, equipped with a flame ionisation detector for CH4 and
an electron capture detector for CO, and N,O concentrations.

1.3. Flux calculations and data quality check

Soil and stem CO,, CH4 and N,O fluxes were calculated according to the ideal
gas law and the linear regression of the gas concentration change in the chamber
over time using the following equation:

MXPXVXov
RXTXtxAXxf1

where F = gas flux rate, M = molecular mass of the gas (Mcoz =44 g mol ™', Mcus =
16 gmol™', Mno=44 g mol "), P=air pressure (101 300 Pa), V = chamber
volume (m?), v = linear regression slope of gas concentration change (ppm(v)),
R = ideal gas constant (8.314 m® Pa K™' mol "), T = temperature in the laboratory
(°K), t = measurement time (h), A = soil or stem surface area covered by the
chamber (m?), f' = ratio of an element in the compound.

The quality of the measurements sessions was validated using the adjusted R?
value of the linear regression for the CO, measurements, which certifies chamber
closure quality. Flux values were accepted if the R? value exceeded 0.9. To assess
the relative contributions of soil and stem fluxes (Articles I and II), stem fluxes
averaged across three heights were upscaled to a hectare of ground area,
calculated based on tree stand characteristics, assuming a cylindric shape of the
tree, considering only stem fluxes that temporally coincided with soil flux
measurements (4 December 2020—19 August 2021).
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1.4. Environmental parameters

Soil and air temperature, SWC and WTD were continuously measured at half-
hour intervals during the study periods in Articles I, I and I'V. Soil temperature
(107, Campbell Scientific. Inc, Logan, UT, USA) and soil moisture sensors (ML3
ThetaProbe, Delta-T Devices, Cambridge, United Kingdom) were placed at 0.1 m
soil depth next to the soil chambers. WTD was observed in groundwater wells
using automatic water level data loggers (Hobo U20L-04, Onset Computer
Corporation, Bourne, Massachusetts, USA). In Article 111, soil temperature and
SWC were recorded manually during each sampling session using a temperature
probe (107, Campbell Scientific Inc., Logan, UT, USA) and a moisture sensor
(ProCheck, Decagon Devices, Inc., Pullman, WA, USA).

1.5. Soil physiochemical parameters (Articles |, 11l and 1V)

Soil physiochemical parameters were analysed from soil samples collected from
0-0.1, 0.1-0.2 and 0.2-0.4 m (Article I) or 0-0.1 m (Articles III and IV)
belowground, adjacent to the soil chambers. Soil ammonium (NH4) and nitrate
(NO3) were determined from a 2M KCIl extract by flow injection analysis. Total
N contents of air-dried samples were determined by a dry-combustion method on
a varioMAX CNS elemental analyser (Elementar Analysensysteme GmbH, Ger-
many). The soil organic matter content of dry matter was determined by loss on
ignition at 550 °C. The physiochemical analyses were performed in the Estonian
University of Life Sciences laboratory. The helium-atmosphere soil incubation
method was used to measure potential N, fluxes from soil cores ex-situ (Butter-
bach-Bahl et al., 2002).

1.6. Soil microbial community abundance
(Articles Ill and 1V)

Soil microbial community abundances were quantified from soil samples col-
lected 0—0.1 m belowground during the study periods for Articles III and I'V. Soil
samples were homogenised with lysis buffer using Precellys 24 Homogeniser
(Berlin Technologies, Montigny-le-Bretonneux, France), followed by DNA
extraction from 0.25 g of the soil sample using the DNeasy PowerSoil Pro kit
(Qiagen, Hilden, Germany). The extracted DNA concentration and quality were
determined using the Infinite M200 spectrophotometer (Tecan AG, Grodig,
Austria). The abundance of bacterial and archaeal 16S rRNA genes were assessed
with the Quantitative polymerase chain reaction (qPCR), using RotorGene®
Q equipment (Qiagen, Valencia, CA, USA). Abundances of the following func-
tional genes were determined: bacterial amoA (ammonia monooxygenase gene),
archaeal amoA, COMAMMOX (complete ammonia oxidation), nirK (copper-
containing nitrite reductase gene), nirS (cytochrome cd1-type nitrite reductase
gene), N0SZ | (clade I N,O reductase gene), and nosZ 11 (clade II N>O reductase
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gene) for the N cycle, and mcrA (methyl coenzyme M reductase), pmoA (parti-
culate methane monooxygenase) and n-damo (nitrate-dependent anaerobic methane
oxidation) genes for the C cycle. Data processing was performed with the Rotor-
Gene Series Software (version 2.0.2, Qiagen, Hilden, Germany) and LinRegPCR
program v. 2020.0. Analysis was conducted in the microbiology lab of the Depart-
ment of Geography at the University of Tartu.

1.7. Xylem sap flow (Article I)

The xylem sap flow of birch and spruce trees was recorded with sap flow systems
EMSS81 (EMS Brno, Brno, Czech Republic) during the growing season. The
sensors were mounted at 2-2.5 m from the ground level. The stem sap flow rate
(kg h™") was divided to stem xylem area (cm?) at the sensor height to calculate
sap flux density (g h™' cm™).

1.8. Dissolved gas concentrations in birch sap and
soil water (Article 1V)

Dissolved CH4 and CO» concentrations in birch sap (dCHasap and dCOasqp) Were
determined from sap samples collected in syringes connected to holes tapped into
birch stems at 0.1 m and 1.7 m heights (Figure 2B). Dissolved gas concentrations
in soil water (dCHasoit and dCOxs0i1) were assessed from groundwater samples col-
lected into syringes from groundwater wells. The water-atmosphere equilibration
method was used, whereby 30 ml of ambient air was added to 30 ml of sap/water
in the syringe and shaken for one minute. The equilibrised headspace air was then
pushed to pre-evacuated vials, taken to the laboratory to be analysed for CH4 and
CO; concentrations using gas-chromatography. The dissolved gas concentrations
were calculated as the sum of dissolved gas in the headspace and gas still dis-
solved in the water after shaking, according to equations based on Magen et al.
(2014). The headspace gas concentrations in ppm were converted to gas amount
(umol L") using the ideal gas law at a temperature of sample extraction (10 °C).

1.9. Statistical analyses

Statistical analysis was performed using R version 4.0.3 (R core team, 2020). The
Kolmogorov-Smirnov test was used to examine the normality of data distribution.
Due to the non-normal distribution of flux data, non-parametric tests were
employed. The significance of temporal variability of gas fluxes and differences
between stem fluxes at different heights was determined using the Kruskal—
Wallis one-way analysis of variance and Dunn’s multiple comparisons, corrected
with the Bonferroni method, as a post hoc test. Spearman’s rank correlation and
Principal Component Analysis (PCA) were employed to determine and visualise
the significance and direction of relationships between the measured variables. A
significance level of p < 0.05 was used across all tests.
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2. RESULTS AND DISCUSSION

2.1. Soil fluxes (Article I1-1V)

2.1.1. Quantification and temporal dynamics of soil fluxes

Soil fluxes of CH4, N,O and CO; were quantified, and their seasonal variations
were determined. Different gases exhibited distinct seasonal patterns in their soil
fluxes. Soil at the study site was a net annual sink of atmospheric CH4 (Table 2;
Figure 3B). The annual CHy4 uptake shown in Article I (—6.44 +£0.21 pgCm™>h™")
is marginally lower than previous findings in boreal forestry-drained peatlands
(Korkiakoski et al., 2017; Lohila et al., 2011; Ojanen et al., 2010), being more
similar to results from a nearby riparian forest (Mander et al., 2022). However,
direct comparison with previous studies is challenging due to different mea-
surement frequencies (Lohila et al., 2011) and interpolation of fluxes from only
a few measurement occasions (Ojanen et al., 2010).

The seasonal dynamics of soil CHs fluxes agreed with previous results from
boreal drained peatland forests (Korkiakoski et al., 2017; Lohila et al., 2011;
Ojanen et al., 2010), characterised by minor uptake during winter-onset, near-
zero fluctuations in the dormant season and substantial uptake in the summer
months, peaking in late-July (Figure 3B). During winter, snow cover can impede
gas exchange and the ice in soil pores of the frozen topsoil could restrict gas
diffusion (Borken et al., 2006). Changes in pressure during spring freeze-thaw
periods can release CH,4 stored in frozen soils into the atmosphere (Kim et al.,
2012). In addition, methanogenesis is facilitated when the melting of the snow
and ice creates anaerobic conditions in the soil. In the studied drained peatland
forest, the near-zero fluctuations of CHs4 in the dormant season imply a balance
between methanogenesis and methanotrophy in the soil. As the site was not sub-
merged, i.e. WTD stayed belowground (Figure 3A), there was always a layer of
the soil where aerobic methanotrophy counteracted the CH4 production in deeper
soil layers with anaerobic conditions. In the summer, the soil turned into a sub-
stantial CH4 sink as temperature increased and WTD markedly decreased. This
has also been evidenced in boreal drained peatland forests, although the begin-
ning and end of the continuous CHj sink period in the growing season varied.
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Table 2. Average (mean =+ SE) fluxes of CHs (ug C m2h™!), NoO (ug Nm2h ') and CO,
(mg C m 2 h™!) from soil, birch stems and spruce stems, averaged for the full measurement
period (October 2020—October 2021 for stem fluxes and December 2020—-August 2021
for soil fluxes), the wetter period (22 October 2020—12 July 2021) and the drier period
(13 July 2021-20 October 2021 for stem fluxes and 13 July 2021-19 August 2021 for
soil fluxes) (Article 1), and the winter period (22 October 2020-3 May 2021, Article II).

The drier period was defined by the site-average SWC being continuously < 0.3 m*> m™

3

(Article I).
CH, N->O CO,
(bgCm?h™ (gNm?h™) (mgCm~>h™)
Full period
Soil —6.44 £0.21 424 +1.8 431+1.5
Birch 1.12+£0.12 2.50+0.38 92.1+£3.2
Spruce 0.231 +£0.050 —0.242 £ 0.031 61.4+2.1
Wetter period
Soil -3.04 £0.18 43.6 £2.0 269 £ 1.1
Birch 1.40 £0.16 3.28 £0.49 799 £3.8
Spruce 0.226 +£0.072 —0.107 £0.035 54.7 £52.49
Drier period
Soil -322+1.2 334+3.0 165.0 £6.5
Birch 0.353 +£0.077 0.308 +0.387 126.0 £ 5.7
Spruce 0.244 +0.083 —0.62 £ 0.06 80.1+£3.9
Winter
Soil —2.00£0.12 50.46 £2.77 -
Birch 0.18 £0.03 1.44 £0.22 -
Spruce 0.10 £0.03 0.003 +£0.01 -

20



Article (1) Article (1)

WetterA period Drierlpenod
[ Article (1) \f |
Winterlperiod

[ \
§ A 4 BLA & O N | N (L L L L il T L4 Bl 0 =0T
s T T '||’l Ty 0358
2 2 053§
S 10 =35
T e i Ve |3
g‘ 0 REPEN

3

£ -0 7 V\fMV T 0 3
'g -20 -201
2 ww \/'_\/\ — “0o7s
@

S

-60 0.5
-80 0.25

Stem CH, flux (ug C m-2 h~")
o o
° 8
(1-4 z-w 9 Brl) xn| "HO j10S

|
N

1
[}
o

— Soil — Spruce

Atrticle (I1)
Hot moments

i C (0] (I (0}
S 40 400
£ g
= =
30 30 £
2 ¢
é 20 200 &
o =
Zz 10 [f\ ,A 100 (;
£ f ) f‘\N\J 3
2 W\, s TS I~ NI P
;
E D
§ 300 300 ¢,
£ e
o Q
2 200 200 £
X &
3 100 \ 100 &
o \ o
: 3
n 0 MM [ —— 0 3?
Q Q N N N N N N N N N N N N
L A A A N A I N I\ N A\
R P N N . N
Ny & N @ @'b N @fb » S N X o NS &

Figure 3. Temporal dynamics of soil and stem CH4, N>O and CO; fluxes and environ-
mental variables in the drained peatland forest. (A) Daily mean air and soil temperatures
(°C), soil water content (SWC, m* m™*), water table depth (WTD, cm), and daily sum
precipitation (mm) (October 2020—December 2021); daily mean soil (December 2020—
August 2021) and stem (October 2020-December 2021) (B) CH4 (ug C m2h™t), (C) N,O
(ng Nm2h") and (D) CO; (mg C m2 h™!) fluxes with standard error as the shaded area.
Stem fluxes are expressed in units per m? of stem surface area. Soil fluxes are expressed
in units per m? of soil surface area. Blue vertical lines emphasise drier and wetter periods
of the year. The drier period was defined by SWC being continuously < 0.3 m*m™. Drier
period: 13 July 2021-20 October 2021; wetter period: 22 October 2020—12 July 2021
(Article I). The winter period (Article II study period) has been marked with red vertical
lines. Hot moments of soil N»O fluxes are emphasised by pink shaded areas: (I) 20/01/2021—
27/01/2021, (I1) 22/02/2021-09/03/2021, and (III) 27/03/2021-20/04/2021 (Article II).
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Three hot moments were identified in Article II: (I) 20/01/2021-27/01/2021, (II)
22/02/2021-09/03/2021, and (III) 27/03/2021-20/04/2021 (Figure 3C). Hot
moments are known to determine temporal dynamics of N>O emissions from soils
(Barrat et al., 2021; Mander et al., 2021). They are primarily induced by changes
in SWC, for example, during freeze-thaw cycles (Groffman et al., 2006; Teepe
et al., 2001). Hot moments (I) and (1) likely resulted from soil freeze-thaw events,
as increases in N>O emissions coincided with rising WTD, SWC and air tem-
perature in winter and spring (Figure 3A; 3C). Soil freeze-thaw events affect N,O
release through several mechanisms. Dead cells of microorganisms, fine roots,
and mycorrhiza frozen in the soil, can rapidly decompose during thawing (Groff-
man et al., 2006; Teepe et al., 2001). While fine roots die and start to decompose,
they can also reduce competition for inorganic N, leaving more NOj; available for
microorganisms for N>O production through denitrification (Groffman et al.,
2006). In addition, nitrifier denitrification has been shown to dominate total
denitrification in fluctuating aerobic-anaerobic conditions in low temperatures
(Ma et al., 2007), in part as increased oxygen content in snow melt water can
inhibit the full denitrification pathway, leading to increased N>O production
(Oquist et al., 2004). Hot moment (I1I) exhibited the highest N,O emissions, driven
by a combination of fluctuations in SWC and rising air and soil temperatures.
After reaching optimal SWC conditions for N>O production in the soil, tempera-
ture increase further stimulates microbial activity, driving the N>,O peak (Mander
et al., 2021). The significance of hot moments in temporal soil N>O dynamics em-
phasises that focusing solely on average flux values over a study period may be
inadequate. Models interpolating snapshot fluxes must incorporate these peaks to
accurately represent N,O dynamics.

Soil CO; fluxes presented in this study refer to forest floor respiration, encom-
passing heterotrophic respiration in the soil and autotrophic respiration occurring
from plants inside the measurement chamber and belowground from plant roots
and the associated mycorrhizal fungi. The results of annual forest floor respiration
(43.1 £1.5 mg C m > h™'; Table 2; Figure 3D) were lower than previous results
on respiration measured with the chamber method (Maljanen et al., 2010; Ojanen
et al., 2010). Soil CO; efflux followed a seasonal trend of near-zero fluxes during
the dormant season and increased fluxes during the growing season (Figure 3D),
widely reported by previous studies (Jarveoja et al., 2018; Maljanen et al., 2010;
Minkkinen et al., 2007). Respiration increased in spring and peaked in mid-July
(maximum daily average 297 + 35.8 ug C m2 h'), after which emissions
decreased again towards the end of summer (Figure 3D).

2.1.2. Environmental drivers of soil fluxes

On an annual scale, soil hydrological variables were the strongest positive drivers
of soil CH4 fluxes with higher WTD and SWC reducing CH4 uptake and in-
creasing emissions, whereas soil and air temperature had negative relationships
with fluxes, as higher temperatures correspond to enhanced CH4 uptake (Table 3;
Figure 4; Article I). These relationships persisted in the winter period but were
not as strong (Article II). However, during springtime (Article IV), temperature
was the primary driver of soil fluxes and hydrological factors had no significant
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effects. These disparities suggest that soil hydrological variables SWC and WTD
play a stronger role in soil CH4 flux dynamics in the long term, significantly in-
fluencing budgets over the year or between wetter and drier periods (Article I).
However, over shorter periods, e.g. in spring (Article IV), air and soil tempera-
tures become more direct governing factors of the fluxes. Similarly, while annual
trends of soil N,O fluxes and related environmental variables may be distorted by
the hot moments described above, analysis of the springtime drivers revealed that
when SWC was in optimum range for N,O production, temperature became the
primary driver of fluxes. Forest floor CO, fluxes had strong positive correlations
with air and soil temperatures on all measured timescales, relating to the growing
season and plant physiological activity, influenced by the temperature sensitivity
of respiration and diffusion rates (Teskey et al., 2008) (Table 3; Figure 4; Articles |
and IV).

Table 3. Spearman’s correlations between birch, spruce and soil CH4, N>O and CO,
fluxes, and soil environmental variables, as well as chemical parameters from the topsoil
layer (0—0.1 m) during the annual measurement period (Article I). Statistically significant
correlations have been marked in bold (p<0.05).

CH;4 N0 CO:
(ngCm?h™ (ugNm~?h™) (mgCm>h™)
Birch | Spruce | Soil | Birch | Spruce| Soil | Birch | Spruce | Soil

Soil water content
(m’m™)

Water table depth
(cm)

0.18| —0.03| 0.47| 0.21| 0.23| —0.03| —0.23| —0.07| —0.38

0.11| —0.02| 0.52| 039 0.41| —0.02|—0.52| —0.40| —0.51

Soil temperature | <1 06| _9.46| -0.33| —0.37| 015 088 0.73| 0.81

(°C)
‘(“Og)temperamre 026| —0.15| —0.35| —0.37| —0.54| 0.16| 0.95| 0.94]| 0.87
(Stg)‘} temperature | _o 41 .37 053] 0.19 0.61| 0.54

NHs" (mg N/kg) 0.27| 0.08| 0.08| 0.14| —0.01| 0.18| 0.20| 0.19| 0.32
NOs™ (mg N/kg) |—0.40| —0.04| —-0.37| —0.17| 0.06| 0.04| -0.18| —0.21| 0.01

Soil N2 flux _ _
(g N 1) 029 031 022 001]| 0.10|-0.11| 0.15| 0.04| —0.02
Sap flow density | _ _

(@/hen) 0.01| —0.20 038 031 0.56| 028

Soil CHq flux 0.24| 0.10 1| 018 0.21]-0.26] -0.36| —0.34| —0.56
(ngCm~h™)

Soil N20 flux —0.02| —0.03| —0.26| 0.18| 0.04 1| 016 0.09| 037
(ugNm2h")

Soil CO: flux 0.07| —0.11] -0.56| —-0.31| —0.29| 0.37| 0.76| 0.64| 1
(mgCm~h)

! Note that sap flow and stem temperature were only measured during the growing season (29 May—
10 September 2021). The presented correlations are based on stem flux data corresponding to this
period.
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Figure 4. Principal Component Analysis of the annual birch, spruce and soil CHs, N,O
and COs fluxes and soil environmental and chemical parameters. Abbreviations: WTD —
water table depth, SWC — soil water content. Note that the PCA was performed using
monthly averages of soil and stem fluxes and environmental variables from all 12 mea-
suring points to enable comparison with soil chemical parameters, analysed from soil
samples collected once a month (n=144) (Article I).

2.1.3. Effects of soil thawing on N,O fluxes

As the significance of hot moments in temporal soil N>O emissions’ dynamics
has been shown by previous research in an adjacent riparian forest (Mander et al.,
2021), as well as by the results from Article II, a soil heating experiment was
conducted to further unravel N>,O emission processes during freeze-thaw events
(Article IIT). The aim of the experiment was to assess the effects of freezing and
thawing on N,O fluxes, SWC, and microbial communities in the soil. The heating
in the soil collars induced a significant increase in soil temperature and SWC,
initiating the thawing of the topsoil layer. NoO emissions increased during the
heating sessions together with SWC, displaying a significant positive correlation
with SWC. Mean N,O emissions on three measurement days increased from
729 ugNm?h'inSI,t0 107 ugNm2h'inS2 and 128.5 uygNm2h"in S3,
with statistically significant differences between S1 and S3 on all days (Figure 5).
The mean N,O flux after induced thawing corresponds to hot moments I and II
observed in Article II. Soil N,O emissions peaked at 0.5-0.7 m* m > SWC, which
is lower than for the hot moments in Article II, but in the same range as previously
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reported for N,O emissions during thawing (Teepe et al., 2004). Meltwater-
induced increases in SWC affect the availability of oxygen and enhance microbial
activity in the soil, activating the soil N substrate (Wagner-Riddle et al., 2008;
Wang et al., 2023).
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Figure 5. Soil N,O emissions during sampling sessions on different measurement
days of the freeze-thaw experiment. S1 is the session without heating, S2 is the
first session with heating on, and S3 is the session with prolonged heating.
Boxplots are based on 9 measurements (n=9) in each session on 07/03/2022, and
5 measurements (n=5) in each session on 13/03/2022 and 23/03/2022. The box
in the boxplot indicates the data points between the 25th and 75th percentile,
whiskers show the range of all data points excluding the outliers., and the inter-
sected line in the box represents the median. Different letters above bars indicate
statistically significant differences between fluxes during different sessions on
each measurement day, according to ANOVA, followed by Games-Howell post-
hoc test (p<0.05). (Article III)

2.1.4. Soil chemistry and microbial community composition

Soil nutrient availability plays a crucial role in regulating peatland GHG fluxes
(Korkiakoski et al., 2017; Lohila et al., 2011), providing labile substrate to soil
microbes (Wu et al., 2020). Examining changes in the soil inorganic N (NO3 and
NH4) pool alongside variations in soil microbial abundances helps disentangle
the microbial processes governing GHG production and consumption in the soil,
particularly CH4 and N>O.
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In both the annual study (Article 1) and springtime investigation (Article V),
soil NO; and NHy4 contents exhibited opposing temporal patterns (Figure 6;
Article IV Figure 3). Despite the absence of significant correlations between soil
NOj; contents and N>O emissions on an annual scale, soil NOs increased directly
before the springtime hot moment of N>O emissions (Figure 6; Figure 3C). Rapid
decomposition during thawing may have increased NO; availability, and rising
SWC consequently amplified the reduction of this NO; to N»>O through denitri-
fication under anaerobic soil conditions (Groffman et al., 2006; Teepe et al., 2001).
In the springtime study (Article I'V), soil NO; content displayed similar temporal
trends to GHG flux dynamics, however correlations with soil gas fluxes were
only significant for CO,, likely as an indirect relationship through air temperature
and photosynthetically active radiation (PAR).

Soil NH4 content over the full year was driven by soil temperature and cor-
related positively with soil CO, fluxes. This suggests that N mineralisation and
organic matter decomposition processes, which contribute to soil NH4 content, are
stimulated under warmer conditions (Groffman et al., 2006). Although no signi-
ficant relationship emerged between NH4 content and soil CH4 fluxes, temporal
dynamics illustrated that periods of increased NHs in the soil coincided with
greater CH4 uptake during the drier period (Figure 6; Figure 3B). Under aerobic
soil conditions, soil N availability has been shown to enhance the growth and
activity of methanotrophs, increasing CH4 uptake (Aronson & Helliker, 2010;
Bodelier & Laanbroek, 2004). Conversely, during springtime, NH4 content was
highest at the beginning of the study period and was consumed in the topsoil as
spring progressed (Article IV Figure 3). NH4 can enter the soil during early spring
from the decomposition of thawing plant residues and dead microorganisms
frozen in the soil (Groffman et al., 2006; Ueda et al., 2015). The NH,4 content is
reduced alongside declining WTD and SWC, suggesting that nitrification occurs
in the soil as more aerobic conditions prevail. This was further evidenced by in-
creasing NOj; content, a product of nitrification.
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Figure 6. Average soil ammonium (NH4") and nitrate (NO3") (mg N/kg) determined from
topsoil (0-0.1 m) samples once a month across the annual study period (November
2020—October 2021; Article I). Note the secondary axis for NH4*—N. The shaded area
marks the 95% confidence intervals of measurements.
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The abundance of soil microbial communities responsible for different processes
in the N and C cycles offers insights into the genetic potential for GHG pro-
duction and release. During the freeze-thaw experiment (Article III), nitrification
likely drove the initial N,O production in the thawing soil. This was evidenced
by an increase in bacterial nitrifiers, consumption of NH4 and an increase in NO3
during the onset of thawing. The initial topsoil thawing created aerobic soil
conditions for nitrifiers to thrive. However, the increasing SWC during prolonged
heating sessions resulted in anaerobic conditions and a decline in bacterial nitri-
fiers’ abundance. Abundances of nitrifying genes archaeal amoA and COM-
AMMOX kept increasing with heating sessions and peaked at the elevated SWC
conditions, possibly related to the resilience of ammonia-oxidising archaea in
prolonged anoxic conditions (Pett-Ridge et al., 2013). The abundance of denitri-
fying nirK and nirS genes also increased as a result of thawing, aligning with
previous findings (Smith et al., 2010). Furthermore, positive correlations occur-
red between soil N,O fluxes and ratios of N>O producers to reducers (nir/nosz)
and denitrification genes to nitrification genes (nir/amoA). The results revealed
the predominance of nirK gene abundance over nirSin the total nir gene pool.
Higher soil N>O production has been shown in ecosystems with such nir gene
relationships. This is due to the co-occurrence of nirS and N,O-reducing nosZ
genes in denitrifying microorganisms, meaning that nir S-containing microbes are
more capable of complete denitrification (Espenberg et al., 2018; Graf et al.,
2014). The significance of nirK-based denitrifiers in N,O production was further
emphasised by positive correlations between N,O fluxes and the abundance of
nirk genes.

Abundances of the nosZ gene did not significantly change in response to the
increase in SWC during the experiment. Although these N>O reductase genes
favour anaerobic environments to be able to consume N,O (Wang et al., 2022),
sufficient anaerobic conditions may not have been achieved with thawing in this
study. Furthermore, decreased abundances of N>O reducers have been reported
at soil temperatures below 5 °C, resulting in an increase in N>O fluxes, while
N>O-producing denitrifiers remain unaffected by the low temperatures (Wagner-
Riddle et al., 2010). Soil temperatures during the experiment did not exceed 4 °C,
remaining too low for the nosZ-type denitrifiers to show their enhanced N,O re-
duction capacity.

While nitrification was initiated at the beginning of the warming, incomplete
denitrification was the main driver of the increased soil N,O emissions. This aligns
with previous studies highlighting the importance of denitrification in driving rapid
N>O emissions peaks during freeze-thaw events (Smith et al., 2010; Wagner-Riddle
et al., 2008). The results support rewetting drained peatland forests as a promising
mitigation strategy to reduce N>O emissions. Elevated and more stable water levels
can help maintain favourable temperatures for N>O-reducing nosZ-type denitri-
fiers in the soil microbiome, promoting complete denitrification processes.

The springtime study period (Article IV) reflected conditions following the
freeze-thaw cycle, characterised by elevated SWC and WTD that gradually de-
crease (Article IV Figure 1). Significant changes in the abundances of various
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functional genes between measurement days were observed, with different genes
dominating the variability of observations across days for both the N and C cycles
(Article IV Figure 6). The abundances of N,O reductase nosZ I and Il genes were
elevated at lower soil temperatures early in the study period, coinciding with high
WTD and SWC, suggesting genetic potential for complete denitrification under
these conditions. However, nitrification processes were also evident. As tempera-
tures rose and WTD and SWC began declining, NHy levels decreased and NOs
increased. This indicates that nitrification processes were initiated in the soil,
converting NH4 to NOs. Thus, both nitrification and complete denitrification were
evident, with nitrification responsible for the low, but observable, N,O emissions
at the beginning of the spring study period. After the soil NOj; content peak at the
end of April, NO; levels declined, likely as it started to be converted to N,O
through incomplete denitrification by nirK and nirS genes. This was evidenced
by high nir gene abundance and a high nir/nosZ ratio in the middle of the mea-
surement period (Article IV Figure 4). In May, the NOs pool was depleted and
N-20 emissions decreased. However, a high N,O reductase (n0sZ) gene abundance
was not observed at the end of the study period to confirm the decline in emissions.

Furthermore, in Article IV, the genetic composition influencing the C cycle was
explored, particularly methanogenesis and methanotrophy. A gradual decrease in
methanogenic potential and an increase in methanotrophic potential occurred,
indicated by the declining methanogenic-to-methanotrophic gene ratio over the
measurement period. On the second measurement day, n-damo was driving the
methanotrophic abundance, switching to the pmoA gene dominance by the end of
the study (Article IV Figure 5). The gene ratio negatively correlated with soil CO,
fluxes, possibly due to CH4 being oxidised to CO, (Hu et al., 2014). However, only
the n-damo genetic abundance correlated with soil CH,4 fluxes, and this relation-
ship was positive, although n-damo is generally responsible for CH4 consumption
in the aerobic-anaerobic interface under high levels of nitrate (Hu et al., 2014;
Zhou et al., 2014). This indicates the need for a more detailed analysis of the
relationships between C cycle genes and fluxes under different environmental
conditions.

2.2. Tree stem fluxes (Article I, II, 1V)

2.2.1. Quantification and temporal dynamics of stem fluxes

The first account of annual measurements of tree stem GHG fluxes in a drained
peatland forest was provided in Article I. Notably, the cold period has been
largely overlooked in stem flux studies across different ecosystems. Tree stems
were a net annual source of CHa, with higher emissions from birch stems than
from spruce stems (Table 2; Figure 3B). Previous studies in wetlands have repor-
ted higher annual stem CH4 flux values from various broadleaved tree species
(Jeffrey et al., 2023a; Moldaschl et al., 2021; Pangala et al., 2015). However,
long-term measurements from forests with drier conditions, which could be more
comparable to the drained forest investigated here, are lacking. The temporal
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dynamics of tree stem CH4 fluxes exhibited near-zero fluctuations for most of the
year, with isolated emissions’ peaks in autumn and summer (Figure 3B). Both birch
and spruce stem emissions increased in November, coinciding with an increase
in SWC. In spring, birch and spruce stems were minor CH4 sources, following the
rising water table after snowmelt. This pattern was also observed in the spring-
time study (Article IV Figure 1) and documented in a temperate wetland forest
(Pangala et al., 2015). The most pronounced peak in birch stem CH4 emissions
occurred in late June, with daily mean values reaching 8.47 £3.14 pgCm 2 h™".
This peak coincided with the end of the wetter period, where sustained higher
water levels and increasing soil temperatures likely created optimal conditions
for methanogenesis in the soil (Figure 3A; 3B) (Pangala et al., 2015; Pitz &
Megonigal, 2017). This summer peak was not observed for spruce stem CHa
fluxes. On average, stems emitted more CHy during the wetter period of the year,
primarily driven by the peaks.

Birch stems were net annual emitters of N>O, whereas spruce stems exhibited
minor N,O uptake (Table 2; Figure 3C). Birch N,O emissions observed in this
study exceeded those from birch and spruce trees in a boreal forest (Machacova
et al., 2019), alder trees in a hemiboreal riparian forest (Mander et al., 2021), and
ash and poplar in a temperate floodplain forest (Moldaschl et al., 2021). The N>O
consumption observed in spruce stems has previously only been reported for
broadleaved tree species in temperate upland forests during the growing season
(Barba et al., 2019b; Machacova et al., 2017). This uptake has been shown to be
related to a concentration gradient where atmospheric N>O concentrations exceed
those in the stem (Barba et al., 2019b), or to the presence of cryptogamic stem
covers (Machacova et al., 2017), which were not, however, evident on the mea-
sured spruce trees. Birch stems emitted N>O throughout the year, with notable
peaks in autumn and spring (Figure 3C). The highest daily average emissions
were recorded in autumn, reaching 34.3 = 11.9 pg N m 2h™' in October 2020 and
28.7 £ 0.455 pyg N m 2 h™' in November 2021. A smaller peak was observed in
early spring (Figure 3C). This springtime peak coincided with the hot moments
of soil N>O release. The freeze-thaw related N,O production processes in the soil,
as discussed in previous chapters, likely increased N,O readily available to be
taken up by tree roots, leading to elevated stem emissions. However, no soil flux
data is available for comparison with autumn stem flux peaks. Emissions during
these peak periods accounted for 94.9% of the cumulative annual birch stem flux.
Early autumn and early spring also contributed most to the cumulative stem N,O
emissions from alder in a riparian forest (Mander et al., 2021). In contrast, spruce
stem fluxes were negligible and fluctuated around zero throughout the year, dif-
fering from findings in a boreal forest, where higher emissions from spruce than
from birch stems were observed throughout the year (Machacova et al., 2019).

Both birch and spruce stems had a positive CO» flux throughout the year
(Table 2; Figure 3D). Annual measurements of stem CO, fluxes were approxi-
mately 10 times higher than those observed from European beech in a temperate
upland forest (Machacova et al., 2023) and from Scots pine in a boreal forest
(Kolari et al., 2009). Temporal dynamics of stem CO, efflux followed a seasonal
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trend, with low fluxes during the dormant season and a gradual increase during
spring months (Figure 3D). This was also observed in the springtime study (Arti-
cle IV Figure 1). Fluxes peaked at the end of June, with daily averages reaching
394.9 +26.7 mg C m 2 h™! for birch and 206.3 + 24.8 mg C m > h™' for spruce.
This was followed by a gradual decrease of fluxes towards autumn (Figure 3D).
Stem CO, flux trends coinciding with tree growth phenology have also been
observed in Norway spruce at a subalpine site (Etzold et al., 2013), Scots pine in
a boreal forest (Kolari et al., 2009) and European beech in a temperate upland
(Machacova et al., 2023). In contrast to CH4 and N>O dynamics, average stem
CO; release was higher during the drier period (Table 2), driven by the tempe-
rature sensitivity of plant respiration and diffusion rates (Teskey et al., 2008).

The inter-species variance in temporal stem flux patterns highlights the need
to contextualise the processes driving GHG fluxes according to tree species. Flux
variations can be caused by site-level differences in microtopography, creating
variations in SWC and WTD. Thus, trees growing in depressions with higher water
availability may emit more CH4 and N,O (Jeffrey et al., 2020; Terazawa et al.,
2015). Birch trees, which are better adapted to wetter conditions than spruces, may
prefer such locations as their habitat in the forest (Kozlowski, 1997). In addition,
the spatial variability of gas concentrations in the soil water can influence the
quantities of dissolved gases transported up the xylem (Machacova et al., 2016;
Machacova et al., 2019). Root depth and density also vary between tree species.
Spruces generally exhibit higher fine root density closer to the soil surface,
whereas birch roots reach deeper soil layers to facilitate water uptake and gas
transport, particularly for CH4 that may originate from deeper methanogenic soil
layers (Puhe, 2003). Furthermore, stem morphology and tree physiology differ
between broadleaved and coniferous trees, leading to variations in transpiration
and gas diffusion rates (Pitz & Megonigal, 2017; Salomon et al., 2016; Teskey
etal., 2008). While conifers generally have lower wood density, which might
suggest higher GHG fluxes due to enhanced radial diffusion (Machacova et al.,
2019; Zhang et al., 2020), the results show birch emissions surpassing spruce fluxes
for all gases. This pattern aligns with findings from a boreal forested fen (Vainio
et al., 2022). Furthermore, differences in xylem structures can affect sap flow rates.
Conifers use tracheids for water transport within the xylem, while broadleaved
trees have wider vessels, facilitating more efficient water transport (Zhang et al.,
2020). Higher sap flow rates were also observed in birch in Article I (Figure 7).
Additionally, birch trees exhibit paper-like bark layers, favourable for potential
axial bark-mediated gas diffusion, as demonstrated in lowland Melaleuca quin-
quenerviatrees (Jeffrey et al., 2023a). However, more studies are needed to under-
stand how wood and bark anatomy influence stem GHG fluxes and how species-
specific tree physiological traits affect gas transport in the soil-tree-atmosphere
continuum.
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2.2.2. Environmental drivers of stem fluxes

Across the annual study period, birch stem CH4 fluxes were primarily driven by
changes in soil hydrological conditions and temperature, positively correlating
with SWC, soil temperature and WTD (Table 3). Higher SWC and WTD are com-
monly associated with higher stem CH4 emissions, providing anaerobic condi-
tions needed for methanogenesis in the soil, resulting in more CHy available for
uptake by tree roots (Barba et al., 2019a; Barba et al., 2024). Conversely, spruce
CHs fluxes did not exhibit significant correlations with any measured environ-
mental variables on an annual scale (Table 3). In the springtime study (Article IV),
the relationships between stem CH,4 fluxes and soil hydrological variables were
negative, while air temperature and PAR were positive drivers. These opposing
results suggest that soil hydrological conditions may play a greater role in CHa
flux dynamics in the long term, such as with transitions between dry and wet
periods, rather than being direct short-term governing factors. For birch trees,
which have low-reaching rooting systems (Bachofen et al., 2024), this may be
due to stem-emitted CH4 originating from deeper soil layers where methano-
genesis prevails, as it is absorbed by tree roots and transported up the xylem. Con-
sequently, changes in WTD and SWC in the topsoil layers have a less pronounced
impact on stem CH4 emissions (Pangala et al., 2015). Birch CHs4 fluxes also had
a negative correlation with soil NOj; content, and positive relationships with NH,4
content and soil N» flux, while spruce CHs4 correlated positively with N, flux
(Table 3). It is likely that these observed relationships are also linked to changes
in soil hydrology, as anaerobic conditions lead to reduction of NOs and pro-
duction of N, through denitrification. Results from Article IV also suggested that
CHj4 emissions from birch stems were influenced by soil NH4 and NOs levels.
However, the relationships were reversed, with birch stems releasing more CHy4
when NH4 content in the topsoil was low, likely due to NH4 conversion to NOs
under drier conditions. Stem CH4 fluxes were negatively correlated with the ratio
of methanogenesis to methanotrophy genes, highlighting a potential decoupling
of stem CH4 emissions from soil processes.

Annual stem N,O fluxes were positively driven by WTD and SWC, while
having negative relationships with soil and air temperature (Table 3). Negative
correlations also emerged between birch N>O fluxes and soil NOs content. The
short-lived peaks observed in the temporal dynamics of birch stem N,O emissions
coinciding with increases in SWC (Figure 3A; 3C) agree with previous studies
suggesting that stem N,O emissions can be induced by rapid changes in soil
hydrological conditions, such as freeze-thaw or flooding events or wet and dry
period transitions (Mander et al., 2021; Schindler et al., 2020). The inverse
relationships with soil and air temperatures emerge due to peak emissions oc-
curring in autumn and spring when temperatures are lower. Therefore, soil water
status plays a greater role in driving stem N>O fluxes, particularly the emission
peaks, than temperature dynamics. Higher-frequency measurements could help
capture these emissions’ peaks more precisely, enabling more accurate estimation
of the total contribution of stem fluxes on the annual forest GHG budgets (Barba
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et al., 2019b; Barton et al., 2015). Similar to stem CH4 flux dynamics, the relation-
ships between stem N,O fluxes and environmental factors were reversed in the
springtime (Article IV), with fluxes correlating negatively with soil hydrological
variables and positively with air temperature and PAR. While WTD and SWC
were in a gradual decline during the spring, stem flux variations corresponded to
temperature dynamics. If SWC remained in the optimum range for soil N,O pro-
duction, temperature could have taken over as the primary driver of flux vari-
ability. Positive relationships between fluxes and PAR could either be due to
indirect effects through temperature or showing the influence of plant physio-
logical activity on stem N,O fluxes. As a hot moment of N,O release was likely
not observed during the study period in Article 1V, it is possible that outside of
the peak periods, stem N,O release is more driven by temperature changes,
provided that SWC is in optimum range, and the peaks in emissions are induced
by rapid changes in soil hydrology.

Tree stem CO; efflux followed the trend of the growing season, with fluxes
highly dependent on air and soil temperatures, while having negative relation-
ships with hydrological variables (Table 3). Therefore, in contrast to stem CH4
and N,O dynamics, average stem CO, release was higher during the drier period
(Table 2) with temperature being the primary determinant of the efflux (Table 3).
This has also been reported in previous studies (Barba et al., 2019b; Takahashi
et al., 2022; Zha, 2004), related to temperature sensitivity of stem respiration pro-
cesses and diffusion rates (Teskey et al., 2008), as well as reduced transpiration
and the resulting higher concentrations of gaseous CO> in the stem (Salomoén
et al., 2016). Furthermore, PAR was also a significant driver of fluxes in the spring-
time, indicating the influence of photosynthesis and the associated tree growth on
respiration (Zha, 2004). Thus, the temporal dynamics of CO; fluxes were linked
to plant phenological and physiological activity even during the early growing
season. Additionally, while SWC and WTD may have affected stem CO, fluxes
indirectly due to their own dependence on temperature dynamics, the negative
relationship with soil hydrological variables can also be attributed to higher stem
water content in wetter conditions, which increases resistance to radial diffusion
(Bowman et al., 2005; Gansert & Burgdorf, 2005; Salomoén et al., 2016).

Furthermore, the relationships between tree stem CHa, N>O and CO, fluxes
and sap flow rates in a peatland forest were demonstrated for the first time
(Article I). Significant correlations were observed between sap flow rates and
birch N,O fluxes, as well as birch and spruce CO, fluxes during the growing
season (Figure 7). Previous studies have shown varying degrees of influence of
sap flow rates on stem CO; efflux (Bowman et al., 2005; Kunert & Edinger, 2015;
Maier & Clinton, 2006). However, in-situ evidence of relationships between sap
flow and stem CH4 and N»O fluxes remains limited (Barba et al., 2021; Takahashi
et al., 2022). Although xylem sap flow has been shown in a laboratory setting to
be responsible for the upward transport of soil-produced CH4 (Anttila et al.,
2023), a relationship between sap flow and stem CH4 flux did not emerge (Fi-
gure 7A). Takahashi et al. (2022) demonstrated that sap flow primarily drives
diurnal variations in stem CH4 emissions, whereas other factors were responsible
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for longer term changes in fluxes. Barba et al. (2021) also highlighted the effect
of sap flow on both diurnal and seasonal variability of stem fluxes, particularly
for CO, and CHa. Therefore, higher frequency stem flux measurements are neces-
sary to accurately assess the relationship between sap flux rates and stem fluxes
on different timescales.

The springtime study (Article IV) provided one of the first attempts to link
birch stem CH4 and CO, fluxes to the dissolved gas concentrations in birch sap
and soil water. Temporal trends showed that increased dCHusoit and dCOxsoit pre-
ceded a peak in stem and soil fluxes, as well as increases in dCHasap and dCOosap
(Article 1V Figure 2). Birch CHy4 fluxes and dCHusp did not follow the same
temporal patterns, with the highest CH4 fluxes occurring prior to the highest sap
concentrations. This lack of relationship could indicate that emissions during the
early growing season are unrelated to the transpiration stream. In contrast, CO»
fluxes had significant correlations with dCOasp, With both increasing simulta-
neously until the highest average values on 25/04/2023. The interpretation of
dCOqsqp 1s challenging because in addition to sap ascending in the xylem, stem
respiration also produces CO; along the stem, which can both diffuse into the
atmosphere or further dissolve in the xylem sap (Holttd & Kolari, 2009; Teskey
et al., 2008). dCHasoit was around 40 times higher than dCHasap, While dCOxs0i1 and
dCOssp remained in the same scale. This suggests that some of the CH4 could be
oxidised by methanotrophs in the stem during its ascent in the soil-stem tran-
spiration stream (Putkinen et al., 2021). However, previous studies have reported
primarily diurnal variations in CO» concentrations in xylem sap (McGuire &
Teskey, 2004; Saveyn et al., 2007), while CH4 remains unstudied. Water ascent
from tree roots through the xylem can occur within hours, potentially revealing
shorter-term time lags between soil and stem dissolved gas concentrations and
fluxes (Schenk et al., 2016). Thus, investigating diurnal variations in stem fluxes,
along with sap flow rates and dissolved gas concentrations, could enhance our
understanding of plant hydraulics and its effect on fluxes. Isotopic studies could
further determine the depth of root water uptake. While recent efforts have aimed
to elucidate the specific effects of plant hydraulics (Megonigal et al., 2020) and
tree stem physiological traits (Jeffrey et al., 2023a) on stem GHG fluxes, this
research avenue remains relatively understudied.
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Figure 7. Relationship between sap flow density and birch (n=39) and spruce (n=39) stem
(A) CH4, (B) N,O and (C) CO; fluxes during the growing season (04 June 2021-06
September 2021). Adjusted R? and p-values of the relationships have been calculated
according to the linear regression model. Modified from Article I with the 95% confi-
dence interval added as shaded areas.
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2.2.3. Origin of stem fluxes

Dissecting the origin of stem-emitted gases remains a challenge in stem flux
studies (Barba et al., 2019a; Jeffrey et al., 2021; Pitz & Megonigal, 2017). The
vertical stem flux profile, together with relationships between stem fluxes and
soil environmental parameters, can give insights into the origin of the released
gases. The results suggested that the net stem CH4 flux may have been an aggre-
gate of soil derived CH4 and CH4 produced microbially inside or on the tree stem.
No statistically significant vertical patterns were observed for stem CH4 fluxes
for either species (Figure 8A), and xylem sap flow was not driving CH4 fluxes
during the growing season (Figure 7A). However, stem CH4 fluxes were signifi-
cantly related to soil environmental variables (Table 3). As the soil constituted a
net CHy sink while stems remained a source, the soil-derived CHs must have
originated from deeper soil layers, where anaerobic conditions and methano-
genesis prevail (Machacova et al., 2023; Pitz et al., 2018). For N,O, birch stem
fluxes decreased with increasing stem height (Figure 8B) and were related to sap
flow rates (Figure 7B), indicating a dominant soil source for birch stem N,O
fluxes, supported by their correlation with soil N,O emissions and environmental
variables (Table 3). In contrast, spruce N>O fluxes were negligible with minor
uptake, which has been explained in the previous chapters. Stem-emitted CO,
primarily results from a combination of root respiration, stem respiration, and, to
a lesser extent, root-uptake of CO, dissolved in soil water (Aubrey & Teskey,
2009; Bloemen et al., 2013). The results suggested that birch and spruce CO,
fluxes were driven more by root respiration and root-uptake of CO,. This was
evidenced by higher fluxes from the lowest part of the stem (Figure 8C), as well
as significant relationships with soil CO, fluxes (Table 3) and xylem sap flow
(Figure 7C). Previous studies have shown varied vertical stem CO, flux gradients,
as CO; produced by stem respiration can dissolve and be transported away from
the production location (Salomén et al., 2024). Sap flow rates and CO; efflux
from stems are both highly dependent on air temperature (Holttd & Kolari, 2009),
and thus, relationships between the two should be further investigated inde-
pendently of the temperature effect.
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Figure 8. Vertical profile of (A) CHs, (B) N2O and (C) CO, stem fluxes at 0.1 m, 0.8 m
and 1.7 m, averaged across all plots and throughout the annual study period. Different
letters above bars indicate statistically significant differences between fluxes at different
heights within species, according to a Kruskal-Wallis one-way analysis of variance
followed by a post-hoc Dunn test (p<0.05). The solid line within each box marks the median
value, circles the mean value and dotted lines the 25th and 75th percentiles. (Article I)
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2.2.4. Relative contributions of stem and soil fluxes

Tree stem GHG fluxes can substantially contribute to the combined soil and stem
fluxes and neglecting them from forest GHG inventories can lead to under- or
overestimation of the gas budgets (Machacova et al., 2023). On an annual scale,
birch and spruce stem CH4 emissions offset the soil sink by 25.9% and 1.9%,
respectively (Figure 9A). The potential of trees to offset the soil CH4 sink has
primarily been observed in temperate upland forests (Machacova et al., 2023; Pitz
& Megonigal, 2017; Wang et al., 2016). In wetter ecosystems where soil is a net
CHy source, stem fluxes can add up to 83% to the total soil source in different
wetland forests (Jeffrey et al., 2023a; Mander et al., 2022; Pangala et al., 2015).
The contribution of stems to total annual N,O emissions remained relatively low,
adding 3.0% to the soil N,O source, almost entirely from birch emissions (Figure
9B). Similar low contributions have been reported in a boreal forest (birch 0.75%
and spruce 2.5%) (Machacova et al., 2019), and a riparian forest (alder 0.8%)
(Mander et al., 2021). Stem fluxes accounted for 81% of the total CO, release
during the measurement period (birch 52.4% and spruce 28.6%) (Figure 9C).
Although long-term stem CO; flux monitoring is rare, growing season stem flux
contributions of 28.4% have been shown in a temperate upland forest (Warner
etal., 2017).

The findings in Article I indicated significant differences in stem flux contri-
butions between wetter and drier periods, with the differences varying depending
on the respective gas (Figure 9). During the drier period, stem CH4 emissions
were negligible while the soil became a major CH4 sink. In contrast, during the
wetter period, soil CH4 uptake decreased while stem emissions increased, off-
setting the soil sink by 40.6% in total (Figure 9A). Previous studies have shown
the potential of stem emissions to turn a riparian forest from a sink to a source
during the wet period (Mander et al., 2022). These findings further emphasise the
strong effect of soil hydrological conditions on stem and soil CH4 dynamics and
the associated CH4 budget. On the other hand, stem N,O flux contributions
remained low regardless of wet or dry periods (Figure 9B). The small variation
highlights that stem N,O fluxes can better respond to short-term hydrological
changes, such as freeze-thaw events, flooding, and drought (Mander et al., 2021;
Schindler et al., 2020), rather than seasonal wet and dry period variations. Total
CO; efflux was higher during the drier period, whereas the relative contribution
of stem fluxes was more prevalent during the wetter period (Figure 9C). This
further emphasises temperature as a primary driver of soil and stem CO, dynamics,
while hydrological conditions have a secondary effect (Etzold et al., 2013; Kolari
et al., 2009). It is crucial to highlight that upscaling chamber measurements,
typically conducted at the bottom parts of the stems, to tree-level fluxes is one of
the key uncertainties in stem flux studies (Barba et al., 2024), potentially leading
to inaccuracies in the contribution of stem fluxes to total ecosystem fluxes.
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sent mean fluxes across all measurement points. (Article I)
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3. CONCLUSIONS

On an annual scale, the soil acted as a net sink of atmospheric CHs, and a source
of N>O and CO,. Higher WTD and SWC kept CHs4 fluxes near-zero during the
dormant season, switching to significant CH4 uptake in the drier summer period.
Soil hydrology significantly impacted CH4 dynamics long-term, while tempe-
rature was a short-term governing factor. Therefore, hypotheses I was not con-
firmed, and hypothesis II partially confirmed for soil CH4 fluxes. Both hypo-
theses I and II were confirmed for soil N,O fluxes, as their temporal dynamics
were driven by hot moments of emissions, induced by rapid changes in SWC,
such as freeze-thaw events. Soil thawing increased N>O emissions, primarily due
to incomplete denitrification under prolonged anaerobic conditions, supporting
hypothesis II1.

Tree stems were net emitters of CH4, N>O, and CO,, with species-specific dif-
ferences. Birch stems had a greater impact on annual GHG dynamics than spruce
stems. Stem CH4 and N,O fluxes exhibited isolated emission peaks, driven by
prolonged wetter periods for CH4 and rapid hydrological changes for N»O, sup-
porting hypothesis II. Both soil and stem CO; release followed a seasonal pattern,
with fluxes highly dependent on temperature. Stem-emitted GHGs likely had a
predominantly belowground origin, agreeing with hypothesis IV. Stem CH4
emissions offset nearly a third of the soil sink annually, rising to almost half during
wetter periods, underscoring the significant influence of soil hydrological condi-
tions on CH4 dynamics. Stem N,O fluxes were sensitive to short-term changes in
soil hydrology, and their contribution to total N,O emissions remained low. CO,
emitted from the stems constituted a substantial portion of the annual combined
soil and stem flux. These findings emphasise that neglecting stem fluxes can result
in inaccurate forest GHG budget estimations.

Future research should prioritise several key areas to advance our under-
standing of tree stem and soil GHG fluxes. Significant uncertainties and knowl-
edge gaps persist in stem flux studies. Further exploration of water movement
and dissolved gases in the stem could reveal plant hydraulics’ influence on stem
fluxes. Isotopic studies could help determine root water uptake depth, clarifying
gas transfer pathways. Additionally, microbial analysis of stem core increments
could uncover the genetic potential for GHG production or consumption within
stems. Long-term, higher-frequency flux measurements from both soil and tree
stems could enhance our understanding of flux contributions of different sources
to annual forest GHG budgets and help identify the drivers of these fluxes. This
study highlighted the importance of focusing on periods of the year with peak soil
and stem emissions. Higher-frequency measurements could more accurately
capture temporal flux variations.
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SUMMARY

Peatlands harbour substantial carbon (C) and nitrogen (N) reserves and play a
pivotal role in regulating key greenhouse gases (GHGs) such as carbon dioxide
(CO»), methane (CH4), and nitrous oxide (N>O), thus impacting global climate.
Northern peatlands are often drained to enhance forest productivity. Drainage
alters peat soil hydrology, a critical factor governing the balances of GHGs.
Lowering the water table can transform these soils from CO, sinks to sources,
reduce CH4 emissions, and increase N,O release. In addition to soil, tree stems
play a crucial role in the GHG budgets of forestry-drained peatlands, though their
dynamics are complex and understudied. Simultaneous year-long measurements
of soil and tree stem GHG fluxes in northern peatland forests are rare, with
previous studies primarily focusing on the growing season and neglecting
seasonal variations like spring freeze-thaw cycles.

Accordingly, the objective of this doctoral thesis was to characterise the
seasonal variations and key environmental drivers of tree stem and soil CHa, N,O
and CO; fluxes in a northern drained peatland forest. Furthermore, the study
aimed to explore the impact of soil chemistry and microbial communities on
GHG emissions and shed light on the origin of stem fluxes. To achieve this, tree
stem and soil GHG fluxes were measured concurrently over a year in a hemi-
boreal drained peatland forest (Article 1), with more specific focus on the previ-
ously understudied winter period (Article II). As the importance of spring freeze-
thaw periods was emphasised in Articles I and II, a soil warming experiment was
conducted (Article III) to investigate N>O emission processes and soil microbial
abundances during freeze-thaw cycles. Additionally, springtime stem and soil
fluxes were studied alongside dissolved gases in birch sap, and the underlying
soil microbiome (Article V).

The study was conducted in a drained peatland forest site in eastern Estonia
(58°17'N, 27°17'E; 38 m.a.s.l.; 1.72 ha). Measurements for Articles I (study
period October 2020 — December 2021), II (October 2020 — May 2021), and IV
(April — May 2023) were carried out at twelve monitoring points. In Articles I, II,
and IV, soil GHG fluxes were determined through continuous gas measurements
from automatic soil chambers connected to a Picarro gas analyser. A soil freeze-
thaw experiment was conducted in March 2022 for Article III. Heating cables
were placed on the ground inside soil collars for flux measurements to induce
thawing of the frozen topsoil layer. Gas samples were collected manually from
static soil chambers and later analysed by gas chromatography. Stem fluxes were
determined by measuring gas concentrations in chambers attached to stems of
downy birch (Betula pubescens) and Norway spruce (Picea abies). Chambers
were placed at heights of 0.1, 0.8, and 1.7 m above ground to characterise the
vertical profile of stem fluxes. Stem fluxes were quantified from gas samples
collected manually once a week and analysed by gas chromatography (Articles |
and II). In Article IV, GHG concentrations in the stem chambers were captured
on-site using portable Li-Cor gas analysers. Environmental parameters were

49



measured simultaneously with fluxes. Soil was sampled for chemical and mi-
crobial analysis.

Soil at the study site constituted a net annual sink of atmospheric CH4, and a
source of N>O and CO,. Higher water table depth (WTD) and soil water content
(SWC) kept CH4 fluxes near-zero during the dormant season, indicating a balance
between methanogenesis and methanotrophy in the soil. Substantial CH4 uptake
was observed during the drier summer months, as methanotrophy became more
prevalent. However, the relationships between CH4 fluxes and soil environmental
variables were reversed in the springtime study, suggesting that soil hydrology
had a significant long-term impact on soil CH4 dynamics, while temperature can
be a more direct governing factor in the short term. Temporal dynamics of soil
N-O fluxes were driven by hot moments of emissions, induced by rapid changes
in SWC, such as freeze-thaw events. The freeze-thaw experiment showed that soil
thawing increased N>O emissions, initially through nitrification, followed by
incomplete denitrification under prolonged anaerobic conditions, evidenced by
changes in the microbial community composition. Findings from the spring,
reflecting conditions following the freeze-thaw cycle, demonstrated significant
changes in the abundances of functional genes between measurement days. Annual
soil CO; efflux showed near-zero fluxes during the dormant season and increased
fluxes during the growing season. Forest floor CO, efflux was driven by air and
soil temperatures on all measured timescales, relating to the growing season and
plant physiological activity.

The first annual measurements of tree stem GHG fluxes in a drained peatland
forest were presented. Tree stems were net emitters of all gases, with only spruce
stems showing negligible N>O uptake. Birch stems played a greater role in the
annual GHG dynamics than spruce stems. Inter-species differences could be
related to microtopography, gas concentrations in soil water, rooting characte-
ristics, and xylem structures. Temporal dynamics of stem CH4 and N,O fluxes
were driven by isolated emissions’ peaks. The highest CHs4 flux peak in late June
coincided with the end of the wetter period, where sustained higher water levels
and increasing soil temperatures created optimal conditions for methanogenesis
in the soil. Birch N,O emissions’ peaks in autumn and spring, triggered by rapid
hydrological changes, accounted for 94.9% of the annual flux. The spring peak
coincided with the hot moment of soil N>O release, induced by freeze-thaw
cycles. However, the spring results indicated that under stable SWC conditions
optimal for soil N>O production, temperature predominantly influenced fluxes.
Stem CO; release followed a seasonal trend, highly dependent on temperature, as
well as solar radiation during spring, suggesting temperature sensitivity of stem
respiration and the impact of photosynthesis and the associated tree growth on
respiration.

The vertical stem flux profile and fluxes’ correlation with soil environmental
parameters provide insight into the ongoing challenge of stem fluxes’ origin. The
net stem CHj4 flux may have been an aggregate of soil-derived and stem-produced
CHas, with the former originating from deeper soil layers where methanogenesis
occurs. A more dominant soil source was evident for birch stem N,O fluxes, and
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stem CO; efflux were likely also related to belowground sources. Comparison of
stem and soil flux contributions to their combined fluxes showed that CH4 emitted
from tree stems can offset nearly a third of the soil sink annually, rising to almost
half during the wetter period, emphasising the strong longer-term effect of soil
hydrological conditions on stem and soil CH4. Stem flux contribution to total
annual N>,O emissions remained low regardless of wet or dry periods, high-
lighting that stem N,O fluxes better respond to short-term hydrological changes,
rather than seasonal variations. Stem fluxes contributed significantly to the total
CO; release both during drier and wetter periods, being driven by temperature,
rather than seasonal hydrological differences. The findings of these studies under-
scored that neglecting stem fluxes can lead to inaccurate estimations of forest
GHG budgets.
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SUMMARY IN ESTONIAN

Keskkonnatingimuste ja mulla mikrobioomi mdju kasvuhoonegaaside
voogudele hemiboraalse kodusoometsa mullast ja puutiivedest

Turbaalad katavad umbes kolm protsenti globaalsest maismaa territooriumist,
kuid talletavad ligi kolmandiku kogu maailma siisinikust ja kuni veerandi 1am-
mastikust. Nende siisiniku- ja ldimmastikuvarude tasakaalu rikkumine voib olu-
liselt mojutada peamiste kasvuhoonegaaside (KHG) — siisinikdioksiidi (COy),
metaani (CH4) ja dilimmastikoksiidi ehk naerugaasi (N>O) — ajalis-ruumilist dii-
naamikat, mojutades seelébi kohalikke biogeokeemilisi ringeid ning andes hoogu
globaalsetele kliimamuutustele. Pohjamaades, sealhulgas Eestis, on looduslikke
turbaalasid aastakiimneid kuivendatud, peamiselt pdllumajandus- vOi metsa-
maade rajamiseks. Drenaaz muudab turvasmuldade veereziimi, mis on oluline
KHG-de tasakaalu reguleeriv tegur. Kui looduslikud turbaalad on iildiselt CO,
sidujad, moddukad CHy allikad ja vidikesed N,O allikad, vdib pdhjaveetaseme
alandamine nad muuta CO; allikateks, vihendada CH4 heitkoguseid ja suuren-
dada N>O eraldumist. Turbaalade pideval kuivendamisel on tdenéoliselt kliimat
soojendav mdju, sest vabanev CO; ja N,O heitkogus tiletab CH4 emissiooni véhe-
nemisest saadava kiirgusliku toime kahanemise. Lisaks mullale mdjutavad
metsanduslikel eesmérkidel kuivendatud turbaalade ehk kodusoometsade KHG
bilansse ka puutiived. Puutiivede rolli KHG allikatena on véhe uuritud ning nende
gaasivoogude diinaamika on keeruline. Leidub vdhe uuringuid, kus on kesken-
dutud mulla ja puutiivede KHG voogude samaaegsetele pikaajalistele mdotmistele
kddusoometsades. Varasemad uuringud on mddtmisi 14bi viinud peamiselt kasvu-
perioodil, jattes tdhelepanuta sesoonsed varieeruvused, nagu kevadised kiilmumis-
sulamistsiiklid.

Sellest ldhtuvalt on kédesoleva doktoritdd eesmirk iseloomustada mulla ja
puutiivede KHG voogude aastaaegadevahelisi variatsioone ja peamisi mojutavaid
keskkonnategureid Eesti kddusoometsas. Lisaks uuriti t66s mullakeemia ja mik-
roobikoosluste moju KHG voogudele ning tiivevoogude paritolu. Doktoritdos
maiérati mulla ja puutiivede CHa, N>O ja CO, voogude kogused parasvodtme kddu-
soometsas iihe aasta jooksul (Artikkel I), keskendudes eraldi varem alauuritud
talveperioodile (Artikkel IT). Kuna artiklites I ja II tSusis esile kevadiste kiilmumis-
sulamisperioodide tdhtsus, viidi 14bi mulla soojendamise katse (Artikkel III),
uurimaks N>O emissiooniprotsesse ning mulla mikroobikooslusi kiilmumis-
sulamistsiiklite ajal. Lisaks uuriti kevadisel kasemahla jooksmise perioodil puu-
tiivede ja mulla KHG voogusid ning nende seost kasemahlas ja mullavees lahus-
tunud gaaside sisalduse ning mulla mikroobikooslustega (Artikkel IV).

Uuring viidi 1dbi Eesti idaosas Agali kddusoometsas (58°17'N, 27°17'E; 38 m;
1,72 ha). Artiklite I (uuringuperiood oktoober 2020 — detsember 2021), II (oktoo-
ber 2020-mai 2021) ja IV (aprill-mai 2023) moddtmised toimusid kaheteist-
kiimnes seirepunktis. Artiklites I, IT ja IV méérati mulla KHG vood pidevate auto-
maatmdotmistega mullakambritest, mis olid {ihendatud Picarro gaasianalii-
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saatoriga. Artikli III jaoks viidi 2022. aasta maértsis 14bi pinnase kiilmumis-sula-
miskatse. Selleks kasutati kiittekaableid, mis paigaldati mullavoogude mdotmiste
jaoks pinnasesse installeeritud rongaste sisse, tagamaks kiilmunud pinnasekihi
perioodilise sulamine. Artiklis III koguti gaasiproovid mullakambritest késitsi ning
analiilisiti hiljem gaasikromatograafiaga. Tiivevoogude méaidramiseks kinnitati
titvekambrid sookaskede ja (Betula pubescens) harilike kuuskede (Picea abies)
tilvedele 0,1, 0,8 ja 1,7 m korgusele maapinnast, et iseloomustada tiivevoo verti-
kaalset profiili. Tiivevood kvantifitseeriti gaasiproovidest, mis koguti késitsi kord
nédalas puutiivedele paigaldatud kambrisiisteemidest ning analiiiisiti gaas-
kromatograafi abil (Artiklid I ja II). Artiklis IV moddeti tiivekambrite KHG-de
kontsentratsioone kaasaskantavate Li-Cor gaasianaliisaatoritega kohapeal. Sama-
aegselt voogudega mdodeti keskkonna- ja meteoroloogilisi parameetreid ning
koguti mullaproove fiilisikalis-keemiliseks analiilisiks ja mikroobikoosluste
madramiseks.

Uuritud kddusoometsa mulla aastakeskmine bilanss néitas CH4 sidumist ning
N>O ja CO; lendumist. Talvisel perioodil, kui veetase oli korgem, jdid mulla CHy
vood nullildhedaseks, osutades tasakaalule metanogeneesi ja metanotroofia vahel
mullas. Suvel, kui muld oli kuivem, suurenes CH4 sidumine, kuna metanotroofid
muutusid aktiivsemaks ning metanogenees mulla iilemises kihis oli pérsitud.
Kevadises uuringus muutusid seosed CH4 voogude ja mulla keskkonnapara-
meetrite vahel vastupidiseks — temperatuur méngis voogude diinaamikas suure-
mat rolli kui veeparameetrid. See néitab, et mulla veereziim omab pikaajalist
mdju mulla CHs diinaamikale, samas kui temperatuur on olulisem lithiajalises
perspektiivis. Mulla N>O voogude ajalist diinaamikat iseloomustasid emis-
sioonide piigid ehk ,,kuumad hetked*, mille pdhjustasid kiired muutused mulla-
niiskuses, nditeks kiilmumis-sulamis tsiiklite kdigus. Kiilmutamise-sulatamise
katse nditas, et mulla pinnasekihi sulatamine suurendas mullaniiskust ja N,O heit-
koguseid. Sulamisprotsessi alguses suurenesid vood nitrifikatsiooni kaudu, kuid
anaeroobsete tingimuste siivenedes hakkas domineerima mittetdielik denitrifikat-
sioon, mida kinnitasid muutused mikroobikooslustes. Kevadise uuringu tule-
mused, mis peegeldasid kiilmumis-sulamistsiiklile jairgnenud tingimusi, niitasid
olulisi mddtmispdevadevahelisi muutusi funktsionaalsete geenide arvukuses.
Kiired muutused mikroobikooslustes viitavad vajadusele suurendada proovivétu
sagedust, et tipsemalt méddrata KHG voogusid mdjutavad mikrobioloogilised
tegurid mullas, eriti liihiajaliste emissioonide piikide ajal. Mulla aastane CO;
bilanss niitas nullildhedast voogu talveperioodil ja suurenenud heitkoguseid
kasvuperioodil. Mulla CO; vood olid peamiselt mdjutatud ohu- ja mullatempe-
ratuurist, ndidates, et vood sdltuvad oluliselt kasvuperioodist ja taimede fiisio-
loogilisest aktiivsusest.

Artiklis I esitleti esmakordselt aastasi puutiivede KHG voogude modtmis-
tulemusi kodusoometsast. Puutiived olid nii CH4, N>O kui CO; allikad, ainult
kuuse tiived nditasid minimaalset N,O sidumist. Kase tiivedest parit KHG emis-
sioonid méngisid aastases KHG diinaamikas suuremat rolli kui kuuse tiivedest
périt vood. Taolised liikidevahelised erinevused vdivad tuleneda uurimisala
mikrotopograafiast, lahustunud gaaside kontsentratsioonist mullavees, puude
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juurestiku stigavusest ja tihedusest ning puu ksiileemi struktuuride erinevustest.
Tédiendavad uuringud peaksid keskenduma kiisimusele, kuidas liigispetsiifilised
tunnused mojutavad gaasi transporti mullast 1&bi puutiive atmosfaéri. Antud t60s
leiti, et puutiivede CH4 ja N2O voogude ajalist diinaamikat iseloomustasid liihi-
ajalised emissioonide piigid. CH4 voo piik juuni I6pus langes kokku mirja
perioodi 16puga, kus piisivalt kdrge veetase ja kerkiv mullatemperatuur 16id opti-
maalsed tingimused metanogeneesiks. Kase N>O emissiooni tipud siigisel ja
kevadel, mis on tingitud kiiretest hiidroloogilistest muutustest, moodustasid
94,9% aastasest koguvoost. Kevadine N>O emissiooni piik langes kokku ka
mullas téheldatud ,,kuuma hetkega“, mille pShjustasid kiilmumis-sulamistsiiklid.
Kevadise uuringu tulemused aga néitasid, et stabiilse, N,O tootmiseks opti-
maalse, mullaniiskusega muutub temperatuur peamiseks voogusid mdjutavaks
teguriks. Sarnaselt mullavoogudele soltus tiive CO, emissioon suuresti tempera-
tuurist, samuti paikesekiirguse intensiivsusest, mis nditab tiive hingamise tem-
peratuuritundlikkust ning fotosiinteesi ja sellega kaasneva puude kasvu mdju
hingamisele. Tihedam modtmissagedus aitaks tdpsemalt tabada olulisi tiive emis-
siooni piike, selgitamaks nende pdhjuseid ning suurendades teadmisi tiive-
voogude panusest metsade KHG-de aastasesse bilanssi.

Tiivevoogude muutused tiive vertikaalsel profiilil ning voogude seosed mulla
keskkonnaparameetritega aitavad selgitada tiivevoogude péritolu. Tulemuste
alusel voib eeldada, et tiive CH4 koguvoog vdis olla kombinatsioon mullast pari-
nevast ja tiives toodetud metaanist. Kuna muld oli CH4 siduja, pérines tlivesse
juurte ja ksiileemi kaudu saabuv metaan toendoliselt siigavamatest mullakihtidest,
kus toimub metanogenees. Tiivedest emiteeruv N>O ja CO; périnesid tdendoliselt
peamiselt mullast.

Antud t60 niitab, et tlivevoogude viljajaitmine metsa KHG-de bilansi hinnan-
gutest vOib pdhjustada metsa koguheidete iile- voi alahindamist. Puutiivedest
eralduv CH4 v0ib aastas tiihistada ligi kolmandiku mulla CH4 sidumise efektist.
Mirjemal perioodil vdib see osakaal tousta 50%-ni koguemissioonist, néidates
pikaajaliste mullahiidroloogiliste tingimuste tugevat moju tiivede ja mulla CHy
voogudele. Tiivevoo panus aastastesse N>O heitkogustesse piisis madalal, soltu-
mata margadest vOi kuivadest perioodidest. See viitab, et tiive N,O voog rea-
geerib paremini lithiajalistele hiidroloogilistele muutustele, mitte sesoonsetele
variatsioonidele. CO, puhul méngib tiivevoog olulist rolli, lisades mérkimis-
vadrse koguse koguemissiooni nii kuivematel kui niiskematel perioodidel. CO;
diinaamika on enim sdltuv temperatuurist, mitte sesoonsetest hiidroloogilistest
erinevustest.

Antud doktoritdos tdusis esile mulla- ja tiivevoogude lithiajaliste emissiooni-
piikide osatdhtsus KHG-de aastases bilansis. Seetdttu on tulevikus oluline suu-
rendada mootmissagedust sesoonsetes uuringutes, et tdpsemini tabada emissiooni
varieeruvust. Tdpsemate vooandmete kombineerimine mullakeemia ja mikroobi-
kooslustega aitab paremini médrata vooge seletavat geneetilist potentsiaali.
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