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ABSTRACT

Peatlands, which are widespread ecosystems in the world, have a critical role in
regulating the carbon and nitrogen cycles at regional and global scales. During
recent centuries, these ecosystems have faced increasing pressures that have
arisen from anthropogenic events. In this dissertation, the effects of a range of
peatland management practices are evaluated in order to study alterations in soil
microbiome and greenhouse gas emissions.

A total of 87 studies conducted at 186 sites covering different countries,
peatland types and management systems were studied to investigate the impact
of different factors (including management practices) on methane (CH,)
emissions in northern peatlands (latitude 40° to 70°N). Results show that the
overall annual average of CH4 emissions from natural northern peatlands is 12 +
21 g C m* year ' and it is highly variable with a 95% confidence interval of
7.6-15.7 g C m > year ' for the mean. Compared to bogs, fens emit higher
levels of CH4 to the atmosphere. CH, emissions from natural peatlands are
mainly controlled by water table depth, plant community composition and soil
pH. Maximum emissions occur when mean annual air temperature is approxi-
mately 2°C. Although the mean annual air temperature is not a good predictor
of CH, emissions by itself, the interactions between temperature, plant com-
munity cover, water table depth and soil pH are important. According to the
short-term forecasts of climate change, these complex interactions will be the
main determinants of CH, emissions from the northern peatlands. The drainage
of northern peatlands clearly reduces the CH, flux, on average, by 84% com-
pared to the original emission values with a mean of 8.3 g C m * year .

Greenhouse gas emissions were also affected by drainage in a tropical
peatland. The average CH, flux from the natural site was higher than that for the
drained (35.8 £ 24.5 ¢ C m” year ' and 0.05 + 0.07 g C m > year ', respec-
tively) and the average nitrous oxide (N,O) flux from the natural site was lower
than that for the drained (0.003 + 0.015 and 0.09 + 0.10 g N m* year ',
respectively). Additionally, the potential for dinitrogen (N,) emission was
greater in the top 10-cm soil layer at the natural site compared to the drained
site (12.9 + 5.5 and 7.1 + 3.8 ¢ N m * year ', respectively). Drainage changed
the balance between bacterial and archaeal groups in the peat in favour of plant
biomass-decomposing microbial communities, especially towards the phyla
Actinobacteria, Firmicutes and Crenarchaeota, and euryarchaeal class
Thermoplasmata. In addition, the drainage of the tropical peatland led to other
structural changes in the soil bacterial and archaeal community and resulted in
alterations in nirK, nirsS, nosZ, nifH and archaeal amoA gene-possessing micro-
bial communities. The denitrification and N,-fixing potential in the tropical
peatland were reduced by the drainage. In natural peatland soil, the N,O
emission was primarily related to nirS-type denitrifiers and dissimilatory nitrate
reduction to ammonium, while the conversion of N,O to N, was controlled by
nosZ clade 1 genes. The drainage induced changes in the soil denitrifying



microbial community and the main reducers of N,O were microbes harbouring
nosZ clade II genes.

Restoration of drained northern peatlands by rewetting or simultaneous
vegetation and rewetting increases CH, emissions by an average of 1.3+ 6.5 g
C m ™ year ' (46%), although the change in CH, flux due to rewetting was not
statistically significant (mean flux 3.0 £ 3.1 g C m > year ' before restoration
and 4.2 + 6.3 g C m* year ' after restoration). Different management practices
and initial peatland type determines a response to rewetting. Energy crop (reed
canary grass) cultivation in residual peat of an abandoned peat extraction area
reduced CH4 emissions slightly, although methanogen abundance remained
approximately the same or even increased in different layers of residual peat
under cultivated sites over time. In general, the methanogen abundance was low
in the archaeal community, but the highest CH, production potential was
revealed at the bottom of the peat column of the abandoned peat extraction area.
In uncultivated peat, the two deeper layers influenced mainly the CH4 emission,
while in cultivated peat, the more pronounced effect of methanotrophic bacteria
on CH, emission can be assumed from the obtained results. Additionally, the
physicochemical status of peat had slightly changed and bacterial abundance
increased in response to the reed canary grass cultivation.

Peatlands have a good potential to improve water treatment at a fairly low
cost in peatland-rich regions in order to protect aquatic ecosystems from
pollution. Natural treatment wetlands have been used to treat many different
contaminants including excessive nitrogen, phosphorus, suspended solids,
sulphur and metals. Besides peat, vegetation type and density also affect the
compounds retention efficiency from treated water.

This dissertation concludes from the results that management practises affect
form and function of peatlands by changing considerably the soil microbiome
and influencing greenhouse gas emissions from peat, although some manage-
ment practices alleviate environmental damage.



1. INTRODUCTION

1.1 Soil biogeochemical processes and greenhouse gas
emissions in peatlands

Peatlands are the most widespread type of wetlands (50—70%) in the world that
cover about 3% of the world’s land area. These unique ecosystems, where
continuous vegetation production and slow decomposition rates under water-
logged conditions lead to a very high content of organic matter in soils, store 3
of the world’s soil carbon. The majority of the world’s peatlands are located in
the boreal and temperate regions, although these ecosystems occur from tropics
to Arctic zones (Joosten & Clarke 2002). Approximately 11% of global peat-
lands are in tropical areas and they contribute up to 18-25% of the global peat
carbon pool through both their aboveground biomass and underlying thick
deposits of peat (Page et al. 2011). However, the results from recent studies
suggest that far more peat exists in the tropics than was previously estimated
(Dargie et al. 2017, Gumbricht et al. 2017), and both the tropical peat area and
volume may be more than three times larger from previous estimates (Gum-
bricht et al. 2017). Furthermore, Voigt et al. (2017) showed that the thawing of
permafrost in the Arctic peatlands is exposing a large stock of both carbon and
nitrogen for active use in the biosphere.

In addition to the importance of the peatlands as carbon storage, they are
also important ecosystems in terms of nitrogen cycling that have recently
received great attention (Hatano et al. 2016, Koskinen et al. 2017, Voigt et al.
2017). Both cycles have great environmental, ecological and economical
importance in the light of climate change and anthropogenic actions (e.g. land
use change) (Galloway et al. 2008, Gruber & Galloway 2008). Soil carbon and
nitrogen are the central components to maintain soil fertility and productivity
and can substantially affect climate through carbon and nitrogen emissions
(including carbon dioxide (CO,), methane (CH,) and nitrous oxide (N,O))
(Limpens et al. 2008, Sjogersten et al. 2011). Both CH, and N,O have a strong
negative effect on global warming. According to the IPCC report (2013), CH,
has a global warming potential of 34 relative to CO, over a 100-year period (ca
20% of anticipated warming) and N,O has a global warming potential of 298
relative to CO, over a 100-year period (ca 6% of anticipated warming).

In peatlands, the carbon and nitrogen cycles are closely related (Figure 1)
and the quantity and distribution of both these nutrients are controlled through
biogeochemical processes, where microbial communities play a key role (Lin et
al. 2014, Mandic-Mulec et al. 2014). Any fluctuations in levels of these
nutrients exert significant effects on the carbon and nitrogen cycles at regional
and global scales (Mitsch & Gosselink 2015). Recognising the factors that
affect different processes of both cycles is crucial to understanding the complex
system in peatlands.
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A broad range of microorganisms found in peatlands have developed physio-
logical and metabolic adaptations to survive constraining conditions (e.g. low
oxygen availability and acidity) in these ecosystems (Andersen et al. 2013).
Compared to northern peatlands, the soil microbial community structure in
tropical peatlands is still poorly studied (Sjogersten et al. 2011). However, some
studies have shown that northern and tropical acidic peatlands display similar
patterns of bacterial diversity in the surface layers (0—40 cm depth), where the
dominant phyla were Acidobacteria and Proteobacteria, and less abundant but
numerically significant groups were Verrucomicrobia, Actinobacteria and
Planctomycetes (Dedysh 2011). That kind of microbial community composition
must have an advantage in these ecosystems. Several representatives of Proteo-
bacteria play an important role in the carbon, nitrogen and sulphur cycles
(Kersters et al. 2006). Furthermore, members of Acidobacteria have a broad
range of substrate transporters for nutrient uptake suggesting advantage in
complex environments and adaptation to oligotrophic conditions (Kielak et al.
2016), while Actinobacteria have shown to be greatly involved in the
degradation and mineralisation of plant and humic materials in soil (Lewin et al.
2016). Additionally, many members of Planctomycetes contribute to the
nitrogen cycle (Fuerst & Sagulenko 2011) and Verrucomicrobia play an
important role in the carbon cycle (Herlemann et al. 2013), especially in soils
where their proportion in the total bacterial community can be more than 20%
(Bergmann et al. 2011).

Archaea from phyla FEuryarchaeota and Crenarchaeota participate in
carbon, nitrogen and sulphur cycles, Korarchaeota are more associated with the
carbon cycle and Thaumarchaeota with nitrogen cycle (Offre et al. 2013). The
activity of microbes involved in the carbon and nitrogen cycles depends on
substrate specialisation and environmental variables (Andersen et al. 2013).

1.1.1 Carbon cycle

The carbon cycle is a circulation of carbon, a life-sustaining element, in various
forms through sedimentary rocks, oceans, terrestrial ecosystems and atmosphere
(Dignac et al. 2017). Presently, the balance of this element is changing between
the ecosystems, and atmospheric concentration of carbon-containing green-
house gases (CO,, CH,) is increasing, which is associated with climate change
(IPCC 2013). Terrestrial ecosystems play a critical role in the soil-atmosphere
carbon exchange system (Davidson & Janssens 2006). The flux of carbon in
soils is initiated by the fixation of atmospheric CO, by photosynthesis. During
this process, CO, is absorbed and converted into biomass of photosynthetic
organisms, although some fraction of the previously captured CO, is released
back to the atmosphere through respiration. Additionally, photosynthetic
organisms release some carbon as organic compounds into the soil. Synthesised
substances, microorganisms and residues of plant and animal are the organic
matter components of soil (soil organic matter — SOM), which is the most
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prevalent form of carbon in the soil (Dignac et al. 2017). Some organic
compounds (e.g. root exudates) are readily mineralised after entering the soil,
while others can persist in form of SOM for long periods (Schmidt et al. 2011).
Physical mechanisms (e.g. sorption/desorption, diffusion, transport) can limit
microbial access to substrates, therefore, interactions between microbes and
substrates and soil physical conditions regulate carbon utilisation. Available
substrates are not only converted to microbial biomass, but some carbon is
returned to the atmosphere via respiration and it is also used for synthesis of a
variety of organic products (e.g. extracellular enzymes and polysaccharides)
that affect the functioning of ecosystems (Schimel & Schaeffer 2012).

If oxygen is scarce as generally it is in natural peatlands, some part of
organic carbon is also released as CHy (Bridgham et al. 2013). Methanogenic
archaca and methanotrophic bacteria, which determine soil exchange of CH,4
with the atmosphere, are mainly active in anaerobic and aerobic conditions,
respectively (Aronson et al. 2013). All methanogens that have been charac-
terised so far possess mcrA gene, which encodes the alpha-subunit of the methyl
coenzyme M reductase — the enzyme that catalyses the last step in the CH,4
synthesis converting the fermentation end products (e.g. H,/CO, and acetate) to
CH, (Juottonen et al. 2006, Bridgham et al. 2013). The first step in the oxidation
of CH, to CO, is the conversion of CH4 to methanol by the particulate or
soluble methane monooxygenase (pMMO/sMMO). Nearly all methanotrophs
possess pmoA gene, encoding a subunit of pMMO, whereas mmoX gene
(sMMO) is present only in a few methanotrophic genera (e.g. Methylocella)
(McDonald et al. 2008). The CHy-cycling microbial community structure varies
between ecosystems and is affected by climate and environmental parameters as
well as vegetation (Aronson et al. 2013).

1.1.2 Nitrogen cycle

Nitrogen is the most abundant element in the atmosphere and is also a vital
element for all organisms as a component of proteins and nucleic acids.
Nitrogen transformation processes are mainly mediated by microorganisms in
soil and recent findings of new processes and organisms unfold new insights
into the complex system of nitrogen cycling (Stein & Klotz 2016).

Autotrophic nitrification, the aerobic oxidation of ammonium or ammonia to
nitrate via nitrite, was previously considered a two-step process catalysed by
two different phylogenetically defined groups of microorganisms oxidising
either ammonia or nitrite (Holmes et al. 1995, Konneke et al. 2005). Biological
ammonia oxidation is controlled by the enzyme ammonia monooxygenase
(AMO), where the alpha (A) subunit is encoded by the amoA gene, in both
bacteria and archaea. Still, bacterial amoA genes are only distantly related to the
archaeal amoA genes (Stahl & de la Torre 2012). The amoA gene has been used
broadly as a marker for both ammonia-oxidising bacteria (AOB) and ammonia-
oxidising archaea (AOA) in environmental studies (Oton et al. 2016). In many
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habitats (including acidic soils and hot springs) AOA are shown to outnumber
AOB (Hatzenpichler 2012, Oton et al. 2016, Pajares & Bohannan 2016), be-
cause of their highly efficient anabolic pathways that provide an ecological
advantage relative to the AOB in multiple environments (Konneke et al. 2014).
Thus, the discovery of AOA, which are categorised into a novel archaeal
phylum Thaumarchaeota, fundamentally revised our understanding of nitri-
fication (Hatzenpichler 2012). In 2015, the novel species of complete ammonia
oxidizers were discovered in the nitrite-oxidising bacterial genus Nitrospira,
who are capable of performing complete oxidation of ammonium to nitrate on
its own (comammox) (Daims et al. 2015, van Kessel et al. 2015). They have
been found from many different ecosystems (e.g. engineered treatment systems,
rice paddy soil, forest soil), but their ecological background and relevance in the
whole nitrogen cycle is still unclear (Daims et al. 2015, van Kessel et al. 2015,
Pjevac et al. 2016). In addition to the autotrophic nitrification, heterotrophic
nitrification can be a nitrogen oxidation process in soil (Zou et al. 2016),
however, its relevance in the whole nitrogen cycling in different soils is not well
known.

In addition to the heterotrophic nitrogen transformation processes that utilise
organic matter as a carbon source, nitrite-dependent anaerobic methane
oxidation (n-damo) is a process where nitrogen and carbon cycles are closely
linked (Raghoebarsing et al. 2006). In this process, nitrite is reduced to nitric
oxide that is further dismutated to dinitrogen (N,) gas and oxygen at anoxic
conditions. The produced oxygen is used as an electron acceptor to oxidise CHy.
Currently, there is only one bacterial species (“Candidatus Methylomirabilis
oxyfera”) conducting the described process (Ettwig et al. 2010). This organism
is found in very different environments including wetlands (Ligi 2015) and
peatlands (Zhu et al. 2012), but the information about ecological demand of this
type of organisms is very limited.

Denitrification is a three or four step nitrogen reduction process, where
nitrate is reduced to end products N,O or N, gas (Wrage et al. 2001, Shoun et
al. 2012). This process is carried out mainly by facultative anaerobic organisms
that prefer oxygen as an electron acceptor when oxygen is present in the
environment. Each of the reduction steps is catalysed by respective enzymes,
i.e. periplasmic (Nap) or membrane-bound (Nar) nitrate reductases, nitrite
reductases (CuNir and cd|Nir), nitric oxide reductases (cNor,gNor and
qCuANor) and nitrous oxide reductases (Nos) encoded by rap and nar, nirk
and nirS, nor and nosZ genes, respectively (Zumft 1997). Microorganisms may
carry out only part of the described pathway (Zumft 1997) and only one third of
the organisms harbouring denitrification genes are shown to have a complete set
of nir, nor and nosZ genes (Graf et al. 2014). Those denitrifying organisms,
which lack the nosZ gene, are emitters of N,O, whereas the others which have
been shown to possess only the nosZ gene, can only reduce N,O to N, (Jones et
al. 2008, Sanford et al. 2012, Graf et al. 2014). A wide taxonomic range of
different denitrifiers have a ubiquitous distribution in various environments,
whereas denitrification is also a major cause of nitrogen loss in different soils
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(Jones et al. 2008). Recent studies have shown that some denitrifiers retain their
nitrogen reduction ability also in aerobic conditions in soil (Wang et al. 2017).
This process is shown to be coupled with heterotrophic nitrification
(NH;" — NH,0H — NO,” — NO; — NO, — N,O — N,) in several bacteria
(Chen et al. 2012, Zhang et al. 2012, Zou et al. 2016, Zhang et al. 2017).

In contrast to denitrification, which is usually a major microbial pathway for
nitrate reduction, dissimilatory nitrate reduction to ammonium (DNRA) may
conserve nitrogen in the ecosystem as nitrate is transferred via nitrite to
ammonium (Tiedje 1988). The key step in this process is related to the nitrite
reductase enzyme NrfA encoded by nrf4 gene (Welsh et al. 2014). As a result,
nitrogen is more easily available for plant and microbial uptake as well as less
prone to losses via leaching or as gaseous compounds (Tiedje 1988). But,
depending on the environmental conditions, organisms capable of DNRA may
release N,O as a by-product of the reduction process or reduce N,O that they
produced themselves or provided by other microorganisms (Mania et al. 2014).
DNRA is expected to be favoured in nitrate limited environments, with
availability of a suitable organic carbon source, particularly in competition with
denitrifiers. The capability for DNRA is widely spread among bacteria (Riitting
et al. 2011). Contrary to decades of studies focused on denitrification, nrf4-
containing organisms have received less attention and their contribution to
nitrogen retention is vague (Welsh et al. 2014).

Besides DNRA, which is generally considered as a process that conserves
nitrogen in the ecosystem (Riitting et al. 2011, Mania et al. 2014), biological
nitrogen fixation is another process that promotes nitrogen retention in soils
(van Groenigen et al. 2015). Virtually limitless supply of atmospheric N, is
available to a rather small but diverse set of bacteria and archaea who can either
symbiotically with host plant or free-livingly fix N, into biologically available
ammonium (Reed et al. 2011). This reaction is catalysed by the reductase
subunit of nitrogenase encoded by nifH gene (Zehr et al. 2003). The com-
position and abundance of N,-fixers may be affected by a wide variety of
abiotic and biotic factors in different ecosystems (agricultural lands, grasslands,
boreal and tropical forests, permafrost areas, ocean, etc.) all over the world
(reviewed by Reed et al. 2011).

The anaerobic ammonium-oxidising (ANAMMOX) bacteria oxidise ammo-
nium to N, using nitrite as an electron acceptor via intermediates, including
toxic hydrazine (Mulder et al. 1995). A subunit of the enzyme hydrazine
synthase, encoded by hzsA gene, is presently thought to be unique to
ANAMMOX metabolism and catalyses the synthesis of hydrazine from nitric
oxide and ammonium (Harhangi et al. 2012). All known ANAMMOX bacteria
identified thus far belong to the order Brocadiales in the phylum Plancto-
mycetes (Jetten et al. 2010). These organisms are strict anaerobes, but the
process is not always inhibited at low oxygen concentrations as was shown by
oxygen manipulation experiments in seawater (Jensen et al. 2008). Although
some evidence of this process is found also in the upper layer of peat (Hu et al.
2011a), the ANAMMOX has a minor importance in soils and the process is
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more common in bioreactors, wastewater plants and landfills (Butterbach-Bahl
etal. 2011, Hu et al. 2011b).

The different nitrogen cycling processes are closely coupled with each other.
Many microorganisms can conduct multiple pathways in the nitrogen cycle
(Nelson et al. 2016), for example some nitrifiers can conduct denitrification,
some denitrifiers can be N-fixers and some ANAMMOX bacteria are capable
of DNRA, nitrate reduction and nitrite oxidation (Lam & Kuypers 2011). In
addition, soil communities with high numbers of prokaryotes able to use one
nitrogen pathway also generally support higher numbers of prokaryotes that can
use other nitrogen pathways (Nelson et al. 2016).

1.2 Peatland management and greenhouse gas emissions

Peatlands are very vulnerable ecosystems to climate change and anthropogenic
impacts, and the area of peatlands has been decreasing rapidly over the last
century. These ecosystems have been exploited for several economic purposes,
where most of them require drainage to lower the water table level for further
use as agricultural and forest lands as well as for peat extraction or human
settlement purposes. The drainage ditch network across the peatland regulates
the soil oxygen and water conditions in order to achieve the best conditions for
the cultivated crops, forest or heavy peat harvesting machinery. Land use
practices directly affect the distribution and supply of nutrients such as carbon
and nitrogen in peat, while management also alters the microbial community
abundance and composition in peatland soils (Limpens et al. 2008).

Peatland drainage as well as further extraction actions have been shown to
change the dynamics of greenhouse gas emissions. Drainage or extraction
process of peatlands increases substantially CO, emissions through increased
microbial respiration, whereas drainage ditches have often anoxic conditions
enhancing methanogenic activity and thus increasing CH, emissions from the
drained area (Waddington et al. 2009). In addition, studies have shown that the
changed water regime considerably increases N,O emissions from drained soils
(Martikainen et al. 1993).

Wetlands, including peatlands, can also be applied as a cost-effective treat-
ment solution for purification of polluted water in distant areas (Kadlec &
Wallace 2009). In these kinds of systems, phytoremediation has an important
role to treat different types of contaminants, whereas technology is based on the
combined action of plants and their associated microbial communities to
remove or control many kinds of pollutants (e.g. organic compounds, metals,
excessive nitrogen and phosphorus) (Zhang et al. 2010).
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1.2.1 Reclamation of abandoned peat extraction areas

Modern peat mining is conducted using large-scale milling and vacuum re-
moval of recently dried peat along with clearance of the surface vegetation
(Alexander et al. 2008). Extracted peat is typically used as an energy source in
regions rich in peatlands or as a growing medium and soil conditioner in
horticulture (Basiliko et al. 2007, Paal & Leibak 2011, Virtanen & Valpola
2011). Furthermore, peat has proven to be effective sorbent for the capture of a
wide range of contaminants including heavy metals (Brown et al. 2000,
Ringqvist et al. 2002), organic compounds (Costa et al. 2012), oil products
(Suni et al. 2004) and excessive phosphorus (Kdiv et al. 2009, Xiong & Mah-
mood 2010, Kasak et al. 2015) from wastewater and aqueous media. In
addition, peat and various peat preparations have been used in the practice of
medicine (Beer et al. 2003, Orru et al. 2011) and as compost fabrics, building/
insulation material, textile and flavour enhancer (Joosten & Clarke 2002). Due
to the wide range of use, peat is an important resource and is being extracted
widely, which inevitably leads to the problem of abandoned peat extraction
areas.

Once abandoned, cutover peatlands expose well-decomposed peat at the
surface with extremely harsh environmental conditions such as altered
hydrology, wind erosion, frost heaving and variable physicochemical properties
(Huotari et al. 2007), where the reduced microbial activity limits nutrient
replenishment (Andersen et al. 2006). Consequently, plant colonisation and
growth is also hindered (Huotari et al. 2007). Thus several environmental issues
emerge including negative impact on the surrounding hydrologic system, risk of
fires, biological and landscape diversity loss (Paal 2011) and continuous
greenhouse gas (CO,, CH, and N,O) emissions into the atmosphere (Andersen
et al. 2013). Therefore, it is necessary to restore abandoned peatlands as close as
possible back to their natural state (Andersen et al. 2013) or use them in the
field of environmental technology such as a bioenergy production sites
(Heinsoo et al. 2011, Mander et al. 2012), agricultural lands and berry culti-
vation sites (Albert et al. 2011), afforestation lands (Caisse et al. 2008),
treatment sites of drainage effluent (Paal 2011) and cutaway lakes (Higgins &
Colleran 2006, Klavins et al. 2010).

The application of abandoned peat extraction areas to produce biomass for
energy purposes is an advisable land-use practice from the perspective of
atmospheric impact (Jarveoja et al. 2012, Mander et al. 2012). One possible
candidate for this application is reed canary grass (Phalaris arundinacea L.).
The modest growing requirements (low temperature, high moisture, humus
richness, drought and flooding tolerance), rapid growth and good burning
characteristics of this plant are making it suitable for bioenergy crop in boreal
region (Heinsoo et al. 2011, Ghica et al. 2012). Additionally, cultivation cost of
reed canary grass is low and the produced biomass can be used for burning as
well as for other bioenergy purposes such as for fermentation in bioreactors or
as raw material for liquid biofuel or biogas (Ghica et al. 2012).
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1.2.2 Treatment wetlands

Treatment wetlands (TW) can be classified as natural treatment wetlands and
constructed treatment wetlands. These wetlands include various types of
systems, where polluted water flows either horizontally or vertically depending
on the structural configuration (Fonder & Headley 2013, Weber 2016).

Natural treatment wetlands are in some cases used as receiving bodies for
polluted waters and often provide important treatment functions, whereas these
systems were not intentionally designed or modified for a pollution control
function (Fonder & Headley 2013). Peatlands are applied to purify runoff from
peat extraction areas, arable land and peatland forestry (Nieminen et al. 2014,
Wahlroos et al. 2015, Karjalainen et al. 2016). Furthermore, natural treatment
wetlands are also used to treat sewage water (Ronkanen & Kleve 2009) and
industrial process water such as mining effluent (Riisdnen et al. 2001, Palmer et
al. 2015).

Widely acknowledged constructed treatment wetlands are artificially created
wetland systems designed to enhance and optimise certain physical and/or
biogeochemical processes that occur in natural wetlands, with the primary
purpose of removing contaminants from polluted waters (Fonder & Headley
2013). These engineered systems allow for a high degree of flexibility in
design, while different filter materials (natural filter materials, industrial
products and industrial by-products) can be used for treating different types of
wastewater (e.g. municipal, domestic, industrial and agricultural wastewaters)
(Vymazal 2011, Vymazal 2014, Vymazal & Bfezinova 2015, Kasak et al.
2016). In constructed wetland systems for the treatment of secondary effluent,
peat has been used as a carbon source for denitrifying bacteria that can remove
excessive nitrogen (Xiong et al. 2011, Kasak et al. 2015).

Vegetated treatment wetlands have higher treatment efficiency in com-
parison to the treatment systems without vegetation, but the efficiency is
dependent on plant species (Zhang et al. 2010, Vymazal 2013). The presence of
macrophytic vegetation has several physical benefits (e.g. filtering and velocity
reduction), they conduct the uptake of nutrients and evapotranspiration, create
microclimatic conditions, etc. (Zhang et al. 2010, Shelef et al. 2013). In addi-
tion, rhizosphere provides a very important base for microorganisms (e.g.
releasing gas and exudates) (Berg & Smalla 2009, Zhang et al. 2010, Shelef et
al. 2013).

Emissions of greenhouse gases such as CH, and N,O are by-products of
treatment wetlands. Several environmental factors controlling greenhouse gas
emissions include the availability of carbon and nutrients (especially nitrogen)
which directly depend on wastewater loading, temperature, hydrological regime
(pulsing vs steady-state flow), groundwater depth, moisture of the filter material
and the presence of aecrenchyma plants (Hiraishi et al. 2014).
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2. THE AIM OF THE STUDY

The general aim of this dissertation was to analyse the effect of different mana-
gement practices on peatland microbiome and greenhouse gas emissions.

The specific objectives were:

e to explore the factors including management practices (drainage and
restoration) that control CH4 emission in northern peatlands;

e to assess the effect of drainage on the community structure of soil
prokaryotes and their genetic potential to perform different nitrogen
transformation processes as well as N,O emission in a tropical peatland;

e to evaluate the effect of reed canary grass cultivation and fertilisation
on the prokaryotic community abundance and genetic potential of
methanogenesis in residual peat on an abandoned peat extraction area in
boreal region, and link these changes to CH, emission from the peat;

e to examine the potential of peatlands in wastewater treatment.
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3. MATERIAL AND METHODS

The current PhD thesis consists of two original case studies (Paper I and III)
and two literature reviews (Paper II and IV). A two-year experiment was
conducted on an abandoned peat extraction area in boreal region to analyse the
effect of energy crop production on the prokaryotic community structure and its
genetic potential for CH,; production (Paper I). A meta-analysis of the data
available in literature was performed to analyse the impact of wetland manage-
ment on CH4 emissions in northern peatlands (Paper II). The effect of peat
drainage on soil prokaryotic community and microbially mediated nitrogen
cycling processes was studied in a tropical peatland (Paper III). An overview
about phytoremediation as a promising tool for removal of pollutants from
different wastewaters (Paper 1V) and additionally the potential of peatland
application for these purposes is discussed in this thesis.

3.1 Descriptions of the case studies sites

3.1.1 The abandoned peat extraction area in
boreal region (Paper I)

The study area was located in Lavassaare (58°34'20""N, 24°23'15"E) in the
largest Estonian peat extraction area (19,746 ha) situated in the Baltic region of
Northern Europe (Figure 2). The region has a temperate climate with a 30-year
(1981-2010) mean annual temperature of 6.3°C and annual precipitation of 746
mm (Estonian Weather Service). The systematic industrialised extraction of
peat for commercial purposes dates back to the mid-twentieth century and lasted
until 2006 in this particular study area. The thickness of residual peat column
was variable in depth (0.3—1.2 m) across the area and consisted primarily of
well mineralised Phragmites-Carex peat (H7 class according to the von Post
decomposition scale). The area was divided into 20 m wide strips by the
drainage ditches. Some of the abandoned peat extraction strips were sowed with
reed canary grass (Phalaris arundinacea L. Estonian-bred variety ‘“Pedja”) in
the spring of 2007.

In 2012, three cultivated and three uncultivated peat strips were chosen for
the experiment. On each strip, one fertilised and one control plot (2.5 x 10 m)
with 0.5-0.7 m peat layer were set up. All the plots were located at 4 m distance
from the ditches. The distance between control and fertilised plot was at least 4
m on a peat strip. Based on the chemical analysis of the study site peat, mineral
fertiliser containing nitrogen (72 kg), phosphorus (18 kg) and potassium (36 kg)
was applied per hectare once per year (in June) on fertilised plots.
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ESTONIA

Figure 2. Lavassaare study area with the experimental plots: cultivated plots (control
(green) and fertilised (yellow)); uncultivated plots (control (blue) and fertilised (red)).

3.1.2 Tropical peatland sites (Paper lll)

The studied tropical peatland is situated in the north-eastern part of French
Guiana, where the average monthly temperature is around 26°C showing minor
variation between seasons and average annual rainfall is between 3000—4000
mm (Cubizolle et al. 2013). The natural peatland site was located close to the
village of Tonate (4°59'27"N, 52°27'14"W) and drained site near the town of
Kourou (5°09'42"N, 52°39'06"W) (Figure 3). At both study sites, peat layer was
approximately 0.3—0.4 m thick and the dominating plant species was Eleocharis
interstincta with approximate coverage of 99%. Nine sampling points (with a
distance of 25 m between points) were established at 2,500 m” area on both
study sites. On the drained site, the three first sampling points were located at
50 m distance from a 2-3 m deep drainage ditch.
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Figure 3. Locations of the study sites in French Guiana.

3.2 Sampling of peat and gases

A total of 216 composite peat samples (from the depths of 0-20, 20—40 and 40—
60 cm) were collected during three sampling campaigns (June 2012, September
2012 and September 2014) from the Lavassaare peat extraction area (Figure 4).
The in situ CH4 emission measurements were conducted using closed chamber
technique (Hutchinson & Livingston 1993); soil temperature and water table
depth were also regularly measured on each plot during the experiment. The
sampling is described in detail in Paper I.
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Figure 4. Uncultivated (left) and Phalaris cultivated (right) sampling plots in Lavas-
saare experimental area (Estonia) and peat profile taken during the sampling from an
uncultivated plot (bottom).

In French Guiana, 18 composite samples (nine samples from natural and nine
from drained sites) from the 0—10 cm soil layer were collected in October 2013
(Figure 5). In addition, intact soil cores were taken into cylinders from the top
layer of soil (0—10 cm) from each French Guiana sampling point to evaluate
potential N, emission from soil using helium atmosphere soil incubation
technique in laboratory. During the peat sampling, in situ N,O and CH4 emis-
sion measurements were conducted using the closed chamber technique (Figure
5) (Hutchinson & Livingston 1993) and soil temperature and water table depth
were determined at each sampling site as is described in detail in Paper III.
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Figure 5. Natural (left) and drained (right) sampling sites in French Guiana. Closed gas
measurement chambers can be seen on the natural site.

Peat samples were stored at cooled conditions during the transportation. In the
laboratory, all collected peat samples were homogenised and divided into
subsamples for chemical and molecular analyses. Sub-samples for molecular
analyses were stored at —20°C and for chemical analyses at +4°C.

3.3 Chemical analyses of peat samples

Chemical analyses were conducted shortly after sampling from collected peat
samples (Paper I and III). The following parameters were measured using
standard methods during both case studies: pH, Kjeldahl nitrogen (N), ammo-
nium nitrogen (NH4-N), nitrate (NO;-N), total phosphorus (P), calcium (Ca) and
total potassium (K) concentrations. Additionally, dissolved organic carbon
(DOC), phosphate (PO4-P), total sulphur (TS) and sulphate (SO4-S) contents
were determined for Lavassaare soils and the soil water content, total carbon
(C) and magnesium (Mg) contents in French Guiana soil samples were mea-
sured.

3.4 Microbiological analyses of peat samples
3.4.1 DNA extraction and quantitative PCR

In the case of all peat samples, the DNA was extracted using PowerSoil DNA
Isolation kit (MO BIO Laboratories Inc., CA, USA) according the manu-
facturer's instructions (Papers I and III). Homogenisation of samples was
performed using Precellys® 24 (Bertin Technologies, France) at 5000 rpm for
20 s. The quality and quantity of extracted DNA were determined with spectro-
photometry Infinite M200 (Tecan AG, Austria). The extracted DNA was stored
at —20°C prior to further analyses.

Quantitative PCR (qPCR) was applied to evaluate the bacterial and archaeal
community size by quantifying the abundance of bacterial and archaeal specific
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16S rRNA genes, respectively (Papers I and III). The genetic potential of CHy4
production (Paper I) and nitrogen transformation processes (Paper III) were
evaluated by targeting the following functional genes: mcrd (methanogenesis);
nirS, nirkK, nosZ clade 1 and nosZ clade 1l (denitrification); nifH (N, fixation);
nrfA (DNRA); bacterial and archaeal amoA (nitrification); comammox amoA
clade A and clade B (complete ammonia oxidation) and ANAMMOX-specific
16S rRNA genes (anaerobic ammonium oxidation). New primer sets were
designed for the amplification of archaeal 16S rRNA gene and mcrAd gene
fragments (Paper I).

All qPCR amplifications were performed with RotorGene® Q (QIAGEN,
CA, USA) in a 10 pl reaction mixture containing 5 pl Maxima SYBR Green
Master Mix (Thermo Fisher Scientific Inc., MA, USA) and the optimised
concentrations of primers for each primer set, 1 pl template DNA and sterile
distilled water. The detailed descriptions of the used qPCR reactions conditions,
primer concentrations and amplification programs are described in Papers I and
II.

The concentrations of target gene abundances in the soil samples were
presented as gene copy numbers per gram of dry soil weight. Additionally, the
proportions of different functional genes were calculated as relative abundances
from the abundance of bacteria and archaea. The detailed description of the
calculation method is described in Papers I and III.

3.4.2 Preparation of DNA libraries for metagenomics analysis,
sequencing and data processing

The soil microbial community in tropical peatland was profiled using the
Illumina NextSeq 500 sequencing system (Illumina, CA, USA). A detailed
description of the PCR reactions, pooling of amplicons, DNA library prepa-
ration and sequence analyses is given in Publication II1.

About 1% of paired-end reads had low quality caused by sequencing errors
and after denoising step, 9-14 million reads per sample were obtained. Kaiju v
1.4.5 was used to classify metagenomic reads down to the species level (Menzel
et al. 2016). To screen the metagenomes for the potential function, existing
databases of marker genes (amino acid sequences) were used as a reference: the
nirK gene (Decleyre et al. 2016); the nirS and nosZ genes (Graf et al. 2014); the
nifH, nrfA, hzsA, bacterial amoA and pmoA and archaeal amoA genes (Liike et
al. 2016). According to these references, edge principal components analysis
(edge PCA) was performed and graphics were made with the R package ggplot2
v 2.1.0 (Wickham 2009) and the Archaeopteryx tree viewer v 0.9920 (Han &
Zmasek 2009). The detailed description of the methods used is described in
Publication III.
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3.5 Meta-analyses of methane emissions from
northern peatlands (Paper Il)

The meta-analysis included a total of 87 studies reporting measurements of CHy4
emissions taken from 186 sites covering different countries (Finland, Sweden,
Estonia, UK, Canada, USA, etc.), peatland types (fen, bog, wooded fen and
bog) and management systems (drainage, peat extraction, restored, etc.) to
evaluate the impacts of management on CH4 emissions from northern (latitude
40° to 70°N) peatlands. To discover all papers that have reported CH, emissions
from northern peatlands, a comprehensive search was performed on the Web of
Science database (accessed between January 2013 and July 2016) using the
keywords: pristine peatlands, CH, emissions, drainage, restoration, fens, bogs,
mire and northern peatlands. To gain widespread coverage, all references in the
papers found in the Web of Science search were also checked. Only studies
which covered at least one growing season and had weekly or more frequent
measurement intervals were selected. The detailed description of the methods
used for the analyses can be found in Paper I1.

3.6 An overview of treatment wetlands (Paper IV)

Results from 132 published studies were integrated together to review the basic
processes of phytoremediation with special emphasis on rhizoremediation and
plant-microbe interactions in plant-assisted biotransformation of organic and
inorganic pollutants in soil and treatment wetlands (Paper 1V). 33 successful
studies of phytoremediation of various organic contaminants using rhizospheric
or endophytic bacteria were presented and many studies of treatment wetlands
treating municipal or industrial wastewater were described. The results from
publications concerning particularly the potential of peatlands in wastewater
treatment are discussed in this thesis.

3.7 Statistical analyses

In all tests, statistical significance was determined at a 95% confidence level.
One-way ANOVA and Tukey HSD post hoc tests and t-tests were applied to
evaluate the significance of the differences between soil groups (Papers I and
II). Additionally, linear mixed-effects model (LMM) was applied to enable
simultaneous consideration of all the factors that potentially contribute to the
understanding of the structure of the studied parameters in Papers I and II. To
evaluate the significance of the differences between study sites in physico-
chemical variables, gene parameters, phylogenetic data and emission values,
multivariate linear models were constructed and models were tested using the
anova() function (Paper III). Spearman’s Rank correlation coefficients were
calculated to determine significant relationships between different gene and
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environmental parameters (Papers I and III). Interpolated contour plots were
created for pairs of environmental parameters as x and y with annual CH,4
emissions as the z variable (Paper II).

Principal component analyses (PCA) were performed on the soil physico-
chemical and microbiological data (gene copy numbers and proportions of
bacterial and archaeal genera) (Paper III). Between-class analysis (BCA) was
applied to find the principal components based on the centre of gravity of log-
transformed values of soil chemical parameters using a single factor (sampling
time, soil layer, cultivation or cultivation and fertilisation) as instrumental
variable (Paper I). Edge principal components analysis (edge PCA) was per-
formed to detect important differences between natural and drained meta-
genomic samples that contain closely related taxa (Paper III).

The significance of the differences between analysed soil groups was tested
using a Monte-Carlo permutation test (9,999 permutations) in case of BCA in
Paper 1. In Paper I1I, the difference in microbial community structure in cases of
PCA and edge PCA between sites was evaluated using permutational multi-
variatet ANOVA (PERMANOVA) with 9999 permutations. The ordination
results of different edge PCAs were compared with a Procrustes rotation and
9999 permutations to assess pairwise marker gene community structures
concordance (Paper I1I).

Distance-based regression analysis was applied with forward selection
procedure and 9999 permutations to identify soil physicochemical variables that
explain significant amounts of variation in marker gene community structure
(Paper III).

Main tool for calculations and statistics was software R (Papers I-I1I).
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4. RESULTS AND DISCUSSION

4.1 Drainage of northern and tropical peatlands

Natural northern peatlands (pristine) are important sources of CH, emission with
an average annual flux of 12 +21 g C m* year ' (median is 4.3 g C m * year ') to
the atmosphere considering all sites, vegetation types and locations studied in
Paper I1. Emissions between the sites were highly variable with a 95% confidence
interval of 7.6-15.7 g C m * year ' for the mean and 3.3-6.3 g C m* year ' for
the median. CH, emissions from the fens (mean 15.4 g C m™> year ') were
significantly higher than those from the bogs (mean 7.1 g C m™* year '). Bogs and
fens differ in abiotic and biotic factors. These abiotic and biotic differences lead
to the fens having higher methanogenic activity (Juottonen et al. 2005), higher
litter degradation rate (Aerts et al. 1999), and thereby higher CH4 emissions
(Nykénen et al. 1998), compared to the bogs. The correlation between CH, flux
and water table depth was significant for the fens but not for the bogs or wooded
fens and bogs (Paper II). The optimal water table depth for CH4 production was
consistently below the peat surface in the bogs and near to the peat surface for the
fens. The CHy4 flux and water table depth were significantly correlated in the
studied peatlands and the following relationship was revealed between these
factors: CH, = 32.462 x exp©08XWT)(pn = 87,r2 = 0.54,p < 0.01), where
WT is the water table depth.

In addition, a trend toward higher CH4 emissions from natural northern
peatlands was shown with higher water table and higher pH and lower tem-
perature (peaking at mean annual air temperature of approximately 2°C).
Peatland type, pH, water table and air temperature are statistically important
factors in determining CH,4 flux in natural peatlands (Paper II). Many studies
have reported the influence of water table depth (Granberg et al. 1997, Frenzel
& Karofeld 2000, Moore & Dalva 2006, Yang et al. 2006), pH (Hutsch 1998,
Singh et al. 1999) and temperature (Granberg et al. 1997, Saarnio et al. 1998,
Ding & Cai 2007) on CH,4 emissions from different peatlands.

Drainage of natural peatlands changes initial soil biogeochemical processes
and the balance of greenhouse gases (CO,, CH, and N,O) in different climate
zones. Drainage of water-saturated peat soils will improve aeration leading to
lower CH,4 emissions, although it may result in considerable losses of carbon
and nitrogen to the atmosphere through CO, and N,O emissions (Oleszczuk et
al. 2008).

The drainage practices in northern peatlands clearly reduce the CH,4 flux, on
average, by 84% compared to the original emission values with a mean of 8.3 g
C m * year ' (Paper II). This effect is similar for all types of drained peatlands
regardless of land use and vegetation cover. Still, drainage ditches themselves
can become new anaerobic zones, with similar characteristics to the undrained
peat and with similar or even increased CH, emissions (Sundh et al. 2000,
Huttunen et al. 2003, Schrier-Uijl et al. 2010). These higher emissions from
drainage ditches could be large enough to compensate the reduced CH,
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emissions from the drained peatland area (Minkkinen et al. 2008). Furthermore,
drainage influences CH4 emissions from fens more than from bogs (Paper II).
Maljanen et al. (2010) also showed that fens are more sensitive to the drainage
(water table depth) compared to bogs. Yrjdld et al. (2011) found that several
years of drying of northern peatland changed the structure of the plant
community and also soil microbial communities that control greenhouse gas
emissions.

Results of this study show that drainage also changed gaseous emissions of
the studied tropical peatland (Paper III; Figure 6). The average CH, flux from
the natural site was significantly (p<<0.001) higher than that for the drained site.
The average N,O flux from the natural site was significantly lower than that for
the drained site. The potential N, emission was highly variable from the top
layer of soils (0—10 cm) of both study sites and the potential was significantly
greater at the natural site. Furthermore, results of this study show that the
drainage also changed microbial community structure of the studied tropical
peatland. The total bacterial abundance decreased and archaeal abundance
increased in response to the drainage; the archaeal abundance exceeded the
bacterial abundance by more than one order of magnitude in the drained site.
These two groups were almost equally represented in the community at the
natural site.

Proteobacteria, Actinobacteria, Acidobacteria and Firmicutes were the
dominant bacterial phyla at both study sites of the tropical peatland (Paper III).
Overall, sequences belonging to 32 different bacterial phyla were identified
from the studied soils but the composition of the bacterial phyla differed
between the natural and drained sites. Proteobacteria was the most abundant
phylum (40% of the total effective bacterial sequences) at the natural site,
followed by Actinobacteria (21%), Acidobacteria (13%), Firmicutes (7%) and
Planctomycetes (4%). The most abundant bacterial phyla at the drained site
were Actinobacteria (38%), Proteobacteria (34%), Firmicutes (8%) and
Acidobacteria (4%). Only 1% of the sequences from the drained site belonged
to the phylum Planctomycetes. These results are mainly in line with a meta-
analysis study which also found similar trends in the changes of bacterial phyla
proportions after the conversion of natural tropical soils into agricultural soils
(Trivedi et al. 2016). The only exception was Planctomycetes group which
proportion showed an opposite effect compared to the results of this study (its
proportion increased due to the agriculture). At the genus level, there was some
correspondence in dominant genera between the natural and drained sites
(Mycobacterium and Conexibacter from phylum Actinobacteria; Burkholderia,
Rhodoplanes and Pseudomonas from the phylum Proteobacteria; Paenibacillus
from the phylum Firmicutes); however, the natural soils were mainly driven by
the dominant genera “Candidatus Koribacter”, “Candidatus Solibacter”, Gran-
ulicella, Acidobacterium and Terriglobus from the phylum Acidobacteria;
Singulisphaera and Planctomyces from the phylum Planctomycetes; Brady-
rhizobium, Geobacter and Methylobacterium from the phylum Proteobacteria.
By contrast, Streptomyces, Frankia, Rhodococcus, Pseudonocardia,
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Amycolatopsis, Actinoplanes, Streptosporangium, Thermomonospora and
Catenulispora from phylum Actinobacteria were abundant genera in the drained
soils.

The results revealed the importance of archaea, especially in drained tropical
peatland (Paper III). The dominant archaeal phyla at both study sites were
Euryarchaeota, Crenarchaeota (class Thermoprotei), Thaumarchaeota and
Korarchaeota. Differences in the proportions of Furyarchaeota and Cren-
archaeota between the natural and drained site were significant. At the natural
site, more than half of the Euryarchaeota belonged to the class Methano-
microbia, whereas Methanomicrobia and Thermoplasmata were the most
abundant euryarchaeal classes at the drained site. The results indicated that CH,4
production was more regulated by methanogens from euryarchaeal class
Methanomicrobia at the natural sites, compared to the drained sites, whereas
methanogenic archaea from class Thermoplasmata appeared to be also
important at the drained sites; however, methanogens from class Methano-
bacteria were similarly represented at both sites. This result is consistent with a
study of microbial community composition in an upper layer of peat (0-30 cm)
of pristine and drained boreal ecosystems (i.e. bog, fen, spruce swamp forest),
where percentages of Methanomicrobia and Thermoplasmata were also reduced
and increased, respectively, after long-term drainage (Urbanova & Barta 2016).
In addition to bacteria, N, fixation is shown to be widespread among
methanogenic Euryarchaeota (Cabello et al. 2004), which were significantly
more abundant at the natural site. Many archaeal genera were differentiated
between the natural and drained sites. For example, “Candidatus Nitroso-
tenuis”, Nitrosopumilus and “Candidatus Nitrosopelagicus” from the phylum
Thaumarchaeota;, Thermococcus, Methanobacterium, Pyrococcus, Methano-
brevibacter,  Methanocaldococcus, Geoglobus,  Methanothermobacter,
Ferroglobus and Halobacterium from the phylum Euryarchaeota were among
the taxa most represented in all the investigated soils, while Methanocella,
Methanosarcina, Methanosaeta, Methanoregula, Methanoculleus, Methano-
sphaerula, Methanospirillum, Methanococcoides, Methanococcus, Haloferax
and Methanolobus from the phylum FEuryarchaeota were particularly more
abundant in the natural soils than in their drained counterparts. By contrast,
Sulfolobus, Thermofilum, Vulcanisaeta, Thermoproteus, Metallosphaera,
Caldivirga, Caldisphaera and Acidilobus from the phylum Crenarchaeota;
Archaeoglobus, Aciduliprofundum, Thermoplasma, Methanomassiliicoccus,
Ferroplasma, Picrophilus and “Candidatus Methanoplasma” from the phylum
Euryarchaeota; “Candidatus Korarchaeum” from the phylum Korarchaeota
were more abundant genera in the drained soils.
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Drainage had a significant effect on the abundance of nitrogen-transforming
microbial community (Paper III). nirS, nirK, nosZI, nosZIl, nifH and archaeal
amoA genes were detected in all samples of both tropical study sites, whereas
nrfA genes were detected only from the natural site. The abundances of nirsS,
nosZI, nosZII and nifH were significantly higher in the natural site soil, and the
archaeal amoA abundance was higher in the drained soil. Bacterial amoA and
ANAMMOX-specific 16S rRNA genes were not detected from either of the study
sites. These results were also confirmed by metagenomic analysis, in which
neither szsA (ANAMMOX) nor bacterial amoA genes were detected in the study
site samples, and nrf4 genes were not detected in samples from the drained site.
The proportions of nirS, nirK, nosZI, nosZII and nifH in prokaryotic communities
were significantly higher in the natural site soil than in the drained site soil,
whereas the proportions of archaeal amoA appeared to be fairly similar at the
natural and drained sites (Figure 6). The ratios between nirS and nirK as well as
nosZ and nir genes were significantly higher at the natural sites than at the
drained sites, whereas the ratio of nosZI and nosZII was not significantly different
between the two sites. The balance between nosZ and nir genes was in favour of
the latter genes at both study sites. Molecular studies have shown that the
abundance of nir genes usually significantly exceeds nosZ abundance in various
environments (Jones et al. 2013, Ligi et al. 2014). Quantification of comammox
bacterium (“Candidatus Nitrospira inopinata”) was not successful when using the
only available comammox Nitrospira specific primer pair due to unspecific
amplification, although metagenomic analysis revealed the presence of this
bacterium (sequence abundance 0.14-0.19% and 0.09-0.13% of all classified
bacteria at the natural and drained sites, respectively).

Drainage also had a significant effect on the structure of nitrogen-trans-
forming microbial community (Paper III). The edge PCA results indicated
significant differences between natural and drained sites for nirS, nirK, nifH,
archaeal amoA and all nosZ gene phylogenetic diversity (Figure 6). In all cases,
the first principal component from the edge PCAs provided main separation of
the samples. For nirK-harbouring microorganisms, the first principal component
of edge PCA was related to the higher relative abundance of the genera
Gemmatimonas, Opitutus and Sulfobacillus at the natural site, while the genera
Methylocella, Methylotenera, Paraburkholderia, Burkholderia and Ralstonia
were more abundant at the drained site. The diversity of nirS-harbouring micro-
organisms varied along the first PCA axis for the drained site. The difference in
nirS-harbouring microbes between the natural and drained soils was primarily
due to the higher contribution of the genera Pseudogulbenkiania, Cupriavidus
and Rubrivivax at the natural site and of Nitratifractor, Sulfurovum, Sulfuri-
monas and Pyrobaculum at the drained site. According to Graf et al. (2014), the
majority of species of the aforementioned nirS-type denitrifiers genera possess
nosZ gene, although only half of the species of the aforementioned nirK-type
denitrifiers genera possess nosZ gene. A superposition of the nosZI-harbouring
microbial community composition on the phylogenetic tree showed that the
drained site had a diverse and heterogeneous community, while only the nosZI/
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gene-possessing genus Rhodanobacter was abundant at the natural site. The
genus Rhodanobacter has been shown to be an important group of denitrifiers
in acidic soils (van den Heuvel et al. 2010). In contrast, the natural site
possessed a diverse community of nosZlI-harbouring microbes, while only four
genera (Desulfomonile, Anaeromyxobacter, Opitutus and Diplosphaera) were
detectable at the drained site. The edge PCA of nifH-harbouring micro-
organisms indicated that the natural site had a higher abundance of Slackia,
Methanopyrus and Desulfitobacterium, while the drained soil had a more
diverse set of genera. The separation of amoA-harbouring archaea between the
natural and drained sites occurred primarily along the edge PCA first principal
component and was related to the higher abundance of Nitrosopumilus at the
natural site; other differences were attributed to an uncultured Thaumarchaeota.
For nrf4 gene-possessing microbes, the edge PCA showed their presence only
at the natural site (genera in decreasing order of occurrence: Anaeromyxobacter,
Myxococcus, Wolinella, Desulfovibrio, Geobacter, Desulfitobacterium, Dethio-
bacter, Carboxydothermus and Slackia). As was indicated by the Procrustes
analysis, similar patterns for community differences across the sites were ob-
served for nirK, nirS, nosZ, nifH and archaeal amoA functional genes.

Relationships between studied gene parameters were quite different when
comparing natural and drained tropical peatland sites (Paper III). At the natural
site, the archaeal 16S rRNA gene abundance was strongly related to most of the
detected nitrogen transformation gene abundances (except nrf4), while only two
significant correlations were found between gene abundances (archaeal 16S
rRNA and rosZI; nifH and archaeal amoA) in the drained soil. The relationships
between bacterial 16S rRNA gene abundance and nosZI and archaeal amoA and
the particularly strong relationship with nifH abundance were revealed by a
correlation analysis of the natural site. For the drained site, strong correlations
between the bacterial and archaeal 16S rRNA proportions and the nifH and
archaeal amoA proportions were detected. The nifH abundance was found to be
related to most of the studied denitrification pathway genes (except nosZII) at
the natural site, while at the drained site, the proportion of nifH was related to
nosZl and archaeal amoA proportion in the prokaryotic community. No
relationships were found between nrf4 and other targeted genes for either of the
study sites.

Several statistically significant relationships were found between the studied
gene parameters and physicochemical factors, but the patterns of these
relationships were not similar for the drained and natural sites (Paper III). The
soil carbon and nitrogen contents and their ratio (C/N) were related to the
abundances of bacterial and archaeal 16S rRNA genes and their proportions in
the total prokaryotic community in the soil, but the effect differed between the
two study sites. In addition, the archaeal 16S rRNA gene abundance showed a
strong positive correlation with the soil water content in the drained soil. In the
natural site soil, the pH had a strong effect on the studied gene abundances
(bacterial 16S rRNA gene, nirS, nosZI, nifH and archaeal amoA), their pro-
portion (nirK) and their ratios (nosZ/nir and nosZIl/nosZII), but this was not the
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case for the drained site. Soil pH has been shown to be a key factor for
controlling the abundance and community composition of AOA (Hatzenpichler
2012, Oton et al. 2015). The soil carbon and nitrogen (or C/N) content was
strongly related to the nitrogen transformation gene abundances (nirS, nosZI,
nifH and archaeal amoA) in only the natural soil, the gene proportions (nirk,
nifH and archaeal amoA) in only the drained soil, and the gene ratios
(nosZI/nosZIl and nosZ/nir) in the microbial communities for both study sites.
The nrfA proportion in the natural site prokaryotic community showed corre-
lations with the soil chemical composition (different nitrogen fractions,
phosphorus and potassium content), while no correlations were found between
this gene and the environmental parameters in the drained soils. The nosZIl
abundance and proportion were related to the phosphorus content in the drained
soil. The abundance of nirS-type and nosZI-type denitrifiers showed a similar
pattern in response to the edaphic factors in the natural soil. These results are
consistent with those of Stone et al. (2015), who also found that the abundances
of nirS and nosZ were positively correlated with soil carbon, nitrogen and
phosphorus concentrations in humid tropical forests in Puerto Rico. Distance-
based regression analysis showed that soil chemical variables (especially
nitrogen and its soluble inorganic fractions) explained a significant amount of
the variation in the community structures of nitrogen-transforming genes. Addi-
tionally, the soil water content contributed to the variation of nifH gene-pos-
sessing microbes in the study soils.

The study found significant relationships between studied gene parameters
and nitrogen gas (N, and N,O) emissions for both natural and drained tropical
peatland sites (Paper III). The observed correlations suggested that nirS-type
and nosZI-type denitrifiers play an important role in controlling the N,O and N,
gas fluxes in the natural peatland soils. Contrary to the natural sites, microbes
harbouring nosZII gene more likely performed N,O transformation to N, in the
studied drained soils. It can be assumed that the discrepancy between the
denitrification pathways in these tropical peatland sites might be caused by a
selective pressure. This finding is supporting the hypothesis that because of two
different N,O reductase mechanisms, one of those pathways to be preferred
over the other in different environmental conditions (Jones et al. 2013). In
addition, according to the positive relationship between nrf4 proportion and
N,O gas emission in the natural sites, it can be inferred that DNRA plays an
important role in controlling the N,O gas fluxes in these natural peatland soils.
Templer et al. (2008) reported that the rates of DNRA were accounting for
approximately 35% of gross nitrification in a humid tropical forest soil in
Puerto Rico and were much higher than the rates of N,O production from
denitrification. Gene ratios (nirS/nirK and nosZ/nir) showed positive corre-
lations with N, emission at the natural site, whereas the ratio nosZIl/nosZII was
negatively correlated to N, emission at the drained site. No relationships were
found between studied gene parameters and N,O emission for the drained site.
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4.2 Climate-responsible management of peatlands

Northern peatlands, previously drained for many uses (e.g. forestry, cropping,
grazing and mining), emit more CH, after the restoration (rewetting) compared
to the pre-restoration emission (Paper II). Restoration increased CH, flux by an
average of 1.3 £ 6.5 g C m > year ' (46%). However, the change in CH, flux
due to rewetting was not statistically significant with mean flux before
restoration being 3.0 = 3.1 g C m * year ' and after restoration being 4.2 + 6.3 g
C m? year . This indicates a different response to rewetting between sites,
which have different previous management practices and initial peatland type.
CH,4 emission could be reduced by creating different vegetation compositions
(Komulainen et al. 1998, Tuittila et al. 2000, Waddington & Day 2007) that
lead to changes in the peat properties and methanogenic community (Basiliko et
al. 2004). Mahmood and Strack (2011) reported a significant correlation
between CH, emissions and vegetation cover on an abandoned peatland.
Vegetation may stimulate CH, emissions by providing substrates for gas
production and transportation to the atmosphere (Wilson et al. 2013). In Canada
and Ireland, CH, emissions from restored cutover peatlands increased in the
first three years following restoration due to the fresh substrates provided by the
new vegetation cover (Waddington & Day 2007, Wilson et al. 2013). The
establishment of vascular vegetation following peat extraction is generally more
extensive on cutover fens than on cutover bogs (Graf et al. 2008). Although a
combined transportation of oxygen with CH4 by aerenchyma tissues of plants
could reduce CH,4 emissions, previous studies reported higher emissions from
vascular plants, especially from sedges (Waddington et al. 1996). Roulet et al.
(1993) and Roulet and Moore (1995) reported approximately 23-57 times
greater CH4 emissions from restored herbaceous vegetation site than from an
herbaceous vegetation cutover site. Moreover, common cotton grass (Erio-
phorum vaginatum) generates large CH, fluxes (Greenup et al. 2000) from peat,
whereas peat mosses (Sphagnum spp) can act as a CHy sink (Raghoebarsing et
al. 2005) in restored peatland.

The difference in CH, emissions was significantly affected by the land use
after drainage (cropland, grassland, natural or woodland) (Paper II). Changes
with time in CH4 emissions patterns after rewetting may be related to previous
land use. Although restoration increases CHy fluxes, it could reduce net green-
house gas emissions by reducing CO, flux (Baird et al. 2009, Samaritani et al.
2011, Beetz et al. 2013, Strack & Zuback 2013). The new emerging plant
community and altered hydrology resulting from restoration should lead the
dynamics of greenhouse gases more similar to the natural peatlands. The
increase in CHy4 emissions due to restoration must be considered when land use
strategies to reduce emissions are developed.

Using abandoned peat extraction areas to produce energy crop (e.g. reed
canary grass) biomass for energy purposes has been suggested as an option to
mitigate atmospheric impact in peatland-rich Northern Europe (Hyvonen et al.
2009, Jarveoja et al. 2012, Mander et al. 2012). The response of the soil
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microbial abundance to the reclamation of an abandoned peat extraction area
with a bioenergy crop determined primarily CH, fluxes (Paper I). The CHy
emission rates were relatively small (—0.04 to 0.25 g C m * year ') and in many
cases even some consumption of this gaseous compound was detected from the
peat of the study plots of this abandoned peat extraction area. The CH4 emission
from uncultivated and cultivated plots was not significantly different. The
emission from the plots stayed in the range (—0.23 to 0.58 g C m~ year ') of
those reported previously in different disturbed peatlands: semidry pine-
dominated mesotrophic peatland forest (Yrjdld et al. 2011); drained and hay
cultivated peatlands (Berglund & Berglund 2011); abandoned peat extraction
areas and its different reed canary grass treatments (Mander et al. 2012). In
contrast, a previous study found much higher and more variable CH4 emissions
(median 5.73 g C m* year ' and range —0.01 to 113.21 g C m > year ',
respectively) from the Lavassaare natural peatland area during two vegetation
periods. These differences between disturbed and natural sites in CH,4 fluxes can
be attributed to different substrate quality as well as lowered groundwater level
and concordant changes in redox conditions in the peat column that inhibit the
activity of methanogens and enhance CH, oxidising methanotrophs (Le Mer &
Roger 2001, Andersen et al. 2013).

The results from bioenergy crop cultivation study (Paper I) show that reed
canary grass cultivation mitigated CH, emission. Similar conclusion was also
made by Hyvonen et al. (2009). However, methanogenic archaeal abundance
remained approximately the same or even increased in different layers of
residual peat under cultivated sites over time. This fact may indicate that
methanogens were not very active in cultivated peat or methanotrophic bacteria,
supported by plant exudates, consumed most of the CH4. Furthermore, the
increased bacterial abundance in the top layer of cultivated peat probably
caused a consumption of CH, which was produced at lower layers of anaerobic
sites and led to the decrease in CH4 emission from these soils (Nazaries et al.
2013). As indicated by the positive relationships between mcrA gene abundance
and gas emission in uncultivated peat, the two lower layers contributed the most
to the CH, emission while in cultivated peat such types of relationships were
not revealed. Juottonen et al. (2012) showed a similar relationship in the
anaerobic (7.5—-15 cm) layer of restored forestry drained boreal peatlands.

Fertilisation had little influence on CH4 emission, and a few relationships
between the emission and gene parameters in abandoned peat extraction area
were found (Paper I). Nevertheless, several studies have shown that inorganic
fertilisers inhibit methanotrophs while stimulating methanogens in various
environments such as rice paddies, grasslands and forests (reviewed by Nazaries
et al. 2013). Moreover, the addition of mineral nitrogen may alleviate nitrogen
limitation for methanogens (Bodelier 2011, Singh et al. 2012), but the effect can
vary in different ecosystems. Kim et al. (2015) showed that combined nitrogen
and phosphorus addition decreased CH,4 production in the top layer (0—5 cm) of
drainage ditch sediment due to increased substrate competition with denitrifiers.
A large part of the uncertainty in the effect of nitrogen on CH4 emission can
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probably be explained by the varying plant responses which depend on plant
species, environmental conditions, and on the type and amount of fertiliser as
was shown in agricultural wetlands (Bodelier & Steenbergh 2014).

In addition, the results showed an increase in the bacterial community
abundance in response to the reed canary grass cultivation, while the addition of
nutrients did not have an effect on bacterial abundance (Paper I). Tavi et al.
(2010) also showed a significant increase in microbial biomass and activity in
the surface layer (0—-15 cm) of reed canary grass-cultivated cutover peatland
compared to the bare peat site. The archaeal proportion in the prokaryotic
community was higher in uncultivated soils; the archaeal abundance was similar
in cultivated and uncultivated peat. As a result of mineral fertiliser application,
an increase was observed in archaeal abundance, especially in the deepest layer
(40—60 cm) of cultivated peat.

The methanogen abundances were not different in respective layers of
cultivated and uncultivated soils (Paper I). Niu et al. (2015) found also that
cultivation of different typical water-tolerant plant species did not have a
discernible effect on the abundance of methanogens in constructed wetlands.
The effect of fertilisation was revealed in the 40-60 cm layer of fertilised
cultivated peat where these organisms were more abundant, compared to the
same layer of the unfertilised cultivated peat. This result may be explained by
the fact that fertilisation boosted plant growth and carbon from plant roots and
anoxic conditions probably provided favourable conditions for methanogens in
this layer. The results of this study indicate that the addition of mineral fertiliser
affected microbial relationships in uncultivated plots, while several relation-
ships emerged between gene parameters after fertilisation.

4.3 Application of peatlands for wastewater treatment

Over the last century, an increasingly industrialised global economy has led to
dramatically elevated releases of anthropogenic chemicals through wastewater
into environment and resulted in contamination of many areas on Earth (Paper
IV). In addition to other chemicals, the removal of excessive nitrogen and
phosphorus from municipal and industrial wastewater as well as from polluted
surface and subsurface waters has gained considerable attention to protect
aquatic ecosystems primarily from pH changes, eutrophication and avoid
adverse effects on human health and the economy (Camargo & Alonso 2006,
Ramasahayam et al. 2014). It is vital to reduce the concentration of pollutants in
the effluents of treatment systems to a level that does not cause problems in the
environment. Treatment wetlands are considered as effective and low-cost
solutions to protect aquatic ecosystems from pollution. These systems are used
to decrease concentrations of pollutants in waters by implementing a combi-
nation of physical, chemical and biological processes (Paper IV). In constructed
treatment wetlands, most common filter materials are sand, gravel, limestone
and light-weight clay aggregates, but peat can be an effective material for some

36



purification processes (Vohla et al. 2011). In contrast to the constructed
treatment wetlands, there is much less information about natural treatment wet-
lands and their application for wastewater treatment.

Wetland treatment systems constructed on pristine peatlands have been
successfully used to purify point source pollutants. Peatlands have a good
potential to improve water treatment at a fairly low cost in the boreal region,
where these ecosystems are abundant. For example, about 200 treatment
peatlands for purifying peat extraction runoff were in use in Finland at the turn
of the 21st century (Ronkanen & Kleve 2009). In these treatment peatlands, the
phosphorus adsorption capacity has remained at a high level after almost 20
years of wetland use. Precipitation, sorption and peat accretion are the main
processes affecting phosphorus retention in this kind of treatment wetlands
(Karjalainen et al. 2016). Pure peat has a low capacity of phosphorus adsorption
due to the negative charge of humic substances; however, it is well known that
humic substances increase phosphorus adsorption via metal cations.
Additionally, the retention efficiency may decrease when the loading of pollu-
tants is very high (Ronkanen & Klgve 2009).

A natural wetland complex is capable of ameliorating pyrite mine waters rich
in sulphur and metals, but cannot neutralise the acidity (Réisdnen et al. 2001).
Palmer et al. (2015) showed that the pre-treated process effluent and drainage
waters of a gold mine containing high concentrations of arsenic, antimony and
nickel can be purified successfully in treatment peatlands but the treatment
efficiency may vary temporarily. Most of the contaminants were retained close to
the wastewater distribution ditch and there was a near-linear increase in pollutant
concentrations in the peatland over time. Due to the accumulation of
contaminants, there is a limited lifetime for the treatment peatlands at the mine
and increased risk of contaminant leaching after mine closure.

Peatland buffer areas are important in reducing sediment and nutrient
loading from discharge waters of forested catchments; however, the use of
natural mires as buffer areas may induce unwanted changes in the composition
of plant species (Silvan et al. 2004, Saari et al. 2010, Hynninen et al. 2011,
Nieminen et al. 2014). Vegetation acts also as a sink for pollutants, thus vege-
tation type and density may affect the retention efficiency of the compounds
(Paper IV). Buffer areas bigger than 1% of the catchment area have been proven
to be effective in water purification, while otherwise the short water residence
time may significantly decrease their retention capacity (Nieminen et al. 2014).

The use of peatlands as treatment systems raises another concern regarding
emissions of greenhouse gases such as N,O and CHy4. The hydrological con-
ditions in treatment peatland areas are different from natural and drained peat
soils, namely, water level is generally above soil level and surface waters are in
constant movement across the treatment peatland area. As nutrient inputs to
treatment peatland areas can also be larger than those in other types of peat
soils, the N,O and CH,; emissions measured in natural or drained peatlands
cannot be applied to these areas. Natural treatment wetlands have not yet been
extensively studied in perspective of microbial community or greenhouse gases.
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5. CONCLUSIONS

Natural peatlands are unique ecosystems that provide functions like carbon and
nitrogen stock and balanced hydrology. Among other functions, peatlands are
used by humans worldwide for agriculture, forestry, fuel production and
pollution control purposes. Most of the management practices create alterations
in hydrological regimes, which initiate a cascade of changes in peat, and affect
the form and function of peatlands. An investigation of managed peatlands is
necessary to reveal and assess the economical, ecological and environmental
effects, especially in less studied regions such as tropics. The results presented
in this dissertation allow to make the following conclusions:

Natural northern peatlands are important sources of CH, emissions to the
atmosphere, although emissions between the sites were highly variable. Peat-
land type, pH, water table depth and air temperature are important factors in
determining CH,4 flux in natural sites. The drainage practices in northern peat-
lands clearly reduce the CH, flux, on average, by 84%. Additionally, drainage
influences CH,4 emissions from fens more than from bogs.

Greenhouse gas emissions were also affected by drainage in tropical
peatland sites. The average CH, flux from the natural site was higher than that
for the drained and the average N,O flux from the natural site was lower than
that for the drained. The potential for N, emission was greater in the top soil
layer at the natural site compared to the drained site. Drainage changed the
balance between bacterial and archaeal groups in the soil in favour of plant
biomass-decomposing microbial communities, especially towards Actino-
bacteria, Firmicutes, Crenarchaeota and euryarchaeal class Thermoplasmata.
In addition, the drainage of a tropical peatland led to other structural changes in
the soil bacterial and archaeal communities, also reflected in alterations in nirk,
nirS, nosZ, nifH and archaeal amoA gene-possessing microbial communities.
The drainage reduced the denitrification and N,-fixing potential in the tropical
peatland. In undisturbed peatland soil, the N,O emission was primarily related
to nirS-type denitrifiers and DNRA, while the conversion of N,O to N, was
controlled by nosZ clade I genes. The drainage induced changes in the soil
denitrifying microbial community, and the main reducers of N,O were microbes
harbouring nosZ clade II genes.

Restoration of drained northern peatlands by rewetting or simultaneous
vegetation and rewetting increases CH4 emissions, on average, by 46% com-
pared to the pre-restoration CH4 fluxes. Nevertheless, reed canary grass
cultivation in residual peat of an abandoned peat extraction area reduced CHy4
emission, although methanogen abundance remained approximately the same or
even increased in different layers of residual peat under cultivated sites over
time. In general, the methanogen abundance was low in the archaeal commu-
nity, but the highest CH, production potential was revealed at the bottom of the
peat column at abandoned peat extraction area. In uncultivated peat, the two
deeper layers influenced mainly the CH, emission, while in cultivated peat, the
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more pronounced effect of methanotrophic bacteria on CH4 emission can be
assumed from the obtained results. Additionally, the physicochemical status of
peat was slightly changed and bacterial abundance increased in response to the
reed canary grass cultivation.

Peatlands have a good potential to improve water treatment at a fairly low
cost in peatland-rich regions in order to protect aquatic ecosystems from
pollution. Natural treatment wetlands have been used to treat many types of
contaminants including excessive nitrogen, phosphorus, suspended solids,
sulphur and metals. Besides peat itself, vegetation acts also as a sink for
pollutants, thus vegetation type and density affect the compounds retention
efficiency.

Based on the results of this study, it can be concluded that the exploitation of
peatlands change considerably the soil microbiome and greenhouse gas emis-
sions, although some management practices alleviate environmental damage.
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SUMMARY IN ESTONIAN

Inimtegevuse modju turbaalade mikrobioomile ja
kasvuhoonegaaside emissioonile

Maismaa pindalast on umbes 3% kaetud turbaaladega ja need kdrge orgaanilise
aine sisaldusega Okosiisteemid kétkevad endas 5 kogu maailma mullasiisini-
kust. Seda maailma koige enamlevinud mérgalade tiiiipi esineb alates troopikast
kuni boreaalsete ja arktiliste piirkondadeni. Kuigi turbaalasid on peetud tdhtsaks
eelkdige pohjapoolkera parasvootme kontekstis, siis hiljutised avastused niita-
vad, et troopilistes regioonides leidub vorreldes varasemate hinnangutega kuni
kolm korda enam turvast. Lisaks sellele on tdheldatud igikeltsa kiiret ja ulatus-
likku sulamist arktilistel turbaaladel, mis on toonud aktiivsetesse ringetesse aina
enam varasemalt pinnasesse salvestunud siisinikku ja limmastikku. Seega mén-
givad turbaalade siisiniku- ja ldmmastikuringe olulist rolli keskkondlikust,
okoloogilisest ja majanduslikust vaatevinklist. Seda eriti arvestades liha suure-
nevat kliimamuutuste ja inimmojutuste survet turbaaladele. Need hiiringud
toovad kaasa muutused mikrobioloogilises koosluses ja biogeokeemilistes prot-
sessides, mis omakorda mdjutavad otseselt ka kasvuhoonegaaside (metaan
(CH,), dildmmastikoksiid (N,O)) emissioone.

Kéesoleva t60 eesmérk oli uurida erinevate majandusmeetmete mdju turba-
alade mikrobioomile ja kasvuhoonegaaside emissioonile. Vilitdid tehti paras-
vootmelise Eesti ja troopilise Prantsuse Guajaana turbaaladel. Kaheaastasel
eksperimendil Lavassaare (Pirnumaa) mahajdetud freesturba tootmisalal hinnati
pdiderooga kultiveerimise ja vietamise mdju turba mikroobikooslusele ja CH,4
tootmise potentsiaalile. Troopikas asuval uurimisalal hinnati kuivenduse md&ju
turbaala mikroobikooslusele, ldmmastikuringe protsesside potentsiaalile ja
kasvuhoonegaaside emissioonile. Lisaks tehti 87 uuringul pShinev metaanaliiiis
pohjapoolkera laiuskraadidel 40° kuni 70°N asuvatest turbaaladest vottes arves-
se 186 uurimisala CH, emissioone erinevatest riikidest vastavalt turbaala tiiiipi-
dele ja inimmdjudele. Lisaks sellele koostati iilevaade turba ja turbaalade kasu-
tamisest erinevate reoainete puhastamiseks veest.

Pohjapoolkera parasvodtme looduslikud turbaalad on olulisteks CH4 voogu-
de allikaks atmosfédri, kuigi CH4 emissioonid vdivad olla véiga varieeruvad
soltuvalt peamiselt jargmistest faktoritest: turbaala tiilip, turba pH, veetase ja
ohutemperatuur. Turbaalade kuivendamisel viheneb CH4 emissioon keskmiselt
84%. Rabades on kuivenduse mdju CH4 emissioonile vdiksem kui madalsoodes.

Kuivendamise protsess avaldab suurt moju ka troopilise turbaala gaasi-
emissioonidele ning seega ka mikroobikooslusele. Kuigi CH4 emissioon kaha-
nes kuivendamisel, siis N,O voog atmosfaari suurenes. Samuti oli vdiksem po-
tentsiaalne molekulaarse ldmmastiku (N,) emissioon iilemisest 10 cm kihist
kuivendatud alal vorreldes loodusliku alaga. Lisaks muutustele gaasiemissioo-
nides, suurenes kuivendamise tulemusel turbas nende bakterite ja arhede riih-
made esindajate osakaal, keda seostatakse enam taimse biomassi lagundami-
sega: hoimkonnad Actinobacteria, Firmicutes, Crenarchaeota ja Kklass
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Thermoplasmata hdimkonnast Euryarchaeota. Troopilise turbaala kuivenda-
mine muutis peale bakterite ja arhede arvukuste ka oluliselt selliste geenide
arvukusi, mis kodeerivad erinevaid lammastikuringe protsesse labiviivaid en-
siiime. Looduslikku ala iseloomustas suurem nitriti redutseerimise (nirK, nirsS),
N,O redutseerimise (nosZ) ja N, fikseerimise (nifH) potentsiaal, kuid
nitrifikatsiooni (arhede amoA) potentsiaal oli seal vorreldes kuivendatud turba-
alaga vdiksem. DNRA (dissimilatoorne nitraadi redutseerimine ammooniumiks)
protsessi potentsiaal ilmnes ainult looduslikul turbaalal. Kui looduslikul alal oli
N,O emissioon seotud peamiselt nirS geeni omavate mikroorganismidega ja
DNRA protsessiga ning N,O redutseerimist kontrollisid nosZ klaad 1 geeni
omavad mikroobid, siis kuivendatud alal olid N,O redutseerijateks pigem nosZ
klaad II geeni kandvad organismid.

Pohjapoolkera parasvodtme héiritud turbaalade taassoostamine suurendab
CH, emissiooni keskmiselt 46% vorreldes taastamiseelsete CH4 voogudega.
Mahajietud turbakaevandusalade korrastamine péideroo (Phalaris arundi-
nacea) kasvatamisega bioenergia tootmise eesmaérgil vihendas CH, emissiooni,
kuigi metanogeenide arvukus turba erinevates kihtides jéi umbes samale tase-
mele voi siis isegi suurenes katseperioodi jooksul. Muutused toimusid ka turba
flitisikalis-keemilistes omadustes ning péiderooga kultiveerimise tulemusel
bakterikoosluse arvukus suurenes. Kuigi metanogeenide arvukus arhede kooslu-
ses oli iildiselt madal, siis suurima CH,4 tootmise potentsiaaliga olid turba siiga-
vamad kihid. Kui péiderooga kultiveerimata mahajdetud turbaalal mdjutasid
CH, emissiooni peamiselt siigavamate kihtide metanogeenid, siis pdiderooga
kultiveerimise puhul voib oletada metanotroofide tdhtsuse tdusu turba siisiniku-
ringes.

Turbaalasid on sooderikastes piirkondades voimalik kasutada reovee puhas-
tamiseks, et kaitsta veekogude Okosilisteeme reoainete eest. Turbaalad vodivad
olla madalate energia- ja hoolduskuludega efektiivsed looduslikud reovee-
puhastid ning selliseid turbaalapuhasteid on késitletud sobiva meetmena fiile-
liigse lammastiku, fosfori, holjuvaine, vdévli ning erinevate metallide eemal-
damiseks. Kindlasti on turbaalapuhastites oluline roll ka taimedel, mis vdivad
olla 1dbi erinevate mehhanismide efektiivseteks reoainete eemaldajateks.
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