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Abstract
Methane (CH4) is a strong greenhouse gas, and its ecosystematmosphere exchange depends on the consumption and production
rates. The boreal zone includes nearly one third of the world’s forests,
and boreal forest soil is the largest carbon stock among different
ecosystem types. Upland soils are a globally important sink of CH4 due
to microbes oxidizing atmospheric CH4. During the last decades, the
understanding of the CH4 dynamics of forests has been reshaped and
increased substantially, as the trees have been shown to contribute to
the CH4 exchange. The newly-found aerobic CH4 emissions from plants
have also revealed the existence of previously unknown processes.
Meanwhile, the ecosystem-scale studies on CH4 exchange have shown
that forests may occasionally be net sources of CH4.
In this thesis, the objective was to quantify the CH4 exchange in a
boreal pine forest, regarding the contributions of soil, ground vegetation
and trees. The effects of soil water conditions and the CH 4-consuming
and -producing microbes were also studied. The research included the
most abundant boreal tree species: Scots pine, downy birch and Norway
spruce. The effect of ground vegetation on the forest floor CH4 flux was
studied by classifying the vegetation into four groups, and by measuring
the CH4 fluxes of three common shrubs (bilberry, lingonberry, and
heather) in the laboratory. The forest floor CH4 flux was upscaled to the
whole research site from topography-modelled soil moisture.
The results demonstrated that the CH4 flux of the forest floor is
strongly dependent on the soil moisture. All the studied tree species
emitted CH4 from the stems and the branches, and the stem-emissions
were significantly higher from trees growing at wet soil compared to
drier soil. The ground vegetation species and soil moisture are strongly
connected, and based on the results, both affect the CH4 flux. In the
laboratory, heather shoots resulted in mean CH4 emissions, while
bilberry and lingonberry shoots indicated uptake. Thus, the studied
shrub species seem to have different CH4 dynamics. In addition, the
shrubs increased the amount of CH4-consuming microbes and thus CH4
uptake in the soil. While the forest floor at the site was on average a sink
of CH4 throughout the growing season, the upscaled forest floor CH4 flux
revealed high spatial variation and CH4-emission patches at the area.
The size and CH4 flux of these patches was related to temporal variation
in the soil moisture.
Keywords: Methane flux; Boreal forest; Upscaling; Topography; Bryophytes
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Tiivistelmä
Ekosysteemin metaaninvaihto riippuu metaanin tuoton ja
kulutuksen
erotuksesta.
Metsämaan
on
todettu
olevan
maailmanlaajuisesti merkittävä metaanin nielu. Boreaalinen
havumetsävyöhyke käsittää lähes kolmasosan maailman metsistä, ja
boreaalisen metsänpohjan on todettu olevan maailman ekosysteemeistä
suurin hiilen varasto. Viimeisten reilun kymmenen vuoden aikana
metsien metaanidynamiikan tutkimustieto on lisääntynyt ja
tarkentunut, kun kasvien on osoitettu osallistuvat metaanin kiertoon, ja
todettu päästävän metaania myös aiemmin tuntemattomilla
mekanismeilla.
Samaan
aikaan
ekosysteemitason
metaaninvaihtomittaukset ovat yleistyneet ja osoittaneet, että metsät
voivat ajoittain toimia myös metaanin lähteinä.
Tässä
väitöstutkimuksessa
kartoitettiin
eteläsuomalaisen
havumetsän metaaninvaihtoa maaperän, aluskasvillisuuden ja puuston
osalta. Lisäksi selvitettiin maaperän kosteusolosuhteiden sekä metaania
kuluttavien ja tuottavien mikrobien vaikutuksia metaaninvaihtoon.
Tutkimus käsitti yleisimmät boreaalisen vyöhykkeen puulajit: männyn,
kuusen ja koivun. Aluskasvillisuuden vaikutusta metsänpohjan
metaanivuohon selvitettiin luokittelemalla metsänpohja neljään
kasvillisuusluokkaan, sekä mittaamalla kolmen yleisen varpukasvin
(mustikka, puolukka ja kanerva) metaaninvaihtoa laboratoriossa.
Metsänpohjan metaanivuo yleistettiin koko tutkimusalueelle käyttäen
maan pinnanmuotojen avulla mallinnettua maaperän kosteutta.
Tutkimuksessa todettiin metsänpohjan metaaninvaihdon riippuvan
voimakkaasti maaperän kosteudesta. Kaikki tutkitut puulajit päästivät
metaania sekä rungosta että lehvästöstä, ja kosteilla paikoilla kasvavat
puut päästivät merkittävästi enemmän metaania kuin kuivilla paikoilla
kasvavat. Metsänpohjan aluskasvillisuus ja kosteus ovat vahvasti
toisiinsa kytkeytyneitä, ja tulosten perusteella metaanivuo riippuu
molemmista. Kanervan todettiin päästävän metaania maan
yläpuolisesta osastaan, kun taas mustikka ja puolukka keskimäärin
kuluttivat metaania. Eri kasvilajit näyttävät siis vaikuttavan
metaanivuohon eri tavoin. Lisäksi varvut lisäsivät metaania kuluttavien
mikrobien määrää ja siten metaaninkulutusta maaperässä. Koko
tutkimusalueelle yleistetty metsänpohjan metaanivuo osoitti suurta
alueellista vaihtelua. Alueella todettiin potentiaalisia metaanin
lähdealueita, joiden koko ja metaanivuo riippuvat kosteuden ajallisesta
vaihtelusta. Tutkittu alue toimi kuitenkin keskimäärin metaanin nieluna
koko kasvukauden ajan.
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1. Introduction
Methane (CH4) is a strong greenhouse gas, of which atmospheric mixing
ratio has increased 1.5-fold since pre-industrial times, and continues to
rise with increasing rate (Hartmann et al. 2013). The contribution of
CH4 to the current climate warming is 20% (Ciais et al. 2013). The
natural and anthropogenic emissions of CH4 are estimated to be of the
same order of magnitude, the natural sources covering a slightly larger
proportion of the emissions (Saunois et al. 2016).
Ecosystems are exchanging greenhouse gases (GHGs) with the
atmosphere, as the gases are produced or consumed by e.g. microbes or
chemical reactions in different ecosystem compartments, such as soil or
trees. Therefore, for example the CH4 flux of forest soil is a result of CH4
production and consumption within the soil.
Globally, wetland soils (including peatlands) are the largest natural
source of CH4, while aerated upland soils, such as forest soils and
grasslands, are the largest biological sink of CH4 (Dalal and Allen 2008;
Kirschke et al. 2013; Saunois et al. 2016). The largest soil CH4 uptake is
assessed to be in forests, being 17.7 Tg CH4 per year, globally (Dutaur
and Verchot 2007). Even though the division into upland and wetland
ecosystem is widely-used, the definitions of these terms are not explicit;
while upland can sometimes refer to high-elevation areas in global
perspective, among the CH4 research the term is often used for wellaerated freely-drained soils, distinguished from wetland areas. In the
latter sense, it should be noted that upland soils are not necessarily
permanently aerated, but can be waterlogged for example during heavy
rain or snowmelt periods.
Boreal forests, forming a biome also known as taiga, consist mostly
of coniferous trees, and cover 11% of land surface and 30% of all forests,
globally (Bonan and Shugart 1989; Brandt et al. 2013). Boreal forest
soils are estimated to be the largest carbon stock among different
ecosystem types globally (Dalal and Allen 2008), and these soils have
been estimated to uptake 1.9 (±3.9) kg CH4 ha−1 y−1 (1.4±2.8 μmol m−2
h−2; Dalal and Allen 2008) (2.4 kg CH4 ha–1 yr−1 by Dutaur and Verchot
2007). The soil budget is a rather well described part of the forest CH4
cycle (Jang et al. 2006), while trees have only recently been identified as
contributory factors of the CH4 exchange (Carmichael et al. 2014;
Saunois et al. 2016). Regarding the tree CH4 flux studies, the temperate
zone is relatively well represented (e.g. Terazawa et al. 2007; Gauci et al.
2010; Pangala et al. 2015; Maier et al. 2017; Pitz and Megonigal 2017;
Barba et al. 2019) compared to the boreal forests (Sundqvist et al. 2012).
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1.1 Production and consumption of CH4 in upland soils
In soils, the CH4 production and consumption processes are mostly
performed by microbes: CH4-oxidizing bacteria called methanotrophs
and CH4-producing archaea known as methanogens. The CH4 oxidizing
bacteria are able to use CH4 as an only source of carbon and energy. The
CH4 production, on the other hand, is a part of organic-matter
degradation, where CH4 is formed as the methanogens are using acetate
and hydrogen as energy sources (Conrad 1999).
According to the traditional paradigm, methanotrophy (oxidation of
CH4 by methanotrophs) requires oxic conditions, while methanogenesis
(CH4 production by methanogens) is an anaerobic process. Thus,
methanotrophy occurs in the oxic surface layers above the anoxic
methanogenic soil, where CH4 is readily available (low-affinity
methanotrophs) (Bender and Conrad 1993; Conrad 2009), and in the
upland soils where the methanotrophs are able to oxidize CH4 in
atmospheric concentration (high-affinity methanotrophs), (Bender and
Conrad 1993; Conrad 2009). Therefore, the vast majority of CH4
emissions are from oxygen depleted environments like wetlands and
rice paddies, whereas upland soils sustain CH4 uptake (Saunois et al.
2016).
Undermining the traditional paradigm, there is an ongoing debate
on how strict are the requirements of anoxic and oxic conditions for
methanogens and methanotrophs, respectively. For example, CH4
production has been observed to occur also in dry, oxic soils (von Fischer
and Hedin 2002; von Fischer and Hedin 2007). The methanogens are
further proposed to be ubiquitous also in aerated soils (Angel et al.
2012), where they can activate in anaerobic microenvironments (Angel
et al. 2011; Angle et al. 2017), or when the conditions shift to anoxic due
to e.g. wetting. Brewer et al. (2018) found evidence of persistent
anaerobicity in upland soils independent of the soil moisture.
In well-aerated upland soils, the consumption of atmospheric CH4 is
the predominant process, and these soils are a large CH4 sink. However,
it has been shown that the upland forest soils can shift from a net sink
to a net source of CH4 when the soil moisture at increases enough (Lohila
et al. 2016). Even the total net flux of an upland ecosystem, including
some wetland plots, may change between a source and a sink on two
consecutive years, depending on the water balance and the gross
primary production (Shoemaker et al. 2014). These results highlight
that the changes in soil conditions from anaerobic to aerobic and vice
versa may lead to shifting CH4 dynamics and thus may result in different
fluxes in consecutive years.
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Moreover, while anaerobic CH4 oxidation is common in marine and
freshwater ecosystems (Pancost et al. 2000; Weber et al. 2017), it has
been found to occur also in boreal peat soil and wet tropical soil
(Blazewicz et al. 2012). The anaerobic CH4 oxidation is performed by
microorganisms with or without exogenous electron acceptors, and it is
attributed for example to the methanogenic archaea (Pancost et al.
2000; Blazewicz et al. 2012). The anaerobic CH4 oxidation can be even
higher than the aerobic oxidation in hydromorphic soils (Gauthier et al.
2015). These findings suggest that the CH4 oxidation is not as firmly
aerobic as previously thought.
In addition to the microbial production, there are observations from
incubation experiments of potential non-microbial CH4 emissions from
soils under oxic conditions (Hurkuck et al. 2012; Jugold et al. 2012;
Wang et al. 2013a; Wang et al. 2013c). This production is suggested to
result from soil organic matter through unknown chemical processes
(Hurkuck et al. 2012; Jugold et al. 2012). However, direct evidence of
non-microbial CH4 emissions from upland forest soils is missing.

1.2 The role of vegetation in the forest-atmosphere CH4
exchange
In waterlogged environments, plants have several types of adaptations
to provide oxygen to the roots (Armstrong et al. 1994). Among these are
the aerenchyma tissues, which enable gas transport between roots and
shoots. The transport of CH4 from the wetland ecosystems to the
atmosphere through aerenchyma tissue of plants is a well-documented
process (Laanbroek 2010 and references therein), for example among
Carex species (Whiting and Chanton 1992; Joabsson et al. 1999; Ding et
al. 2005) and rice (Oryza sativa) (Cicerone and Shetter 1981). In
wetlands, the proportion of plant-mediated CH4 transport can be
substantial, or even the major pathway, in total flux (Frenzel and
Rudolph 1998; Andresen et al. 2017). Plant species have been showed to
vary in their CH4-transport ability (Bhullar et al. 2013), and thus the
plant species composition may affect the total CH4 flux. The role of
vegetation is not limited to CH4 emissions, but Sphagnum-associated
methanotrophs are forming an important natural CH4 filter in the
surface layer of peatlands (Raghoebarsing et al. 2005; Larmola et al.
2010).
In addition to wetland ground vegetation, several living trees of
mainly wetland species at the temperate and tropical zones are shown
to emit CH4 from the stems (Rusch and Rennenberg 1998; Terazawa et
al. 2007; Gauci et al. 2010; Rice et al. 2010; Pangala et al. 2015; Pangala
12

et al. 2017). Standing dead trees can also be significant sources of CH4
in wetlands (Carmichael et al. 2018). The stem-emitted CH4 is often
concluded to originate from the anoxic soil (Rice et al. 2010; Pangala et
al. 2013; Pangala et al. 2015; Terazawa et al. 2015), which would mean
that the CH4 bypasses the CH4-oxidation layer in the soil surface. In fact,
already 30 years ago, certain wetland pine species were shown to
possess aerenchyma structures (Topa and McLeod 1986).
In addition to the transport processes, microbial CH4 production can
take place within the trees and other plants. Often in field studies the
origin of stem-emitted CH4 cannot be fully determined. Already more
than 100 years ago, elevated CH4 concentration was first reported in the
tree stems (Bushong 1907), and later this CH4 in the heartwood of visibly
healthy wetland trees was attributed to methanogenic microbes (Zeikus
and Ward 1974). Lately, CH4 emissions attributed to wet and possibly
rotten heartwood have been detected from upland trees, too (Wang et
al. 2016; Wang et al. 2017; Barba et al. 2019b). While plants are
recognized to be important in the CH4 exchange of many wetland
ecosystems, they have still been largely overlooked in other ecosystems,
especially upland forests.
In plants, it is already quite undeniable that non-microbial aerobic
CH4 production exists (Covey and Megonigal 2019). Keppler et al.
(2006) first presented direct CH4 emissions from plant material with the
presence of oxygen, which started increasing interest and research on
the topic. The publication by Keppler et al. (2006) was followed by some
studies that were unable to repeat the results (Dueck et al. 2007;
Beerling et al. 2008), and especially the global upscale estimation of the
emissions was likely an overestimation and it was corrected by several
other groups (Kirschbaum et al. 2006; Parsons et al. 2006; Butenhoff
and Khalil 2007). Nevertheless, since then, several other research
groups have verified aerobic CH4 emissions from plants (McLeod et al.
2008; Bruhn et al. 2009; Bloom et al. 2010; Fraser et al. 2015), and these
findings have revolutionize the understanding of CH4 cycling in
terrestrial ecosystems. By now, potential precursors of non-microbial
CH4 from plants include for example pectin (Keppler et al. 2008;
McLeod et al. 2008; Bruhn et al. 2009; Bloom et al. 2010), lignin,
cellulose (Vigano et al. 2008; Wang et al. 2011a), and leaf surface wax
(Bruhn et al. 2014).
When including both direct (non-microbial) and indirect (e.g.
transport from soil, heartwood) pathways, emissions of CH4 from
vegetation have been estimated to cover 5–22% of the global CH4 budget
(Carmichael et al. 2014). The direct CH4 emissions was assessed at 8–
60 Tg CH4 yr–1, while Liu et al. (2015) estimated the direct CH4
13

emissions of plants at 15–176 Tg CH4 yr–1, representing ca. 3–24% of the
global CH4 budget. Nevertheless, the existing estimates of the vegetation
contribution vary and are still uncertain due to the lack of mechanistic
understanding of the processes and their prevalence in nature (Liu et al.
2015). Among all natural CH4 sources the contribution of vegetation to
the global CH4 budget is probably the most uncertain component, which
is related for example to the unknown contributions of aerobic CH4
production and CH4 transport via woody and herbaceous plants
(Carmichael et al. 2014). Thus, further research on the mechanisms and
the emission magnitudes are required for evaluating the vegetation
contribution to the global CH4 budget.

1.3 Driving forces of the CH4 flux in upland soils and
vegetation
Soil moisture and temperature are long known to be important factors
controlling the CH4 flux from soils (e.g. Savage et al. 1997; Bowden et al.
1998). The effect of temperature has been suggested to be minimal
compared to the effect of soil moisture (Jang et al. 2006), but the
temperature still controls the microbial activity at least up to some
extent (Davidson and Schimel 1995; Le Mer and Roger 2001). However,
the effect of temperature on the CH4 emissions is demonstrated to be
higher than the temperature sensitivity of soil respiration (Oertel et al.
2016). Increasing soil moisture is limiting the diffusion of gases in the
soil (Davidson and Schimel 1995; Livingston and Hutchinson 1995), and
thus it regulates the oxygen conditions, which then again affects the CH4
consumption and production. The slowdown of diffusion applies also to
CH4, and thus the soil moisture also controls the methanotrophy directly
(Bradford et al. 2001). Furthermore, limiting precipitation increased the
soil CH4 uptake in an upland forest (Billings et al. 2000). In addition to
soil moisture, the soil organic layer may act as a natural diffusion barrier
limiting the CH4 uptake in a boreal upland forest (Saari et al. 1998).
While the driving factors of the soil CH4 flux are rather well-known,
the factors behind the newly-discovered plant-CH4-emission processes
are not so clear yet. When the CH4 is transported from the soil through
trees or other plants, the CH4 production rate in the soil clearly affects
the flux. Soil moisture, water table level, and soil pore CH4 concentration
have been reported to result in different flux rates on different tree
species, which is probably related to the rate of soil CH4 production
(Pangala et al. 2014; Terazawa et al. 2015; Maier et al. 2018; Pitz et al.
2018; Barba et al. 2019a). Additionally, some plant properties may
control the CH4 transport. In Alnus glutinosa (alder) tree stems, the
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density of lenticels, porous tissues in the bark forming a pathway for gas
transport, has been reported to regulate the CH4 flux rates (Pangala et
al. 2014). Furthermore, the variation in the stem emissions is
demonstrated to be related to the age and stem diameter of the trees
(which are partly overlapping factors) (Barba et al. 2019a, and
references therein). Regarding the in situ CH4 production within the tree
stems, the heartwood water content has been shown to regulate the CH4
concentration within the stems of upland trees (Wang et al. 2017). In the
heartwood, pH may also affect the abundance of methanogenic
communities (Yip et al. 2019).
The aerobic, presumably non-microbial CH4 emissions from leaves
and other plant material have been connected to various types of
environmental stress factors, and the resulting production of reactive
oxygen species (Covey and Megonigal 2019). The emissions have been
shown to increase for example with increasing UV irradiation (McLeod
et al. 2008; Vigano et al. 2008; Bruhn et al. 2009; Bloom et al. 2010;
Fraser et al. 2015) and temperature (Vigano et al. 2008; Bruhn et al.
2009). The reported CH4 sources included also tree leaves of several
species, such as Betula populifolia and Salix spp. (Bruhn et al. 2009).
While some of the studies exposed plant material to high UV and
temperature levels, also natural levels of UV radiation have been
demonstrated to induce CH4 emissions (Fraser et al. 2015).
Furthermore, also physical injuries have been attributed to the aerobic
emissions (Wang et al. 2009; Wang et al. 2011b). However, due to lack
of field studies, the controlling factors of the leaf emissions in the field
conditions are largely unknown.
The proposed non-microbial soil-emissions have been connected to
wet conditions and drying-rewetting cycles, as well as high temperatures
and UV radiation (Hurkuck et al. 2012; Jugold et al. 2012; Wang et al.
2013a; Wang et al. 2013c). Thus, there are many of the same controlling
factors as in the microbial emissions from soils and the non-microbial
plant emissions. This may indicate that while in some cases the
exclusion of microbial CH4 emission has not been fully successful, there
are same organic material components involved in both the soil- and the
plant-associated non-microbial CH4 emissions. Moreover, Wang et al.
(2013c) concluded that any type of organic matter, dead or living, can
produce CH4 via non-microbial pathways from organic compounds
under environmental stress.
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1.4 Partitioning upland forest CH4 fluxes
While in general the upland soils are a sink of CH4, tree stems at the
same sites are often showing net emissions (Warner et al. 2017; Barba
et al. 2019b; paper III). The tree stems of the upland temperate forests
have been reported to emit on average 0.032–21 μmol CH4 h−1 m−2 of
stem area, while the wetland trees of temperate zone emit 0.26–140
μmol CH4 h−1 m−2 (Covey and Megonigal 2019, Table 1 and references
therein). Mean CH4 emission of 5.5–6.3 μmol CH4 h−1 m−2 (depending
on the species) from tropical upland trees has been reported (Welch et
al. 2019). Publications on tree CH4 flux measurements at the boreal zone
are practically missing, except for Sundqvist et al. (2012) and paper III,
which reported conflicting results. In a temperate upland forest, tree
stem emissions have been suggested to offset 1–6% of the soil sink
during the growing season (Pitz and Megonigal 2017).
In situ CH4 flux measurements of the tree branches are rare, and the
few reported results are highly variable, ranging from significant CH 4
uptake (Sundqvist et al. 2012) to small CH4 emissions (III, Pangala et
al., 2017). Also, the ecosystem-level CH4 flux measurements from above
the canopy report uptake (Wang et al. 2013b), emissions (Mikkelsen et
al. 2011; Sundqvist et al. 2015), or both (Shoemaker et al. 2014).
Estimating the proportion and significance of plant-mediated and
plant-originated CH4 emissions is complicated because they overlap
with known CH4 cycling processes (upland consumption and wetland
emissions) (Saunois et al. 2016). In the Amazon floodplain, however,
large emissions from trees have been concluded to account for the
previously missing source and close the CH4 budget of the area (Pangala
et al. 2017). The contribution of trees to the forest-scale CH4 flux still
includes large uncertainty, due to poor process understanding and
missing links between the CH4 fluxes and the environmental drivers,
and also due to the lack of in situ canopy-level measurements. The exact
transport-mechanism behind the stem emissions is still unclear, since
for most of the CH4-emitting tree species it is not known if they can
develop aerenchymas, or whether the CH4 is transported through other
gas-filled pore space (Armstrong 1980; Armstrong et al. 1994).
Furthermore, the transport of CH4 from inside the stem through the
wood and bark to the atmosphere, and the factors controlling it, remains
to be studied.
Reducing uncertainties in the global scale budget calculations
requires reducing the uncertainties in individual sources and sinks at
the ecosystem level. Mechanistic CH4 models should be improved and
all the processes of production, consumption and transport of CH 4, as
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well as their environmental controls, should be incorporated (Xu et al.
2016). Spatial and temporal variations in CH4 flux are highlighted as
important knowledge gaps, and particularly the hot spots and hot
moments should be better understood (Xu et al. 2016). In spatial
modelling of the CH4 flux, both the spatial and temporal resolution
should and could be improved, as the digital mapping and satellite
imaging techniques develop fast.
New findings regarding the role of vegetation (see e.g. Carmichael et
al. 2014) and rediscovering some historical observations (e.g. Zeikus
and Ward 1974) have reshaped the understanding of CH4 exchange
between ecosystems and the atmosphere in the 21 st century, and the
CH4-related research has substantially increased. Despite this, the
boreal forests have yet received little attention.

1.5 Aims of the thesis
The objectives of this thesis were
1) to reveal the potential sources of CH4 related to vegetation and
soil in a boreal forest, and
2) to study the spatial variation of the forest floor CH4 flux.
The prevailing hypothesis was that the soil moisture is the main driving
factor in both the forest floor and the tree CH4 fluxes.
In more detail, the research questions were (see Fig. 1): 1) Are there
hot spots of CH4 emissions at the forest floor (paper I)? 2) What is the
role of ground vegetation in the forest floor fluxes (papers I and II)? 3)
Are the trees contributing in the CH4 exchange in boreal forest (papers
III and IV)?
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Figure 1. Schematic figure of the studied CH4 exchange processes in the
forest, illustrating the different chamber types used in the field. The
arrows show CH4 fluxes between the ecosystem compartments and the
atmosphere, and the Roman numerals refer to the papers in this thesis.
Forest-floor shrubs were grown in microcosms and measured in the
laboratory. (Modified from original figure by Antti-Jussi Kieloaho.)

2. Materials and methods
In this thesis, the measurements of CH4 flux were conducted in the field
and in the laboratory. All the field experiments (I, III, IV) were
conducted at the Hyytiälä SMEAR II (Station for Measuring
Ecosystem-Atmosphere Relations) experimental site (Fig. 2). The soil
material and the majority of the plant seeds used in the laboratory
experiment (II) were also collected from the same site. In addition, soil
and plant material were collected at the site to study the CH4 producing
and consuming microbes (IV).

2.1 Experimental site
The SMEAR II site is a typical boreal coniferous forest located in the
vicinity of the Hyytiälä Forestry Field Station in Juupajoki, southern
Finland (61°50.85’ N, 24°17.70’ E; 160–180 m a.s.l.; Fig. 2). The site is
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part of ICOS (Integrated Carbon Observation System) network,
including both atmospheric and ecosystem station operations (ATM and
ECO Class 1 station). The mineral soils at the area are mostly podzols,
while there are also some small peat areas in the depressions, and some
areas with almost no topsoil on the bedrock (Ilvesniemi et al. 2009). The
soil at the site is rather shallow (5–150 cm) on top of the bedrock (Hari
and Kulmala 2005). Annual mean temperature and precipitation in
1981–2010 have been 3.5 °C and 711 mm, respectively (Pirinen et al.
2012). During the experimental years of this thesis, the annual air
temperature was between 5.0 and 6.6 °C, and annual precipitation 572–
678 mm (Table 1).

Figure 2. The location of the SMEAR II Hyytiälä research site in Finland.
Table 1. Mean air temperature (at 4.2 m) and total precipitation at the
SMEAR II Hyytiälä research site in the measurement years (2013–2015).
In addition to the annual records, the most active study period (April–
October) is shown.
Air temperature (°C)

Precipitation (mm)

2013

Annual
5.02

April–October
10.9

Annual
576

April–October
485

2014

5.20

11.3

572

465

2015

6.63

10.4

678

405
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The forest has been regenerated in 1962 by prescribed burning and
sowing Pinus sylvestris (Scots pine) (Hari and Kulmala 2005). The
other prevalent trees at the site include e.g. Picea abies (Norway spruce),
Betula pendula (silver birch), and Betula pubescens (downy birch)
(Ilvesniemi et al. 2009). The ground vegetation is mainly composed of
Vaccinium myrtillus (bilberry) and Vaccinium vitis-idaea
(lingonberry), together with Calluna vulgaris (heather) and some
herbaceous plants such as Trientalis europaea, Maianthemum
bifolium, Linnaea borealis, and Oxalis acetosella (Ilvesniemi et al.
2009). The most common mosses are Pleurozium schreberi, Dicranum
polysetum, Polytrichum sp., Hylocomium splendens, and Sphagnum
sp. (peat moss) (Ilvesniemi et al. 2009).

2.2 Flux measurements
The CH4 flux measurements were conducted with the chamber method,
which is the prevailing method for measuring soil CH4 (and other nonreactive GHG) fluxes (Livingston and Hutchinson 1995; Pihlatie et al.
2013), and also among tree stem CH4 flux studies (Terazawa et al. 2007;
Gauci et al. 2010; Siegenthaler et al. 2016; Warner et al. 2017; Welch et
al. 2019). In the chamber method, a known area of forest floor, stem
surface, or leaves (also dry weight can be used), is closed in a chamber,
and the flux is calculated from the change of CH4 (or other target gas)
mixing ratio (ppm) in the chamber volume (Livingston and Hutchinson
1995; Pihlatie et al. 2013). Here, manual chambers were used in all the
flux measurements (except for one automated soil chamber), and
samples of the chamber headspace air were taken manually with
syringes (20/65 ml, BD Plastipak™, Becton, Dickinson and Company,
New Jersey, USA), inserted into glass vials (12 ml, Labco Exetainer®,
Labco Limited, Wales, UK), and analysed by using a gas chromatograph
(7890A, Agilent Technologies, California, USA) equipped with a flame
ionization detector (for details see Pihlatie et al. 2013).
2.2.1 Field measurements
In order to cover the spatial heterogeneity of the forest floor, 60 manual
soil chamber (sample points) were used at the site (Fig. 3). The soil
chambers, made of aluminium or stainless steel, were covering an area
of 0.55 × 0.55 m or 0.40 × 0.29 m. The chambers were equipped with a
fan to ensure mixing of the headspace air, and a vent-tube to minimize
pressure disturbances. The forest floor flux measurements were
performed between April–December in 2013 and 2014 mainly every 3–
4 week (however, some of the sample points were measured more
irregularly). The most active measurement period was June–August for
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both years. Each sample point was measured 7–23 times during the twoyear-campaign with a median of 13 measurements per plot (see paper I
for details).
For studying tree CH4 fluxes, four measurement plots were
established at the site. The plots had naturally different soil moisture
conditions and thus different species composition (Fig. 3) (III, IV). The
measurement plots formed a continuum from dry to wet: the driest plot
had one birch tree (Dry plot 1, in paper IV the fen site), the wettest plot
had two birches and two spruces (Wet plot 1, in paper IV the upland
site), and the rest of the plots had six pine trees each (Dry plot 2 and Wet
plot 2). Thus, there were pine and birch trees at both wet and dry plots,
while spruce trees were present only at a wet plot (Fig. 3).

Figure 3. The locations of the CH4 flux measurements at the research site.
The forest floor sample points (I, III, IV) are coloured according to the
vegetation groups (except for the automated soil chamber; see 2.3.2), and
the tree plots according to the species (circles, III; rectangles, IV). The tree
measurement plots included 1–6 trees per plot. The mean soil moisture
(m3 m−3) is marked for each sample points and plots. In addition, the
approximate location where the soil was collected for the laboratory
experiment (II) is marked with a cross.
The stem fluxes were measured at all the study plots (Fig. 3). The
pine stem fluxes were measured at ca. 0.2 m above the ground, while
birch and spruce stem fluxes were measured at three heights between
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0.3–7.3 m. Two type of stem chambers were used: 1) cylindrical-type
chambers, which were installed around the stem (see Fig. 1 for
illustration) (III, IV), and 2) box-type chambers, consisting of two
boxes attached to a stem, connected together with tubes, and closed with
lids (IV). The canopy fluxes were measured from the same trees as the
stem fluxes with 1–3 branch chambers per tree (branches under natural
conditions, including leaves), except for the Wet plot 2 where it was not
possible to access the canopy of the pines. The shoot chambers were
cylindrical, enclosing a branch from the tip (ca. 0.3 m) (III, IV) (see Fig.
1 for illustration). Both the stem and the branch chambers were
connected with tubing to vacuum pumps in order to circulate the
headspace air during the sampling.
The tree fluxes were measured from stems and branches of Scots
pine in May–July 2013 mainly every other week (III), and from stems
and branches of downy birch and Norway spruce in April–June 2015,
twice a week at the Wet plot 1 and weekly at the Dry plot 1 (IV). In
addition, the forest floor sample points next to the tree measurement
plots (1–3 per plot) were measured always at the same time with the
stem and branch flux measurements (III, IV). At the Dry plot 1, one
automated forest-floor chamber was used (IV). The automated chamber
closed once per day, and the samples were stored in vials and analysed
with gas chromatograph similarly as the samples from the manual
measurements.
2.2.2 Laboratory measurements
In the laboratory, the CH4 fluxes were measured from the seedlings of
three common dwarf shrub species (bilberry, lingonberry, and heather)
and Scots pine (n=8), as well as bare humus soil (n=11) (II). The
seedlings were grown in microcosms, which consisted of a thin platelike
compartment with soil and roots of a seedling (if present), and of a
separate chamber enclosing the shoot of a seedling (see Fig. 1). Thus, the
above- and belowground compartments formed separate chambers (see
paper II for details). The flux measurements were performed separately
but simultaneously from the aboveground and belowground
compartments, once from each microcosm system. The seedlings were
ca. 10 cm height at the time of the measurements (for details of the
growth period, see Adamczyk et al. 2016).
2.2.3 Flux calculation and flux data processing
The general formula of calculating the CH4 flux can be expressed as

=
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.
.

,

where S is the slope of linear or exponential fit (ppm per time), V is
chamber volume (m3), A is chamber area (m2) or the dry weight of the
studied material (g), M is the molecular mass of CH4 (16.04 g mol−1), Vm
is the ideal gas mole volume (0.022 m3 mol−1) and T is chamber
headspace temperature (°C).
For the field-collected data, the fluxes were calculated as μmol (CH4)
h−1 m−2 of forest floor, stem, or leaf area, and for the birch and spruce
branches also as μmol (CH4) h−1 g−1 of dry weight of the branch
(stem+leaves). In addition, for the birch and spruce, the growth of the
leaf area was monitored during the campaign, and the leaf area and
biomass of the measurement day was used for the flux calculation. For
the microcosms, the fluxes were calculated per dry weight of the total
plant (aboveground) or plant and soil (belowground) material (nmol
CH4 h−1 g−1).
The flux calculation and data processing is explained in detail in each
of the articles of this thesis, and is described here only shortly. The fluxcalculation procedure in papers I, II and IV included: 1) filtering
outliers from raw concentration data (except II), 2) flux calculation
using linear and non-linear (only I) functions, and estimating goodnessof-fit (GOF) parameters for the fluxes, 3) flagging the fluxes based on
method quantification limit (MQL), 4) applying GOF criteria to flux
data, and 5) creating final flux data. The outliers were omitted from the
mixing ratios by utilising a robust regression analysis, that uses
iteratively reweighted least squares with a bisquare weighting function
(Holland and Welsch 1977; MATLAB; for details see I and IV). In paper
I, the following GOF criteria were applied for the forest floor fluxes
above MQL: NRMSE (Normalized Root Mean Square Error)<0.2 and
R2(coefficient of determination)>0.7, while the rest of the fluxes were
omitted from the final data. For the stem and branch fluxes in paper IV
and in the laboratory experiment (II), fluxes with NRMSE>0.35 and
R2<0.5 were set to zero (assumed to be extremely small). The fluxes
below MQL were accepted in the final data as such, without the GOF
limits (I, II, and in IV only the forest floor data). In paper III,
exceptionally large flux values were omitted from the final data, but no
GOF- or MQL-limits were used. In paper I forest floor fluxes were
calculated with both linear and exponential fits, while in all the other
experiments (II–IV) only linear fit was applied. The linear fit was more
suitable for the tree and shrub data, and it was used for the forest floor
fluxes at the tree measurement plots for reliable comparison between
the trees and the forest floor.
After filtering the data, the final flux data of the forest floor (I)
included in total 723 measurements (344 in 2013 and 379 in 2014). The
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final flux data of the tree measurement plots consisted of: 96 branch
measurements, 121 stem measurements, and 42 forest floor
measurements from the Wet plot 1 (IV); 18 branch measurements, 13
stem measurements, and 27 forest floor measurements from the Dry
plot 1 (IV); 22 stem measurements, and 12 forest floor measurements
from the Wet plot 2 (III); and 14 branch measurements, 25 stem
measurements, and 26 forest floor measurements from the Dry plot 2
(III).

2.3 Ancillary measurements
2.3.1 Soil temperature, moisture, and meteorological parameters
The soil moisture (volumetric water content) and temperature, as well
as air temperature and precipitation, were measured continuously at the
SMEAR II station on a dry area, nearly at the centre of the site (for the
data and details see: https://avaa.tdata.fi/web/smart/smear). In
addition, the soil moisture was measured manually together with the
flux measurements and the soil temperature was recorded continuously
during the flux measurement periods at the tree plots and the forest
floor sample points.
2.3.2 Ground vegetation of the forest floor sample points
In order to study the spatial variation of the ground vegetation in
relation to the CH4 flux, the ground-vegetation coverage of the sample
points was described by estimating projection cover of each plant
species inside the chamber collar, and the ground vegetation was then
classified with divisive clustering method (Two-way indicator species
analysis, TWINSPAN) (I). The classification was performed with an
emphasis on mosses as they are more dependent on the soil
characteristic, such as soil moisture, than vascular plants (e.g.
Hokkanen 2006). As a result, the forest floor sample points were divided
into four vegetation groups: Sphagnum-, Sphagnum-Pleurozium-,
Pleurozium-, and Hylocomium-group (Fig. 3). The dominant species in
the Sphagnum-group were Sphagnum sp. and Polytrichum commune,
in the Sphagnum-Pleurozium-group Sphagnum sp. and V. myrtillus, in
the Pleurozium-group P. schreberi and V. myrtillus and in the
Hylocomium-group H. splendens and V. myrtillus. (The automated soil
chamber was not included in the groups, since it was only used in paper
IV, but the vegetation is similar as in the Pleurozium-group.)
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2.3.3 Microbial analyses
As the microbes are assumed to be mostly responsible for the CH 4
production and consumption at least in soils, microbial analyses were
performed in order to detect and quantify the potential methanogens
and methanotrophs in soil and plant material. This was done both in the
field (IV) and in the laboratory experiment (II). In the field, samples of
soil, deadwood, the plant species present in the forest floor sample
points (ground vegetation), as well as birch and spruce roots, branches
and stems were collected. Total DNA (deoxyribonucleic acid) was
extracted from the freeze-dried and homogenized field samples. In the
microcosm experiment, total DNA was extracted from the roots, stems
and leaves of all the seedlings, as well as from the soil. The stem and leaf
material were dry lyophilized and ground prior to the extraction, while
fresh soil and roots were used. After extracting the DNA, quantitative
polymerase chain reaction (qPCR) technique with selected primers
targeting the mcrA and pmoA genes was used for determining the
abundances of the methanogenic archaea and methanotrophic bacteria,
respectively (for details see the papers II and IV).

2.4 Upscaling the fluxes
2.4.1 Upscaling the forest floor CH4 flux at the site
The field measurements of the forest floor CH4 fluxes were upscaled to
the whole site area (ca. 350 x 350 m) (I). In short, the soil moisture
(volumetric water content) at the area was first modelled for two
seasons, May–July and August–October, by employing Random Forest
(RF) algorithm (Breiman 2001). The model was developed based on the
measured values, and using four drivers of the soil moisture: slope,
Topographic Wetness Index (TWI; Beven and Kirkby 1979), Terrain
Ruggedness Index (TRI; Riley et al. 1999), and cartographic Depth-ToWater index (DTW; Murphy et al. 2007). Thereafter, the upscaled CH4
flux was derived based on the dependency of the flux on the soil
moisture. This approach was selected based on the observation from
initial testing with the RF model showing that the soil moisture was the
main driving factor of the CH4 flux spatial variability. (For more detailed
description of the upscaling, see paper I.)
2.4.2 Upscaling of the CH4 fluxes at the tree measurement plots
The stem and branch CH4 fluxes were upscaled to the respective
measurement plots with simple calculations based on the information
on the trees collected at the plots (III, IV). Shortly, the upscaling for
birch and spruce fluxes was performed by estimating the whole stem25

surface area and the crown (living branches) biomass by using the stem
diameter and height (Repola 2008, equations 9 and 12; Repola 2009,
equations 14 and 15; IV). The mean CH4 fluxes of all the stem
measurement heights, as well as the mean of the branch fluxes, were
then upscaled for a single average tree. The pine stem fluxes were
upscaled by calculating the stem area from the diameter and height, and
the branch fluxes by calculating the needle biomass based on the stem
diameter, height, and the crown length (Repola 2009, equation A4; III).
Furthermore, since the measured pine fluxes were calculated only per
leaf area, the estimated leaf area of pine at the SMEAR II Hyytiälä site
(Mencuccini and Bonosi 2001) was used for calculating the leaf area of
each tree. For all the species, the fluxes of an average birch/spruce/pine
were then multiplied by the number of trees of the species at the plot in
question (per hectares of ground area). This allowed direct comparison
between the tree and forest floor fluxes at the plots.

2.5 Statistical analyses
In addition to the statistical analyses conducted in each article (see
papers I–IV for details), additional data analyses were conducted for
this thesis. In order to compare the stem-bottom (available at all plots),
branch and forest floor fluxes at all the tree measurement plots (III, IV),
Welch’s ANOVA (Analysis of Variance) together with Games-Howell test
as a post hoc test was used. This method was selected based on the
unequal variances between groups indicated by the Levene’s test. The
Levene’s test was performed with MATLAB (R2018b, MathWorks,
Natick, Massachusetts, USA), and the Welch’s ANOVA with SPSS (IBM
SPSS Statistics 24, New York, USA). The statistical analyses were
assessed at a significance level of p<0.05.

3. Results & Discussion
3.1 Forest floor CH4 flux
3.1.1 The measured and upscaled fluxes at the study site
The mean of the measured forest floor CH4 flux from the 60 sample
points (in 2013–2014) was −5.69 μmol (CH4) m−2 h−1 (n=722), and the
fluxes ranged from −56.8 to 212 μmol m−2 h−1 (I). The mean fluxes of the
sample points ranged from CH4 uptake of –19.2 μmol m−2 h−1 to
emission of 37.0 μmol m−2 h−1. Consequently, also the upscaled fluxes
presented high spatial heterogeneity with some CH4-emission patches
(Figs. 4c-d; I).
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Figure 4. a–b) The modelled soil moisture (volumetric water content,
VWC; m3 m–3), and c–d) the upscaled forest floor CH 4 flux (μmol CH4 m−2
h−1) in May–July (a,c) and in August–October (b,d) at the research site. The
red circles are the sample plots of the moisture and flux measurements.
The emissions showed in the upscaling only during the early summer
(Fig. 4c), when and where the soil moisture was at least 0.69 m 3 m–3
(Fig. 4a) – the wet patches got drier towards the autumn (Fig. 4b) and
turned into CH4 sinks (Fig. 4d). Both the measured and the upscaled
fluxes demonstrated higher CH4 uptake in the autumn (August–
October) compared to the early summer (May–July) (p<0.0001, t-test
with Satterthwaite’s approximation; Table 2). The upscaled fluxes
indicated stronger CH4 uptake compared to the measured fluxes. While
both the measured and upscaled mean fluxes (Table 2) were within the
same magnitude with previously reported forest floor CH4 fluxes from
boreal and temperate coniferous forests (−0.623 – −15.3 μmol (CH4)
m−2 h−1; Jang et al. 2006), however, the flux ranges reported here reveal
high variability (Table 2) including both temporal and spatial variation.
In this thesis, the forest floor CH4 flux is resolved spatially with rather
high frequency, while in many other studies only mean flux values are
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reported, which can lead to great simplifications or even under- or
overestimations of the site-level flux.
Table 2. The means and ranges of the measured and upscaled CH 4 fluxes
(μmol m−2 h−1) and the measured and modelled soil moisture (m3 m–3) for
the two seasons (May–July and August–October). Total range includes all
the measured fluxes, while the sample point range indicates the range of
the sample point means. (Note that soil moisture 1 m3 m–3 indicates water
table above the soil surface.)
CH4 flux
(μmol m−2
h−1)

Measured

May–July

–3.49 −38.1; +212

Sample point Mean Range
Range
−20.2; 58.5
−7.75 −11.6; +2.57

Aug–Oct

–8.42 −56.8; +1.31

−24.1; −1.31

Soil
Moisture
(m3 m–3)

Measured

May–July

0.35

0.038; 1.0

Sample point Mean Range
Range
0.066; 0.92
0.26 0.11; 0.79

Aug–Oct

0.29

0.047; 1.0

0.089; 0.86

Mean Total Range

Mean Total Range

Upscaled

−10.0 −12.5; −1.57
Modelled

0.22

0.13; 0.64

Quantifiable amounts of methanotrophs (pmoA genes) were
discovered at the dry area, as expected, from the humus, litter, and pine
roots, as well as deadwood, and also at the Wet Plot 1, from the peat and
belowground parts of Sphagnum sp. (as well as Equisetum sylvaticum
and Salix sp.) (IV). The methanogens (mcrA genes) were only detected
in the peat at the wet area. This indicates that the methanotrophs are
responsible for the CH4 uptake at the dry areas, while the wet plots
support both methanogens in the deeper soil and methanotrophs in the
upper soil, as expected based on the traditional, general knowledge of
upland and wetland soils (see the Introduction).
Both the soil moisture and the CH4 flux varied more on the wet
patches than on the dry areas, demonstrating that the wet patches,
determined by the terrain topography, are spatial hot spots for CH 4
emissions when they get wet enough, i.e. during “hot moments”. The size
and the CH4 flux of these emission patches, or activated control points
(Bernhardt et al. 2017), is depending on the soil wetness conditions on
a temporal scale. However, the RF model could not predict accurately
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the highest soil moisture values (>0.6 m 3 m–3), resulting in lower soil
moisture values than the measured sample point means (Table 2), and
leading to underestimation of the soil moisture probably especially at
the wettest areas. Moreover, at the time of the highest soil moisture peak
during snowmelt in April 2013, the measurements were only conducted
at the dry hilltop area, and thus the wettest moment was missed at the
wet plots. Therefore, the CH4 emissions from the wettest area were likely
underestimated to some extent. In order to quantify the temporal
variation in the CH4 flux in more detail, more frequent measurements
would have been needed.
3.1.2 The role of the ground vegetation in the forest floor CH4 flux
There were significant differences in the CH4 flux between the four
vegetation groups (Fig. 5). The Sphagnum-group sample plots, which
had the highest soil moisture (Fig. 5a), indicated mean emission of CH4,
while all the other groups showed mean CH4 uptake. Emissions of CH4
were measured from 17 sample points, of which 11 belonged to the
Sphagnum-group, while no emissions were measured from the sample
points of the Hylocomium-group.
The soil moisture and the ground vegetation are highly
interconnected, and thus it is not fully possible to separate their effects
on the CH4 flux with soil chamber method. However, there was a
significant difference in the CH4 flux between the Pleurozium-group and
the Hylocomium-group (Fig. 5b), even though there was no difference
in soil moisture between these groups (Fig. 5a). This indicates that the
vegetation itself may have an impact on the CH4 flux, or that there are
other affecting factors, such as the soil fertility. The two groups with
Spaghnum were the wettest, while the two driest groups had similar
mean soil moisture – different dominant moss species in the two driest
groups may indicate different nutrient contents.
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Figure 5. a) Soil moisture (m3 m–3) and b) forest floor CH4 flux (μmol h–1
m–2 of ground area) of the sample plots belonging to different vegetation
groups. The triangles indicate the medians, the asterisks are the means,
and the whiskers show the 25th and 75th percentiles. Statistically
significant differences are shown with different letters (p<0.001, Welch’s
ANOVA).
In the laboratory, all the studied boreal shrubs were able to emit
small amounts of CH4 from the shoots (II). The shoots of heather and
pine showed on average emissions of CH4, while the shoots of the
Vaccinium species (bilberry and lingonberry) indicated small CH4
uptake. All the soils with plant roots consumed CH4, while the bare soils
indicated a small mean CH4 emission. The methanotrophs were more
abundant in the rooted soils than in the bare soil, supporting the
observation that the plant roots seem to enhance the methanotrophic
CH4 uptake in the forest soil. Moreover, the soils under different shrubs
showed different uptake levels (II), which support the field observations
that plant species may affect the forest floor CH4 fluxes (I). The mean
CH4 emission of the shoots of heather was three orders of magnitude
higher than the CH4 uptake by the soil under heather, resulting in net
emission. Of the shrubs, only heather indicated mean CH4 emissions
from the aboveground part of the plant and the whole soil-plant system.
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Based on the measured below- and aboveground CH4 fluxes (II), and
the average aboveground biomasses of bilberry, lingonberry, and
heather at the SMEAR II site (Kulmala et al. 2008), a rough estimate of
the CH4 fluxes of these shrubs at the study site can be derived (Table 3).
Heather is not as abundant at the site as the two Vaccinium species, and
thus the CH4 emissions from heather may be cancelled out by the uptake
of the Vaccinium species. However, the results of the laboratory
experiment include relatively high uncertainties related to the
measurement set-up, and especially the mean aboveground fluxes of the
Vaccinium species have large standard errors (Table 3). Furthermore,
the soils in the laboratory included, however, only humus and the roots
of each specific species, and therefore the soil flux results may not
accurately represent the true soil flux in the field.
Table 3. The CH4 fluxes of the shrubs (arithmetic means ± standard errors
(SE) of the means) measured in the laboratory (nmol h−1 g−1 DW of the total
plant and/or soil mass), and upscaled at the forest floor (nmol h–1 m–2)
based on the species’ aboveground biomass (g m–2) at the SMEAR II site.
The fluxes are given for the whole plant-soil system (total), and for the
aboveground part of the plant.

bilberry
(V. myrtillus)
lingonberry
(V. vitis-idaea)
heather
(C. vulgaris)
a

biomass a
(g m–2)
24
37
2

CH4 flux b
(nmol h–1 g–1)
Mean (± SE)
Total
Aboveground
–0.0029
−0.045
(± 0.028)
(± 0.61)
−0.044
−0.028
(± 0.012)
(± 0.15)
0.084
1.1
(± 0.036)
(± 0.64)

Upscaled CH4 flux
(nmol h–1 m–2)
Mean
Total
Aboveground
–0.070
–1.1
–1.6

–1.0

0.17

2.2

Kulmala et al. 2008

b Halmeenmäki et al. 2017 (II)

The total flux of the plant includes also some uncertainty, since the
below- and aboveground parts were measured separately. In the field at
the SMEAR II site, the soil profile consists of a thin humus layer in which
most of the roots of the shrubs grow, and an up-to-one-meter thick
mineral soil layer. The top mineral soil layer (A-horizon) has been found
to have a higher methanotrophic activity than the humus layer
(Kähkönen et al. 2002), which could explain why the pure humus soil
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included less methanotrophs and did not consume CH4 in the laboratory
experiment (II). The rough upscaling of the laboratory results (Table 3)
suggests that the fluxes of the studied shrubs were several orders of
magnitudes smaller than the measured or modelled total forest floor
fluxes (I), and thus the shrub fluxes seem negligible – however these
results should be viewed as tentative.
The soil chambers had on average 24% of bilberry and 10% of
lingonberry. Unfortunately only one chamber included heather, even
though it is common at the site (Ilvesniemi et al. 2009). For one
chamber which has an average amount of bilberry (20%, SW-W-7) with
a mean flux of –3.9 μmol h−1 m–2 in May–July and –6.1 μmol h−1 m–2 in
August–October, it can be thus estimated that the bilberries contributed
0.03% (± 0.4%) to the CH4 flux.

3.2 Tree CH4 fluxes
Like the P. sylvestris seedlings in the laboratory (II), all the mature trees
were able to emit CH4 from their stems and canopy in situ (III, IV). On
average, the stems and branches of all the studied species were sources
of CH4, but also CH4 uptake was measured.
3.2.1 Forest floor CH4 fluxes at the tree measurement plots
The mean CH4 flux of the forest floor next to the measured trees
increased from an uptake at the dry plots (−8.57 and −1.04 μmol h–1 m–
2 at the Dry plot 1 and Dry plot 2, respectively) to an emission at the wet
plots (3.02 and 1.84 μmol h–1 m–2 at the Wet plot 1 and Wet plot 2,
respectively) (Fig. 6). The forest floor fluxes at the tree measurement
plots differed according to the soil moisture of the plots. The driest plot
(Dry plot 1) was on top of the hill, where the forest floor sample points
belonged to the Pleurozium-group (the driest vegetation group, I), while
two of the three forest floor sample points at the second driest tree plot
(Dry plot 2) belonged to the Sphagnum-Pleurozium-group. All the forest
floor sample points at the wet plots belonged to the Sphagnum-group.
3.2.2 Fluxes of the stems
All the studied trees emitted CH4 from the bottom parts of the stems, on
average, the fluxes ranging from −0.082 to 27 μmol h–1 m–2 of stem area.
The mean CH4 flux of the tree stems increased with increasing mean soil
moisture of the measurement plot, with the exception of the driest plot
birch, which showed large variation in the stem flux (Fig. 6). When only
the pine stem fluxes were compared, there was a significant difference
between the wet plot (mean 0.014 μmol h–1 m–2) and the dry plot (0.0012
μmol h–1 m–2; p<0.05, III). The mean CH4 emission from the stems of
32

birches growing at the wettest plot (6.2 μmol h–1 m–2) was 2 orders of
magnitude larger compared to the birches at the dry plot (0.021 μmol h–
1 m–2), as well as compared to the other tree species at other plots
(p<0.001) (Fig. 6).

Figure 6. The mean (asterisks) and median (triangles) CH4 fluxes of a) the
bottom parts of stems of pine (III), birch and spruce (IV) (μmol h–1 m–2 of
stem area) growing at plots with naturally different soil moisture (see Fig.
3), and b) the forest floor (μmol h−1 m−2 of ground area) next to the trees.
The whiskers denote the 25th and 75th percentiles. Statistically significant
differences are marked with different letters (p<0.05, Welch’s ANOVA).
Note the forest floor flux at the wet spruce-birch plot marked in between
the species, and the different scale in the right-hand Y axis (a) showing the
CH4 flux of the wet plot birches.
Tree stems showed mean CH4 emissions even at the dry plots where
the forest floor is a CH4 sink (Fig. 6), which is demonstrated also by
previous publications at upland forests (Warner et al. 2017; Barba et al.
2019b), and even in the tropical zone (Welch et al. 2019). While even at
the dry plots the stems emit CH4, the magnitude of the tree stem
emissions seem to increase with the soil moisture, following a rather
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similar pattern between plots as the forest floor CH4 fluxes (Fig. 6). This
implies that the CH4 emitted by the stems could be of soil origin,
produced in the anaerobic soil layers by methanogens, and transported
by roots to the stems, at least at the wet plots. This conclusion was
further supported by the microbial analysis, in which methanogens
(mcrA genes) were detected in the peat at the Wet plot 1 (IV). In
addition, the birches growing at the wet plot showed a clear seasonal
trend in the CH4 fluxes of the stem bottoms: increasing emissions during
the spring with increasing temperature and transpiration (IV). The CH4
fluxes of the spruces had no noticeable seasonal change.
The differences in the CH4 fluxes between the species growing at the
same plot (birches and spruces at the wet plot) may be connected to
different root development styles – the roots of Norway spruce are
assumed to grow roots closer to the soil surface (Puhe 2003; Konôpka
et al. 2010), while downy birch at a peatland site has reported to grow
roots both horizontally and vertically (Huikari 1959). As a result of these
different rooting strategies, there may be more roots of birches than
spruces in the deeper soil layers where the CH4 is produced, and thus
birches transport more CH4 from the soil compared to spruces. This
might also partly explain the high emissions from the bottom parts of
the birch stems. However, even though wetland trees have been shown
to develop aerenchyma tissue to cope with anoxic soil conditions (Topa
and McLeod 1986), direct evidence of downy birches possessing
aerenchymatic structures is still lacking. In this study, it cannot be
concluded whether the studied pine trees possessed aerenchymas,
either, even though at least some wetland pine species can develop
aerenchymas (Topa and McLeod 1986), which could explain the
difference in pine fluxes between the dry and wet plots (Fig. 6).
Naturally, the differences between pine and spruce CH4 fluxes may also
partly arise from different rooting strategies, but it is not possible to
conclude in this thesis, since pine and spruce were not measured at the
same plot, and root cell structures were not studied.
Even the birch at the dry plot emitted CH4 from the stem, while at
the same time the soil was a large sink of CH4 (Fig. 6, IV). Thus, it may
be that the CH4 emitted by the dry plot birch was produced within the
tree stem by the methanogens (Yip et al. 2019). At upland sites, tree stem
CH4 emissions are noted to have only weak or no observed connection
to the soil CH4 concentration, or the typical drivers of soil emissions
(Warner et al. 2017; Pitz et al. 2018). However, even upland soils may
support methanogen populations (Angel et al. 2012; Angle et al. 2017)
and CH4 production (von Fischer and Hedin 2002; von Fischer and
Hedin 2007; Megonigal and Guenther 2008) in the deeper soil layers,
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and thus, as the birch roots are generally quite deep, the CH4 emitted by
the dry plot birch could potentially have originated from the soil.
Although upland trees presumably do not develop aerenchymatic
structures, they have a pore-space continuum from roots to lenticels and
stomata, through which they can transport gases (Armstrong 1980;
Armstrong et al. 1994). Even though there were no observed difference
between the day and night fluxes (IV), there are publications reporting
diurnal and seasonal cycles in the tree stem CH4 exchange (Pitz and
Megonigal 2017; Barba et al. 2019b; Vargas and Barba 2019), which
could indicate that the tree stem CH4 fluxes are related to the physiology
of the trees.
When considering the stem vertical profile, the birches at the wet
plot showed decreasing emissions with increasing stem height, which is
in line with observations at the temperate zone (Pangala et al. 2015;
Wang et al. 2016). However, the spruces at the wet plot or the birch at
the dry plot had no clear pattern in the fluxes connected to the stem
height (IV). The spruces showed on average small uptake at the middleheight (3 m), while below and above the stem was on average source of
CH4. The birch at the dry plot, on the other hand, emitted CH4 the most
from the midde-height (3.5 m). Therefore, it could be that the birches at
the Wet plot 1 were transporting soil-produced CH4, while the spruces
and the upland-plot birch had CH4 production within the stem.
3.2.3 Fluxes of the branches
All the studied trees demonstrated mean CH4 emissions from the
branches, while the observed branch fluxes ranged from −5.85 to 59.5
μmol h−1 m−2 of leaf area. The average emissions from the trees growing
on wet soil conditions were slightly higher (spruces 0.944 and birches
2.40 μmol h−1 m−2) than from the trees on the dry plots (birches 0.085
and pines 0.0072 μmol h−1 m−2) (Fig. 7). However, the differences
between the plots or the species were not statistically significant.
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Figure 7. The mean (asterisks) and median (triangles) CH 4 fluxes of the
branches (μmol h−1 m−2 of leaf area) of pine (III), birch, and spruce (IV) at
the plots with naturally different soil moisture (see Fig. 3). The whiskers
denote the 25th and 75th percentiles. (Note that the medians of birches and
spruces are zero due to data processing [section 2.2.3; IV].)
The CH4 emitted by the branches can theoretically be produced 1) in
the anaerobic soil layer and transported through the stem, 2) within the
stem and transported to the treetop, 3) within the branches, which
would most probably mean the leaves. Since there were no quantifiable
amounts of methanogens in the leaf or stem samples (IV), it can thus be
assumed that the CH4 was indeed produced within the leaves via aerobic
processes. There was also no seasonal trend in the branch fluxes.
However, since no other mechanisms were studied besides the microbial
quantifications, the source of CH4 could not be fully confirmed.
If the branch-emitted CH4 originated from aerobic processes, the
emissions could be stimulated by the UV radiation (Vigano et al. 2008;
Bruhn et al. 2014; Fraser et al. 2015). In that case, the results presented
here are probably an underestimation of the true emissions, since the
branches were not exposed to direct sunlight during the measurements
(measurements were performed on overcast days (III), or the chambers
were shaded from direct sunlight (IV)). Then again, also low light level
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has been shown to stimulate CH4 emissions from plants (Martel and
Qaderi 2017), and may have been a stress factor stimulating CH4
emissions not only from the branches in the field experiments, but also
from the seedlings in the microcosms.
In addition to the possible stress from low light levels, the branch
chamber closures were very long (5–6 hours), resulting in dropped CO2
levels and high humidity, which has undeniably caused different types
of stress factors to the trees. Nevertheless, the results presented here are
important first step towards understanding the in situ CH4 flux of the
brances of boreal trees.
Pine seedlings in the laboratory showed a mean flux of 0.54 nmol h−1
g−1 (DW, aboveground part). Converting the pine branch fluxes
measured in the field to the same unit (by using functions by Marklund
(1988) and Repola et al. (2007), II) results to a mean branch emission
of 0.11 nmol h−1 g−1. In the wetlands, the CH4 emissions from young trees
have been detected to be considerably larger than from mature trees
(Pangala et al. 2015), while on an upland-wetland-transect site the
smaller stem diameter has been attributed to smaller stem emissions
(Pitz et al. 2018). Nevertheless, these observations were from field
conditions, and undoubtedly much more mature than the seedlings in
microcosms, which were only about 1.5 years old.
Contradictory to the results of this thesis, and the new paradigm of
leaf CH4 emissions, Sundqvist et al. (2012) reported mean CH4 uptake
by the branches of pine, birch, and spruce (as well as rowan) in a boreal
upland forest, although some emissions were observed, too. The
temperate tree species have shown no substantial emissions from the
branches (Pangala et al. 2014; Wang et al. 2016).
3.2.4 Upscaled CH4 fluxes of the tree measurement plots
When the CH4 fluxes of the trees were upscaled to the plot-level, the
branches demonstrated considerably larger emissions than the stems,
except for the birches at the wet plot (Table 4). These results are mostly
in contrast with the observations from A. glutinosa saplings in a
mesocosm experiment, in which no leaf-emissions were detected, but
the stem emissions were significantly larger than soil fluxes (Pangala et
al. 2014).
For the other species or plots besides the wet plot birches, the stem
emissions were only 0.02–2% of the net flux. Even for the wet plot
birches with vast stem emissions, the branch emissions formed a large
proportion (38%) of the net flux.
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Table 4. The CH4 fluxes upscaled to the whole study site (I; see Fig. 4), and
to the tree measurement plots (III, IV; see Fig. 3). The fluxes are expressed
as arithmetic means ± standard error of the mean (SE) in mg h−1 ha−1 of the
ground area.
Upscaled CH4 flux (mg h−1 ha−1) (mean ± SE)
Forest floor
Stems
Branches
Whole study site
May–July
August–October
Wet plot 1
birch
spruce
Wet plot 2
pine
Dry plot 1
birch
Dry plot 2
pine

−1240
−1600
450 ± 89
74 ± 16
0.73 ± 0.27

45 ± 22
220 ± 170

1.7 ± 0.63

–

1.7 ± 1.1

83 ± 60

0.060 ± 0.024

2.5 ± 3.4

290 ± 230
−720 ± 100
−170 ± 25

The upscaling of the CH4 fluxes to a tree-level includes uncertainties,
not only related to the measurements as such, but through the
assumption that the flux is equal from all the branches of a tree. The flux
may vary between the branches and the parts of the tree crown for
example due to variations in the light-exposure. Furthermore, the plotlevel upscaling includes an assumption that all the trees at the plot
would encounter similar flux rates. Even though the measured flux rates
show larger emission from the birches at the wet plot compared to the
birches at the dry plot (Fig. 7), the upscaled results show the opposite
(Table 4), which is due to greater crown biomass of birches at the dry
plot. However, the upscaling of the birch fluxes at the dry plot should be
regarded with caution, as the measurements were only from one tree.

4. Conclusions
This thesis focused on determining the CH4 fluxes of different forest
compartments and quantifying the spatial variation of the forest floor
CH4 in boreal forest. The aim was to reveal the potential sources of CH4
related to vegetation and soil in a boreal forest. The results showed that
the forest floor CH4 flux is spatially highly heterogeneous with hot spots
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of CH4 emissions, and the spatial variability is related to topography via
soil moisture. Furthermore, this thesis demonstrated that mature Scots
pine, downy birch and Norway spruce emit CH4 from the stems and the
canopy.
The results revealed CH4-emitting patches at the forest floor, which
experienced substantial temporal variability, showing significant
emissions in early summer. These hot spots were characterized by high
soil moisture, especially during early summer, and extensive
Sphagnum-moss coverage. The results demonstrated small emissions of
CH4 from the common boreal shrubs, however, based on the results the
fluxes may be insignificant at the site scale. However, the ground
vegetation was proven to be a good tool for in-situ estimation of the
forest floor CH4 flux.
The CH4 emissions of branches (including leaves) substantially
exceeded the stem emissions at most of the measurement plots, except
for the birches growing on a wet Sphagnum-covered inundated plot.
These birches showed 100-fold stem CH4 emissions compared to other
studied species and/or plots. The emissions from the stems of birches
and pines differed between the wet and the dry plots. Thus, as
hypothesized, the soil moisture is the main factor controlling the spatial
variability of the CH4 flux not only of the forest floor, but possibly of the
tree stems as well.
In order to fully quantify the contribution of the hot spot emissions
to the CH4 balance of the site, and to improve the modelling of the soil
moisture dynamics and its effects to the CH4 flux, the measurements
should be conducted from early spring onwards, preferably year-round
and during many years. In the future, with more CH4 flux measurements
from trees at the site, the tree fluxes can be included in the upscalingmodel, which will further substantially improve the understanding of
the total CH4 flux of the boreal forests. The importance of better
estimates at ecosystem-scale, distinguishing between different
pathways and ecosystem components, has been recognized and
highlighted by the forest-CH4-research community (Covey and
Megonigal 2019). Moreover, in the future the CH4 flux of trees and forest
floor will be compared to the ecosystem-scale CH4 flux measured from
above the canopy of the SMEAR II site.
The results presented here demonstrate that the role of trees in the
CH4 exchange of boreal forest may be significant, regarding both the
stems and the canopy. This thesis is the first step in revealing the role of
vegetation in CH4 balance of boreal forest ecosystems, and the results
will greatly benefit the following research focusing on understanding the
mechanisms behind the emissions. Especially the finding of the role of
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the canopies is novel and important, and require much more attention
in the coming years. At the moment, canopy CH4 fluxes have not been
much studied in the field, and the production mechanisms behind the
canopy emissions are still not fully specified. In this thesis, no other
mechanisms were studied besides the presence of CH4-related microbes,
and thus, it is not possible to firmly conclude on the origin or the
production mechanisms of the emitted CH4, neither from the branches
or the stems.
Trees and forest floor at upland forests seem to have opposite effects
on the ecosystem net CH4 flux – the forest floor is mainly a sink, while
the trees are mainly sources. So far, the global carbon and GHG budgets
assume that the CH4 flux of upland forests can be derived only from the
soil CH4 exchange (Saunois et al. 2016), because the role of vegetation is
still poorly known and considered small. The results of this thesis
demonstrate that the CH4 flux in a boreal upland forest is more complex
than previously recognised, and also vegetation plays a role in the CH4
exchange. This thesis and the included publications are among the first
studies of CH4 fluxes of boreal trees, and the upscaling presented here
includes high uncertainties. The measurements were conducted during
spring and summer, so the annual CH4 exchange of the trees remains to
be solved. Therefore, it is yet impossible to conclude, how much the trees
contribute to the CH4 exchange of the forest on an annual scale.
In order to improve the accuracy of the CH4 budgets, detailed
information about the spatial and seasonal variation of the CH 4
exchange, including all the forest compartments, would be needed.
Connecting the CH4 exchange to spatial landscape variables would be
highly beneficial and efficient for the modelling purposes. Furthermore,
recent developments in portable fast-response CH4 analysers have
increased the accuracy of the flux rate estimates. These devices have
better accuracy on in detection of the mixing ratios than the GC, and due
to recording frequency of only seconds, they allow much shorter closure
times in chamber measurements. When the measurement time is
shorter, the flux estimates will improve substantially, especially
regarding the branch CH4 flux measurements.
This thesis demonstrated the significance of the CH4 fluxes of the
forest floor and trees on small wet patches, spatial hot spots, in a boreal
forest. Thus, forest ecosystems, as well as other ecosystem categories,
should not be regarded homogenous when it comes to GHG fluxes, but
the variability in the fluxes should be studied with increasingly high
spatial and temporal frequency. This is possible with the constantly
developing imaging techniques and spatial tools. Nature is never truly
as simple as the categories that are used to describe it.
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